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Abstract
Delivery of therapeutic compounds to the inner ear via absorption through the round window
membrane (RWM) has advantages over direct intracochlear infusions; specifically, minimizing
impact upon functional hearing measures. However, previous reports show that significant basal-
to-apical concentration gradients occur, with the potential to impact treatment efficacy. Here we
present a new approach to inner ear drug delivery with induced advection aiding distribution of
compounds throughout the inner ear in the murine cochlea. Polyimide microtubing was placed
near the RWM niche through a bullaostomy into the middle ear cavity allowing directed delivery
of compounds to the RWM. We hypothesized that a posterior semicircular canalostomy would
induce apical flow from the patent cochlear aqueduct to the canalostomy due to influx of cerebral
spinal fluid. To test this hypothesis, young adult CBA/CaJ mice were divided into two groups:
bullaostomy approach only (BA) and bullaostomy + canalostomy (B+C). Cochlear function was
evaluated by distortion product otoacoustic emission (DPOAE) and auditory brainstem response
(ABR) thresholds during and after middle ear infusion of salicylate in artificial perilymph (AP),
applied near the RWM. The mice recovered for 1 week, and were re-tested. The results
demonstrate there was no significant impact on auditory function utilizing the RWM surgical
procedure with or without the canalostomy, and DPOAE thresholds were elevated reversibly
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during the salicylate infusion. Comparing the threshold shifts for both methods, the B+C approach
had more of a physiological effect than the BA approach, including at lower frequencies
representing more apical cochlear locations. Unlike mouse cochleostomies, there was no
deleterious auditory functional impact after 1 week recovery from surgery. The B+C approach had
more drug efficacy at lower frequencies, underscoring potential benefits for more precise control
of delivery of inner ear therapeutic compounds.
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Introduction
Auditory dysfunction and permanent hearing loss impact more than 10% of the population,
over 30 million people in the United States. Currently there are no medical treatments to
address the biological basis of permanent hearing loss, with prosthetics such as hearing aids
and cochlear implants being the primary treatment options for impacted individuals.
Extensive efforts are underway to develop biomedical interventions, including new
medications or drug regimens to prevent or reverse permanent hearing loss. One approach is
to understand the molecular pathways involved in normal organ of Corti development,
including differential cell signaling and lineage fates, and then mimic or re-capitulate these
developmental sequences to regenerate the organ of Corti in deaf patients, to restore hearing
[1–3]. However, when these therapeutic interventions become available, a challenge still
remains of how to deliver these treatments to the inner ear locally, which will avoid
systemic side effects of the new combinations of drugs, gene therapy and/or stem cells, and
open up many more therapeutic options for regenerating hair cells and the organ of Corti.
However, drug delivery to the inner ear is challenging due to its small size and anatomical
location in the temporal bone.

Intra-cochlear delivery of drugs or genes has been successfully accomplished in animal
models by injection through the round window membrane [4], injection into the
endolymphatic space via scala media [5–6] and endolymphatic sac [7], and injection or
infusion into the perilymphatic space via the semicircular canals [8], scala vestibuli [9–10],
and most commonly the scala tympani [11–13]. Drug delivery is generally accomplished via
a syringe pump [14] or osmotic pump [15] for continuous infusion, or a reciprocating pump
for zero net volume delivery [16]. While approaches that directly enter the perilymphatic
space can preserve auditory function acutely, reports of successful recovery and chronic
retention of hearing are rare, particularly in small rodents. This impacts both the utility of
the approaches for hearing loss and deafness therapy research, and the potential for clinical
translation.

