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Abstract
Hypothesis—To determine whether intracochlearly applied dexamethasone will lead to better
control of drug levels, higher peak concentrations and lower base-to apex concentration gradients
in scala tympani (ST) of the guinea pig than after intratympanic (round window, RW) application.

Background—Local application of drugs to the RW results in substantial variation of
intracochlear drug levels and significant base-to apex concentration gradients in ST.

Methods—Two μL of dexamethasone-phosphate (10 mg/mL) were injected into ST either
through the RW membrane which was covered with 1% sodium hyaluronate gel or through a
cochleostomy with a fluid tight seal of the micropipette. Perilymph was sequentially sampled from
the apex at a single time point for each animal, at 20, 80, or 200 min after the injection ended.
Results were mathematically interpreted by the means of an established computer model and
compared with prior experiments performed by our group with the same experimental techniques
but using intratympanic applications.

Results—Single intracochlear injections over 20 min resulted in approximately ten times higher
peak concentrations (on average) than 2-3 hours of intratympanic application to the round window
niche. Intracochlear drug levels were less variable and could be measured for at least up to 220
min. Concentration gradients along scala tympani were less pronounced. The remaining variability
in intracochlear drug levels was attributable to perilymph and drug leak from the injection site.

Conclusion—With significantly higher, less variable drug levels and smaller base-to apex
concentration gradients, intracochlear applications have advantages to intratympanic injections.
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For further development of this technique, it is of importance to control leaks of perilymph and
drug from the injection site and to evaluate its clinical feasibility and associated risks.
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pharmacokinetics; round window membrane; steroids

Introduction
Local applications of drugs to the inner ear are increasingly being used in the therapy of
inner ear disorders. At present, the two main application strategies are 1) the extracochlear
delivery of drug to the intact but diseased inner ear with the aim of protection, rescue or
regeneration and 2) the intracochlear drug delivery in combination with an auditory
prosthesis in order to improve their safety and performance. There has been a marked
increase in interest in the use of intratympanic applications of glucocorticoids for the
treatment of sudden hearing loss (1). Application protocols, however, are mostly empirical
and drug distribution in the inner after local delivery is still being explored experimentally
(2). Animal experiments have demonstrated that intratympanic, extracochlear drug
application to the round window membrane (RWM) resulted in poor control of intracochlear
drug levels and distribution in the inner ear. A high variability of the absolute drug levels in
the perilymph was found in animal and human pharmacokinetic studies (3-10). In addition,
after drug application to the round window (RW) niche substantial, but variable, base-to-
apex concentration gradients in scala tympani were measured for dexamethasone and
dexamethasone-phosphate (10) and for various other substances (11-15). The direct
intracochlear administration of drugs to the perilymph using single shot injections through
the round window membrane has been shown to be a promising alternative approach to
deliver drugs quantitatively to the perilymph of the scala tympani (16).

In our study we analyzed the pharmacokinetics following single shot injections of
dexamethasone-phosphate (Dex-P) through the round window membrane or through a
cochleostomy with a fluid tight seal of the micropipette in the guinea pig model. Based on
prior experiments with ion markers (16), intracochlear application of DexP should 1)
increase the amount of drug in the cochlear fluids, 2) reduce the variability of intracochlear
drug concentrations, and 3) increase the time the drug is detectable in the cochlear
perilymph.

Materials and Methods
Animal preparation and drug application

The methods for animal preparation, drug application and apical sampling of perilymph
described in detail elsewhere (10;12;17). In brief, specific pathogen free guinea pigs (mean
weight: 410 g (Hartmut); 312-533 g; Charles River, Kißlegg, Germany) were anesthetized
by intraperitoneal injection of an initial dose of 8 mg/kg xylazine (Bayer, Leverkusen,
Germany), and 140 mg/kg ketamine hydrochloride (Pharmacia & Upjohn, Erlangen,
Germany). Anesthesia was maintained by repeated intramuscular injections of 1/4th to 1/3rd