One approach that has been used clinically is transtympanic delivery with absorption
through the round window membrane (RWM). Gentamicin has been successfully delivered
with this technique for the management of Meniere’s disease with intractable vertigo [17–
18]. For cases of idiopathic sudden sensorineural hearing loss where use of systemic steroids
is contraindicated due to concomitant medical conditions or ineffectiveness, transtympanic
delivery of glucocorticoids has proven an effective treatment [19]. Tinnitus is also treated
clinically via this technique with gentamicin, dexamethasone, and lidocaine [20]. This
approach has also been utilized in animal model systems, with significant apical-basal
concentration gradients measured in scala tympani (e.g., [21]) due to diffusion-limited
transport, since the fluids of the inner ear are relatively stagnant without intrinsic flow or
movement [22]. Frequency dependent physiological responses to agents directly infused into
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the basal turn of scala tympani suggest similar gradients exist for direct infusion approaches
(e.g., [23]). This gradient will impact treatment efficacy for pharmaceuticals with a narrow
therapeutic window, or molecular therapies involving protection or regeneration in apical
cochlear structures. Advanced therapies which address the biological basis of auditory and
vestibular dysfunction will require understanding and control of concentration gradients
associated with different inner ear drug delivery protocols. Therapy developments will
involve utilization of mice as animal models, due to the extensive research already
performed on mouse sensory and nervous systems, including the peripheral and central
auditory systems (e.g., [24–25]), and the extensive options for mouse genetics.

The present report provides a potential path for control of intracochlear concentration
gradients in the mouse model system. We previously discovered that perfusion from a basal
turn, scala tympani cochleostomy to a fluidic exit created by a posterior semicircular canal
canalostomy reduced concentration gradients in the mouse cochlea [14]. While this
approach had no impact on acute hearing function, recovery surgeries evidenced loss of
hearing as measured by both distortion product otoacoustic emissions (DPOAEs) and
auditory brainstem responses (ABRs) one week post-surgery. Here the clinically successful
RWM delivery approach is coupled with the concept of directed perfusion to explore
opportunities for control of concentration gradients within the cochlea without long-term
impact to cochlear function. The conceptual approach and hypothetical flow paths for
distribution of compounds presented at the RWM niche is depicted in Figure 1. Creation of a
fluidic exit in the posterior semicircular canal induces advective flow via influx of cerebral
spinal fluid (CSF) from the cochlear aqueduct, driven by intracranial pressure. Ionic tracer
monitoring experiments where the otic capsule was perforated at the apex in guinea pigs
verify flow of perilymph in scala tympani due to influx of CSF from the patent cochlear
aqueduct [22]. It is this induced advective flow that is leveraged in the present work, with
the outlet shifted to the vestibular system where detrimental impact to cochlear function is
mitigated.

Salicylate has been shown to act as a competitive antagonist at the anion-binding site of
prestin, resulting in an inhibition of outer hair cell electromotility [26]. This inhibition
decreases the magnitude of otoacoustic emissions [27], and can be measured as a reversible
elevation of DPOAE thresholds. A physiological place-frequency map of the mouse [28],
coupled with DPOAE threshold shifts enables estimation of the spatio-temporal
concentration of salicylate delivered to the inner ear. In the present investigation, infusion of
50 mM sodium salicylate in artificial perilymph (AP) into the RWM niche of the middle ear
was used to evaluate a new concept for distributing drugs throughout the cochlea without
directly penetrating the cochlear scalae. A ventral surgical approach facilitated consistent
placement of infusion tubing at the RWM niche. The approach leveraged induced advection
due to influx of CSF from the patent cochlear aqueduct to a canalostomy in the posterior
semicircular canal. Cochlear function was evaluated via DPOAE and ABR thresholds,
allowing an indirect physiological estimation of drug distribution within the cochlea, and
confirmation of intact cochlear function one week post-surgery.

Material and Methods
A preliminary dose-response study was conducted prior to initiation of the current study to
identify an appropriate concentration and flow rate for this RWM niche delivery approach.
Eight salicylate concentrations from 1.6 mg/ml to 100 mg/ml were examined at flow rates
from 16 nl/min to 100 nl/min with DPOAE responses measured during delivery. A
concentration of 8 mg/ml (50 mM) at 50 nl/min flow rate with 1000 nl total delivery yielded
measurable responses within the acute timeframe of the planned experiments. This
concentration is similar to that employed with dexamethasone delivery to the RWM in
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guinea pigs (10 mg/ml) [21], with both concentration and flow rate higher than those used in
our past studies with direct intracochlear infusion into scala tympani (1.6 mg/ml (10mM),
16nl/min) [14] as expected with diffusion through the RWM.