of the initial dose. Secretions were controlled by 0.3 mg/kg atropine sulphate (Braun,
Melsungen, Germany). For later experiments a combination of fentanyl, midazolam, and
medetomidin (0.025, 1.0, and 0.2 mg/kg, respectively) was used allowing for a more stable
anaesthesia for longer durations. 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 ventrolateral approach and
was opened to expose the cochlea. The mucosa was removed from the bone at the apex of
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the cochlea and the bone was allowed to dry. The apex was coated with a thin layer of
cyanoacrylate glue (Aesculap, Tuttlingen, Germany) subsequently covered by a two-part
silicone elastomer sealant (KWIK-Cast, WPI, Sarasota, USA). To minimize leakage during
injections, the RW niche was filled with 1% sodium-hyaluronate gel (Healon®, AMO,
Karlsruhe, Germany) as described earlier (16). Twenty μg of dexamethasone-21-
dihydrogen-phosphate-disodium-salt (2 μl of 10 mg/mL Fortecortin® Inject; Merck,
Darmstadt, Germany) was injected through the RWM at a rate of 100 nL/min for 20 min
using a 10 μL gas tight syringe (#1701, Hamilton, Reno, NV). The syringe was coupled to a
glass micropipette and was mounted on an Ultrapump (WPI, Sarasota, FL) held in a
micromanipulator. After the termination of the injection, the pipette was slowly removed
from the cochlea.

In a variant of this intracochlear application, drug solution was injected through a
cochleostomy in the bony wall of the basal turn of scala tympani. After thinning the bone
overlying the base of ST with a flap knife, thin layers of cyanoacrylate then Kwik-Cast
silicone (as above) were applied to the dry bone. A small fenestra (20-30 μm diameter) was
made through both the adhesives and the bony wall, through which the injection pipette was
inserted. The pipette was sealed in place by wicking the fluid droplet from the silicone
surface and immediately applying cyanoacrylate to the fenestration site. This technique
prevents all perilymph leakage from around the micropipette.

Sequential apical sampling and quantitative analysis
Each animal was sampled at a single time point, 40, 100 or 220 min after the start of the
injection for round window injections (i.e. after a 20, 80 or 200 min delay after the end of
drug application) and 40 min after the start of injection through the cochlear wall (20 min
delay). The silicone-coated apex of the cochlea (see above) was carefully perforated and
samples collected by touching a glass capillary to the emerging fluid. Ten nominally 1 μL
samples of perilymph were collected from each animal over an approximately 10 minute
period (1 minute per sample). Sample volumes were determined by measuring the sample
length in the collection capillaries. Each sample was diluted into 10 μL sterile filtered water.
After completion of ten sequential apical samples, the animal was sacrificed. The number of
animals used for the four experimental groups were n = 7 for the 40 min, n = 7 for the 100
min, and n = 3 for the 220 min RW healon group, respectively, and n = 4 for the
cochleostomy (sealed in ST wall) group. The chromatographic separation and quantification
of dexamethasone-21-dihydrogen-phosphate using HPLC analysis is described in detail
elsewhere (9;10). Limits of detection (LOD) and quantification (LOQ) were 100 ng/ml and
195 ng/ml for Dex-P and 500 ng/ml and 1000 ng/ml for Dex, respectively. Results of one
animal study from the “cochlear wall group” were excluded due to HPLC measurement
problems including two samples being lost. The animal experiments were approved by the
animal studies committee of the University of Tübingen.

Interpretation of sequential sample data
Experimental data were interpreted using a publically available finite element model (http://
oto.wustl.edu/cochlea/; version 1.7) considering the experimental design (application site
and time, sampling times and sample size), fluid movements, drug diffusion and volume
accumulation. The sample concentrations were fitted by adjusting rates of clearance,
perilymph flow (before sampling), and accessibility to compartments parallel to ST such as
spiral ligament and modiolus. The analysis also allowed for the presence of leaks at the
injection site, i.e. at the location where the glass pipette perforated the round window
membrane. With this analysis, it was possible to derive the concentration profile along ST
immediately before sampling, which best accounted for the sample values (12;18;19).
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Results
Absolute intracochlear concentrations

Figure 1 shows the sample concentrations for total dexamethasone, i.e. the sum of
dexamethasone-phosphate and dexamethasone base (Dex-P + Dex) in scala tympani
perilymph at 40, 100 and 220 min after start of injection through the RWM. The drug
persisted in scala tympani for at least 220 min postinjection. Maximum concentrations of
total dexamethasone were most often found in the second sample, originating from the upper
basal/lower second turn regions of ST. The mean peak value was highest at 40 min
compared to 100 and 220 min, although this difference was not statistically significant. Peak
values in sample 2 varied from 399.6 to 1996.0 μg/ml at 40 min (mean: 1216.1 μg/ml; SD:
±699.0) from 38.2 to 1616.1 μg/ml at 100 min (mean: 633.1 μg/ml; SD: ±715.0) and from
81.0 to 168.6 μg/ml (mean: 117.6 μg/ml, SD: ±45,5) at 220 min. The measured curves
appeared to fall into two different groups, a high concentration and a low concentration
group in the 40 min and in the 100 min experiments, respectively. Although sodium-
hyaluronate gel was placed in the RW niche before perforating the membrane with the
injection pipette, leakage from the injection site could not be excluded. Such leakage would
result in lower intracochlear concentrations of the applied substance (16) and could thus
account for the low concentration groups in figure 1.

In order to provide a more reliable seal of the injection pipette with the perilymphatic space,
in some experiments the injection pipette was inserted through a cochleostomy into the base
of scala tympani and reliably sealed as described above. The intracochlear peak
concentrations reached in this experimental subgroup were larger then after injection
through the RWM covered with sodium-hyaluronate gel (figure 2, left panel).

The influence of fluids leaks at the injection site (RWM) on intracochlear drug concentration
was further demonstrated using computer simulations to interpret the experiments. In this
analysis the rate of fluid leakage required to account for the low- and high-concentration
groups in Figures 1 (left panel) and 2 (right panel) differed by a factor of approximately 14
(0,11 μL/min and 0,008 μL/min, repectively). The heavy line in Figure 2 (right panel)
shows calculated sample concentrations based on pharmacokinetic parameters derived for
the low concentration group, but with mean leak rate reduced to that of the high
concentration group. The line showed good correspondence with measured sample
concentrations in these animals, confirming that a higher rate of fluid leakage from the
injection site could account for the low concentration group. The higher drug levels in the
group with injection through the ST wall could be attributed to the absence of leakage at the
injection site but are also influenced by the ST injection site being more apical and further
from the cochlear aqueduct than for RW injections, resulting in less drug being displaced
through the cochlear aqueduct into CSF for the ST wall injection group.

Intracochlear concentration gradients
Figure 3 summarizes the mean total dexamethasone (Dex + Dex-P) concentrations in scala
tympani at different sampling time points and using different sealing procedures for the
application pipette. Sample 2 was usually the highest for the RW injection studies (see also
figure 1). This concentration gradient between the most apical (sample number 1) and the
more basal second sample appeared to be stable throughout all postinjection sampling time
points (figure 3 right panel). In the experiments where Dex-P was applied through the
pipette sealed in the cochlear wall, samples 3-4 were the highest. Despite the limited spatial
resolution based on the 4 samples, the plots in figure 3 (right panel) clearly show lower
basal-apical concentration gradient gradients, i.e. a more uniform distribution, in the
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experiments using intracochlear injections compared to prior experiments done by our group
with the same experimental techniques but using extracochlear RW irrigation (10).

Mean sample concentrations of total Dex at 40 min after start of injection were compared
with concentrations calculated by the means of a computer model. Calculated values were
generally in good agreement with the experimental data (figure 4, left). However, the
computer model calculated Cmax for sample 3 whereas the experiments showed Cmax for
sample 2. It might be speculated that additional disturbance of perilymph caused by
penetration of the RWM or withdrawal of the pipette caused a decrease of dexamethasone in
basal regions (samples 3 and 4) of scala tympani. The calculated mean concentration profile
of total dexamethasone in ST after intracochlear injection is plotted against the calculated
mean concentration profile after continuous RW application for 2-3 hours based on previous
experimental data in figure 4 (right panel).

Conversion of the prodrug Dex-P to the active moiety Dex-base
The prodrug dexamethasone-21-dihydrogen-phosphate-disodium salt (Dex-P) and its active
moiety Dex-base, both were detectable in almost all perilymph samples at all time points
(figure 5). At 220 min postinjection nearly all of the prodrug had been converted to Dex-
base and Dex-P was below LOD in all samples in two of three experiments.