Drug infusion system and solutions
Sodium salicylate solution was delivered to the RWM niche via a 30–40 cm length of US
Pharmacopoeia Class VI polyimide tubing (044-I; ID 110 µm; OD, 139 µm; Microlumen,
Tampa, FL). The infusion tubing was connected to a 25 µl Hamilton syringe (1702 RNR
22S/2”) using a PEEK nanotight fitting (Upchurch Scientific, Oak Harbor, WA). The
syringe was mounted in a syringe pump (UMP2, World Precision Instruments, Sarasota, FL)
allowing precise control of infusion rates. A schematic illustration of the infusion setup is
shown in Figure 2. The syringe was carefully filled with the salicylate solution, with all
trapped air removed via repeated rapid aspiration and ejection. The infusion tubing was then
connected and filled via syringe ejection.

The fluidic system elements were cleaned following each use by forced flow of sterile
double-distilled water through the syringe, tubing, and fittings. The system was
disassembled and components placed in autoclave bags for sterilization at 121 °C for 1hr
(Tuttnauer 2540 MLV autoclave) prior to use in surgery.

The salicylate solution had a composition (in mM) of: NaCl, 120; KCl, 3.5; CaCl2, 1.5;
glucose, 5.5; and HEPES buffer, 20; sodium salicylate, 50. The pH was adjusted to 7.5 with
NaOH. All solutions were mixed on the day of the experiments using sterile double-distilled
water.

Animals and surgical procedures
A total of 13 young adult (age 2–4 months) CBA/CaJ mice, bred and raised in-house, were
used for this study, with one animal expiring after anesthesia delivery. The remaining 12
animals were divided into two groups: bullaostomy (BA) (N= 6) and bullaostomy
+canalostomy (B+C) (N = 6). All animals were infused with 50 mM salicylate, at a flow rate
of 50 nl/min, for a total volume of 1000 nl (20 min). The mice were allowed to recover for 1
week to retest their hearing. All animal experiments were approved by the University of
Rochester Committee on Animal Resources, and were performed using accepted NIH and
veterinary standards.

For the bullaostomy only (BA approach), animals were deeply anesthetized with a mixture
of ketamine/xylazine (120 and 10 mg/kg body weight, respectively, intraperitoneal injection
[IP]), and the left ventral surface of the neck was shaved and cleaned. For animals also
receiving the canalostomy (B+C approach), the left post-auricular region was shaved and
cleaned. The animal was positioned on a heated operative plane on its back under aseptic
conditions. Surgery was performed on the left (ipsilateral) ear, following procedures
outlined by Borkholder and colleagues [14]. The tympanic bulla was exposed by a ventral
approach as shown in Figure 3. Under an operating microscope, an incision was made
longitudinally along the ventral surface of the neck, extending from the angle of the
mandible to the level of the clavicle. The submandibular gland was retracted laterally to
expose the digastric muscle which was cut with an electrocautery to expose the bony
tympanic bulla and the stapedial artery. The surrounding tissue was removed to expose the
inferior-medial aspect of the bulla which was carefully cleaned and dried. A bullaostomy
was drilled by hand at a location approximately 1.5 mm laterally below the stapedial artery
using a 175 µm diameter carbide micro drill bit modified to include insertion stops [14].
Sequentially longer insertion-depth 175 µm bits were used (300 and 350 µm), with bulla
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entry determined by a subtle change in mechanical resistance and visualization of the middle
ear cavity.