Discussion
It is important to establish effective, well controlled and safe application methods of local
drug delivery to the inner ear if they are to be widely accepted as a strategy for treating and
preventing inner ear disorders. In current clinical practice, single or repeated intratympanic
(extracochlear) injections of drug solutions are mainly used (1). Experimental studies in
animals, however, have demonstrated that after RW irrigation or single intratympanic
injections into the bulla tympanica, only a low percentage of the applied drug enters ST. In
addition, intracochlear drug concentrations were found to be highly variable (summarized in
(7)). A high degree of variability has also been reported in the human (3;4). Our results
show that better control of drug levels in the ear can be achieved with intracochlear
injections. At present, however, no studies have shown that this can be performed safely in
humans so it would not be realistic to treat mild or moderate sudden hearing loss with
glucocorticoids injected though the RW membrane. Nevertheless, as safe procedures for
direct intracochlear injection are developed, they may be initially applicable to other
therapeutics such as peptides, proteins, (si)RNA, or cells which would be less efficiently
delivered by extracochlear applications.

The presented study showed that for the same applied solution (Dex-P, 10 mg/mL) delivered
as a single injection intracochlearly over 20 min, the peak concentrations in scala tympani
perilymph were significantly higher (approximately 10 times on average) than after 2 – 3
hours of intratympanic (extracochlear) application to the round window niche as measured
in a previous study (10). Of the applied drug concentration a mean maximum percentage of
12.2% was measured in ST after intracochlear injection through the RWM compared to
2.9% (9), 1.4% (10), 0.05% (20), 0.04% (5), 0.04% (7), 0.005% (21), and 0.0013%(8)
following extracochlear application. When comparing the percentage intracochlear
concentrations it has to be noted, however, that they are also influenced by the fact that
some studies used regional measurements at different locations in ST (9;10) while others
used average concentrations of entire ST perilymph with considerable sample dilution with
CSF due to large samples from the RWM (5;7;8;19-22). Nevertheless, even after
considering differences in experimental designs with respect to drug application, sampling
procedures and differences in analytical methods, our study, not unexpectedly, clearly
demonstrated a more efficient delivery for intracochlear application with significantly higher
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concentrations of drug measured in the inner ear fluids with far less total amount of drug
applied.

In addition to higher peak concentrations drug levels in ST perilymph persisted longer then
after applications to the RW niche and could be measured for up to 220 min postinjection
This is most like due to higher starting concentrations in ST leading to detectable levels at
later time points. Dexamethasone was also detectable in perilymph after volume
stabilization in the middle ear (7). Actual persistence of drug levels in the inner ear is best
facilitated by sustained drug application through controlled release drug delivery system like
pumps and biodegradable sustained release biopolymers (20;23-33), o r b y considering the
physicochemical properties of the drug delivered (34).

Concentration gradients along scala tympani after intracochlear injections were less
pronounced when compared to intratympanic drug delivery (figures 3 and 4). This could be
partially due to “washout” of drug from the basal turn by fluid leakage at the injection site,
making apical drug levels relatively more pronounced. However, it has to be noted that the
1st (most apical) sample was considerably higher just 40 min after the start of intracochlear
injection as compared to 2-3 hrs after extracochlear RW application (figure 3). In addition,
the second and third sample concentrations were always highest while in previous
experiments with identical intracochlear injection of an ion marker Cmax was observed
highest in the third and fourth samples (16). We have currently no definitive explanation for
this difference. It is likely related to very low rates of apically-directed perilymph volume
flow which might be related to pressure changes during the injection procedure or possibly
an effect of the high concentration of the applied dexamethasone-disodium-salt solution in
some way affecting perilymph homeostasis.

Although the intracochlear drug levels reached by injection through the RWM covered with
hyaluronic acid gel were less variable than after RW applications without gel (16), we found
that with this method considerable variation remained. When leaks of perilymph fluid were
controlled by tightly sealing the application pipette in the cochlear wall, the variability of
intracochlear drug concentrations was found to be lower than after injections through the
RWM (figures 2 and 3). In humans, leakage after injection through the RWM might not be
such an extensive problem, since the communication with CSF is less than in the guinea pig,
as the guinea pig has a wider cochlear aqueduct. However, for the development of future
intracochlear drug injection techniques with quantitative delivery of specific amounts of
drug to the inner ear, it will be of general importance to control fluid leaks and possibly drug
diffusion out of the inner ear back to the middle ear if fluid is present in the RW niche.