Using a micromanipulator (MM3–3, World Precision Instruments, Sarasota, FL), a fine
metal probe, and the polyimide infusion tubing attached with adhesive (3M Repositionable
75 spray adhesive, St. Paul, MN) to the probe, the infusion tubing assembly was inserted
into the bullaostomy to a depth of approximately 300–500 µm, near the opening of the round
window. Medical grade adhesive (Loctite 4206, Rocky Hill, CT) was used to temporarily
secure the infusion tubing to the bulla opening, with subsequent application of dental cement
(3M ESPE Duralon), providing a more permanent and robust bond, sealing the cannula to
the bullaostomy site. The surgery site was loosely sutured closed to provide strain relief for
the infusion tubing.

For animals also receiving the canalostomy (B+C approach), following the bullaostomy
procedure described above, the animal was positioned on a heated operative plane on their
stomach under aseptic conditions. Under an operating microscope, an incision was made
behind the left pinna and the muscles separated to expose the posterior semicircular canal. A
hole was drilled in the posterior semicircular canal with a 100 µm diameter drill bit modified
with an insertion stop. Sequentially longer bits were used (102 and 127 µm), with canal
entry determined by a subtle change in mechanical resistance. The canalostomy was covered
with muscle for the duration of the experiment.

During infusions, mice remained immobilized by anesthesia as described above, with
supplementary doses (1/3 of the initial dose) administered as needed to maintain the proper
levels of general anesthesia. Parameters such as foot or tail pinch, palpebral reflex and
respiratory rate were monitored to indicate the need for supplemental doses.

After 20 min of infusion, the pump was stopped with anesthesia maintained for 40 more min
to capture additional auditory assessment data. After that, the micro-infusion tubing was
gently removed, and the bullaostomy was sealed with bone wax and the area of the incision
was closed with sutures. A 4% lidocaine solution was applied to the wound margins, and a 1
mg/kg dose of banamine nonsteroidal anti-inflammatory was injected intramuscularly for
each animal. Mice were allowed to recover from anesthesia on a heating pad under the
observation of the surgeon or surgical assistant. The recovering mice were checked
frequently to make sure they were behaving, eating and drinking normally, and not
scratching or rubbing the wound margins, or exhibiting other signs of mild to moderate pain
or distress, including partially closed eyelids, increased vibrissal movement, biting or
hunched posture. If signs of infection were observed, animals were closely monitored and, if
necessary, treated with an Polyotic antibiotic in the drinking water at a concentration of 1.8
gm per 8 oz water until the experiments were complete and the animal was euthanized. At
post-surgery one week, the hearing of the mice was measured again.

Auditory Function Assessment
Mice were anesthetized as described above with supplementary doses administered as
needed. Prior to recordings, the ear canals and eardrums were inspected for signs of
obstruction or infection, and only those animals with clear outer and middle ears were used.
While under anesthesia, body temperature was maintained at 38°C with a heating pad.
Recording sessions were completed in a soundproof acoustic chamber (IAC) with
measurements performed on the left ear. Auditory function was assessed via automated
DPOAE threshold measurements at F2 frequencies 8.9, 13.5, 17.9, 24.6, 35.8, and 51.4 kHz.
Measurements were performed prior to surgery to use as a baseline for subsequent DPOAE
threshold shifts. Additional measurements were made immediately following surgery, at the
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initiation of infusion, at 10 and 20 minutes during infusion, and at 20 and 40 minutes
following termination of infusion.

Tucker Davis hardware (TDT; Alachua, FL) was controlled via ActiveX from a custom
Matlab r13 (Mathworks; Natick, MA) graphical user interface. Sound stimuli were
generated and signals acquired using Tucker Davis RP2.1 processors running at a sample
rate of 200 kHz. All signals were played through two electrostatic speakers (TDT EC1)
connected by 4 cm tubes to a probe containing an ER10B+ microphone (Etymotic; Elk
Grove Village, IL); the entire speaker and probe assembly were mounted in an adjustable
vibration-isolating frame on a micromanipulator arm. All recorded signals were loaded into
Matlab r13 for analysis. Waveforms from each individual presentation were windowed
using a Hamming window and high-resolution 390625-point fast Fourier transforms (FFTs)
(2× sample rate) were calculated. The resulting FFTs had a bin size of 0.5 Hz allowing for
accurate measurement of signal level as a function of frequency. Frequency-domain
averaging was used to minimize artifacts; FFTs for multiple repetitions of the same stimulus
were averaged together before subsequent analysis. The probe microphone was calibrated
relative to a ¼” B&K microphone (Type 4938, Bruel & Kjaer; Naerum, Denmark) using a
0.1 cc coupler (simulating the mouse ear canal).