In summary, the present data suggest that because intracochlear applications produce
significantly higher, less variable drug levels and smaller base-to apex concentration
gradients, in pharmacokinetic terms they may provide a promising alternative to the
commonly used intratympanic injections. For further development of this technique, it is of
high importance to control leakage of perilymph and drug from the injection site. As the
drug levels become better controlled, both acute and chronic functional consequences of the
procedure remain to be evaluated, its risk benefit ratio needs to be assessed and specific
indications identified.
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List of abbreviations

Dex Dexamethasone base
(active drug)

Dex-base Dex-P Dexamethasone-21-dihydrogen
phosphate disodium salt (prodrug)

HPLC High performance liquid chromatography

LOD Limit of detection

LOQ Limit of quantification

RW Round window

RWM Round window membrane

ST Scala tympani total

Dex Dex+Dex-P
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Fig. 1.
Total dexamethasone (Dex + Dex-P) concentrations in scala tympani in sequential samples
taken from the cochlear apex at various times after injection through the RWM. The RW
niche was filled with 1% sodium hyaluronate gel to help control fluid leaks. Samples 1 to 4
(shaded area) contain perilymph from scala tympani. From samples 5 on the aspirates
contain mainly CSF entering scala tympani through the cochlear aqueduct. The low
concentration groups in the 40 and the 100 min experiments are likely due to leakage of
drug at the injection site despite covering of the RW niche with sodium-hyaluronate gel.
Mean peak concentrations were most often reached in the second sample (originating from
the upper basal/lower second turn regions of ST). Drug was still clearly detectable after 220
min. (Note scale difference in right panel.).
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Fig. 2.
Left) Total dexamethasone (Dex + Dex-P) concentrations in scala tympani in sequential
apical samples taken from the cochlear apex 40 min after start of the injection. In these
experiments a glass micropipette was tightly sealed into the cochlear wall of the basal turn
of ST with cyanoacrylate and silicone (no leak). Peak concentrations were higher then in the
experiments where drug was injected through the RWM covered with sodium-hyaluronate
gel. Right) Full and open symbols: mean sample concentration of high concentration (low
leak) and low concentration (high leak) groups from figure 1 (40 min), respectively. Full
line: Computer simulation of expected sample concentrations based on pharmacokinetic
parameters derived for the low concentration group but with mean leak value from high
concentration group.
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Fig. 3.
Left) Mean total dexamethasone (Dex + Dex-P) concentrations in scala tympani in
sequential apical samples taken from ST at different sampling time points and using
different sealing procedures for the application pipette. As a comparison the mean total Dex
concentrations after continuous (extracochlear) irrigation of the RWM for 2-3 hours are
shown with open squares (historical data from a previous study of our group [figure 5 in
Plontke et al. 2008]). Right) Mean concentrations in the first 4 samples for the different
experimental groups. The distance along ST plotted is that of the midpoint of the estimated
region of origin for 1 μL samples (half the sample volume apical and half the volume basal
to the location). (Note logarithmic scale on right panel).
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Fig. 4.
Left: Comparison of experimental and calculated sample concentrations using a finite
element computer model (Washington University Cochlear fluids simulator, version 1.7).
Right: The calculated concentration gradient of total dexamethasone (Dex + Dex-P) 40 min
after start of an intracochlear injection (2 μL Dex-P over 20 min) through the RWM (filled
symbols) is much lower than after a 2-3 hours irrigation of the RW membrane with the same
drug and concentration (open symbols, historical data from Plontke et al. 2008). (Note
logarithmic scale on right panel).
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Fig. 5.
Concentrations of Dex-base, Dex-P and total Dex in sequential apical samples taken from
ST after different time intervals after intracochlear injection through the RWM. At 3-4 hours
after injection almost all of the prodrug Dex-P had been converted into its active moiety
Dex-base. (Note lower scale in right panel. Left and middle panel: high concentration/ low
leakage groups from figure 1 only).
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