DPOAE amplitudes were measured in the following manner: two primaries (F1 and F2)
were generated at 65 and 50 dB SPL, respectively. The ratio of the two frequencies was
1.25. Waveforms of the output of the ER10B+ probe microphone were captured on a TDT
RP2.1. FFTs for each presentation were averaged together and the signal level at five
frequencies was sampled: F1, F2, DP (2F1-F2), and two noise bins above and below the
distortion product (DP) frequency. Following FFT sampling, dBV was converted to SPL
based on the ER10B+ microphone calibration.

DPOAE Thresholds were defined as the F1 level required to produce a DP of 0 dB SPL (+/−
1 dB). We developed an automatic threshold search algorithm implemented in Matlab r13
using TDT hardware and the Etymotic ER10B+ probe microphone. The measurement of DP
threshold was interleaved with DP amplitude measures described above and began with two
primaries at 65 and 50 dB SPL. Based on the distance of the DP from its target level of 0 dB
SPL (distance henceforth: DP error), F1 and F2 level on the subsequent trial was
incremented (or decremented) by 0.6 of this distance; e.g., if the DP was at 10 dB SPL, F1
and F2 were decremented by 6 dB. F2 level was always F1–15 dB. The 0.6 “approach
factor” was determined empirically to be an optimal rate of approach combining rapid
acquisition of threshold and minimal oscillation around the target. Due to extremely steep
DP I/O functions around 0 dB and the resulting overshoot of DP amplitude, occasionally on
successive trials the DP amplitude oscillated around 0 dB. In each case of oscillation,
defined as three trials in which the sign of the DP error changes each trial, the approach
factor was automatically made smaller by a factor of 1.5. This iterative procedure allowed
rapid convergence on DP threshold while preventing overshoot. Once the DP was measured
to be within 1 dB of 0 dB SPL, the identical F1 level was presented again for confirmation.
Identification of thresholds requires two successive trials of F1 F2 levels that evoked a 0 dB
SPL DP amplitude.

ABR thresholds were measured before surgery and one week post-surgery following
recovery as a secondary assessment of surgical approach impact to cochlear function,
utilizing the same anesthetic as the DPOAE procedure. The ABR testing procedures were
similar to our previous reports [29–32], and are summarized here. ABRs were recorded with
subcutaneous platinum needle electrodes placed at the vertex (non-inverting input), right
mastoid prominence (inverted input) and tail (indifferent site). Calibrated tone pips, 5 ms
duration, 0.5 ms rise–fall time (phase alternating 90o) were utilized at 8, 12, 16, 22, 32, and
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40kHz. Electroencephalographic (EEG) activity was differentially amplified (50 or 100 k;
Grass [Quincy, MA] model P511 EEG amplifier), then input to an A/D converter (Tucker-
Davis Technologies [TDT, Alachua, FL] AD1), and digitized at 50 kHz. Each averaged
response was based on 300–500 stimulus repetitions recorded over 10-ms epochs.
Contamination by muscle or cardiac activity was prevented by rejecting data epochs in
which the single-trace EEG contained peak-to-peak amplitudes exceeding 50 µV. The
threshold was defined as the first level that did not evoke a response to a measured
frequency, i.e., no difference from the baseline. Normal body temperature was maintained at
38° C with a servo heating pad. The ABR was recorded in a small sound attenuating
chamber (IAC).

Statistical Analyses
DPOAE and ABR threshold shift data were collected from each experiment. Two-way
analysis of variance (ANOVA) with repeated measures was used to compare threshold shifts
achieved with each surgical approach (Prism, GraphPad, La Jolla, CA). Responses are
graphically shown as a mean ± SEM for all animals receiving each surgical approach.
Unless otherwise noted, the p<0.05 level was used for statistical significance.

Results and Discussion
Intracochlear spread of agents delivered to the RWM is traditionally dominated by diffusion
mechanisms. The present study aimed to significantly impact the longitudinal component of
this spread through an induced longitudinal advective flow. The induced advection flow
originates at the cochlear aqueduct which in the mouse is adjacent to the RWM [33]. With
base to apex flow, agents absorbed through the RWM are carried to more apical regions of
the cochlea.

DPOAE threshold shifts for both surgical approaches are shown in Figure 4. The surgical
approach and initiation of infusion had no impact on cochlear function as evidenced by
stable DPOAE thresholds as compared to pre-surgery levels. As 50 mM salicylate was
delivered to the RWM niche, the compound diffuses through the RWM and ultimately
impacts outer hair cell function and the DPOAE thresholds. While both surgical approaches
demonstrate significant shifts from baseline, with more pronounced shifts at higher, basal
frequencies, the B+C approach provides greater threshold shifts at all frequencies. This is
true even at the lowest, most apical frequencies where the induced advection flow of CSF
from the cochlear aqueduct to the fluidic exit in the posterior semicircular canal presumably
carries salicylate from base to apex in scala tympani, through the helicotrema, and from
apex to base in scala vestibuli. In contrast the BA approach relies entirely on diffusion
mechanisms for distribution of the salicylate.

At the last two time points of measurement, 20 minutes and 40 minutes following
termination of flow of salicylate to the RWM niche, a statistically significant difference
between methods was observed (p<0.05). This suggests that a longer infusion time would
likely result in not only greater threshold shifts, but also a greater difference between
methods. One limitation of the current technique is the requirement to maintain the animals
under anesthesia during the duration of the experiment due to the syringe pump and infusion
tubing. Advancements in implantable pump technologies suitable for use in mice [34–36]
would enable longer-term experiments to fully explore the potential of this induced
advection approach to enhance distribution of agents throughout the murine cochlea. They
would enable determination of the limits of distribution uniformity achievable, and
optimization of delivery paradigms to achieve uniformity. Additionally this chronic delivery
capability would eliminate any potential impact of anesthesia on auditory measures as has
been reported for ABR [37] and DPOAE [38] thresholds. Ultimately, these technologies will
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enable the development of advanced therapies addressing the biological basis of auditory
function which involve repeated treatments over extended periods of time; therapies that
will require chronic delivery of curative agents.

Analysis of the 51.4 kHz DPOAE threshold shifts after infusion at the RWM niche is
terminated (Figure 5) reveals a decline in DPOAE threshold shifts of approximately 0.3 dB/
min, correlating to a rapid decline in salicylate concentration in the basal turn. This suggests
that modulation of the RWM niche source, in combination with the induced advective flow,
could potentially enable a lower, but more stable concentration from base to apex in the
cochlea. This has significant implications for hearing or deafness therapies where dose-
response window is narrow, or toxicity is a concern.

Figure 6 demonstrates the approaches used in the current report for delivering a
pharmacological agent to the cochlea have no long-term impact to cochlear function.
Threshold shifts for both DPOAEs and ABRs one week post-surgery are insignificant,
compared to pre-surgery baselines. Other approaches with direct intracochlear access via a
basal turn cochleostomy have been shown to have no acute impact to cochlear function [14,
23], but recovery surgeries result in hearing deficits. This limits their applicability to therapy
development where the curative agent delivery approach should improve long-term hearing
and not negatively impact cochlear function. Delivery of agents to the RWM niche in the
middle ear eliminates the need to directly access the cochlea and avoids long term hearing
deficits previously seen in some rodents, including mice. The creation of a canalostomy in
the vestibular system retains the benefits of the RWM delivery, while facilitating transport
of agents absorbed through the RWM throughout the cochlea. This induced advection
approach could enable more rapid therapy development targeting all regions of the cochlea,
providing improved solute distribution without chronic impact to functional auditory
measures.

Future work will couple micro-CT imaging of inner ear drug delivery [36] with quantitative
modeling of this induced advection approach to provide predictive spatio-temporal
intracochlear concentrations in each scala. This advanced capability will enable more rapid
design of pharmacological delivery profiles for controlled target concentrations within the
cochlea that will be essential for curative therapy development using mouse model systems.

Conclusions
A novel approach to delivering agents to the cochlear scalae in the mouse model system has
been demonstrated providing evidence of enhanced distribution through the cochlea. The
middle ear bullaostomy and vestibular system canalostomy had no deleterious impact to
auditory functional measures one week post-surgery. The proposed hypothesis of induced
advection from the cochlear aqueduct to the canalostomy is consistent with the measured
DPOAE responses. The rapid shifts and recovery in response suggest potential for tuned
control of spatio-temporal solute concentrations within the cochlea via modulation of the
middle ear source, coupled with the induced advective currents. Advanced implantable
microsystems to provide this level of control, and to enable longer term experiments without
continuous anesthesia will be required to fully explore the potential of this new inner ear
drug delivery paradigm.
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Figure 1.
Illustration of the mouse inner ear depicting the hypothesized advection flow induced by
creation of a fluidic exit via canalostomy (c) in the posterior semicircular canal. Drug is
delivered to the round window (rw) via polyimide microtubing inserted through a
bullaostomy (b) into the middle ear (m) and positioned at the RWM niche. The drug is
absorbed through the RWM into scala tympani (st). Diffusion is shown in red as dotted
lines. Induced advection flow due to CSF influx from the cochlear aqueduct (ca) is shown as
solid lines in blue. This flow carries the drug throughout the cochlea via a flow path through
st, to the helicotrema at the apex, through scala vestibuli (sv) and into the vestibular system
to the canalostomy (c). Adapted from [14].
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Figure 2.
Illustration depicting the experimental infusion setup. Polyimide microtubing was preloaded
with 50 mM salicylate solution. The setup was attached to a syringe pump to precisely
control infusion rate. The infusion tubing was inserted through the bullaostomy and
positioned at the RWM niche. Adapted from [14].
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Figure 3.
Ventral surgical approach exposing the tympanic bulla with middle ear access for blind
alignment to the RWM niche. (SMG) submandibular gland, (LEC) left ear canal, (DM)
digastric muscle, (IT) infusion tubing, (BA) bullaostomy, (LB) left bulla. Inset: Explanted
left cochlea highlighting the location of the bullaostomy relative to the round window. (TM)
tympanic membrane, (OW) oval window, (RW) round window.
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Figure 4.
DPOAE threshold shifts versus F2 frequency for the BA (red traces) and B+C (blue traces)
approaches during delivery of 50 mM salicylate to the RWM niche. Surgery had an
insignificant impact on cochlear function. Clear threshold shifts are observed during
delivery for both approaches, demonstrating transfer of the salicylate across the intact
RWM. Asterisks indicate statistically significant main effects between methods. Data are
plotted as mean ± SEM (n=6 animals for each approach).
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Figure 5.
DPOAE threshold shifts for the most basal F2 frequency over time. After infusion is
stopped, there is a reduction of approximately 0.3dB per minute for the B+C approach
suggesting a decline in basal salicylate concentration. This rapid decline may enable
concentration control via flow control at the RWM niche. Data are plotted as mean ± SEM
(n=6 animals for each approach).

Borkholder et al. Page 15

J Control Release. Author manuscript; available in PMC 2015 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
In stark contrast to cochleostomy procedures in mice, DPOAE (left) and ABR (right)
threshold shifts are insignificant as compared to pre-surgery baselines after one week of
recovery. There is no difference between the BA (red) and B+C (blue) responses, and shifts
from baseline are not significant, suggesting no impact to cochlear function with either
approach. Data shown as mean ± SEM (n=6 animals for each approach).
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