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Abstract

Neurotrophin therapy has potential to reverse someforms of hearingloss. However, cochlear
pharmacokineticstudies are challenging due to small fluid volumes. Here aradioactive tracer was
used to determine neurotrophin-3retention, distribution and clearance afterintracochlear
administration. **’I-neurotrophin-3was injected into guinea pig cochleae using a sealed injection
technique comparing dosing volumes, rates and concentrations up to 750 pg/mL. Retention was
measured by whole-cochlea gamma counts at five time point while distribution and clearance were
assessed by autoradiography. Smallerinjection volumes and higherconcentrations correlated with
higherretention of neurotrophin-3. Distribution of neurotrophin-3 was widespread throughout the
cochleartissue, decreasingin concentration from base to apex. Tissue distribution was non-uniform,
with greatest density in cells liningthe scalatympani and lowerdensity in neural target tissue. The
time constant for clearance of neurotrophin-3fromcochleartissues was 38 hours but neurotrophin-
3 remained detectableforatleast 2 weeks. Neurotrophin-3was evidentin the semi-circular canals
and minorspread to the contralateral cochlea. This study is the first comprehensive evaluation of
the disposition profile fora protein therapyinthe cochlea. The findings and methods in this study

will provide valuable guidance forthe development of protein therapies for hearingloss.
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hearingloss



Background

Hearingloss represents a major publichealth problem worldwide with an estimated 466 million
people suffering from this sensory disorder (World Health Organization, 2018). Furthermore, as the
population ages, the prevalence of hearinglossis expected torise. Hearingimpairment can cause
delaysin the development of speech, cognitive and social skills in children' and impacton workand
social activities inadults, with links to depression and the incidence of dementia®™. Sensorineural
hearinglossisthe most common form of hearingloss, characterized by damaged sensory cells
withinthe innerear(cochlea). At present there are no drug therapiestotreat hearingloss. The only
interventions forsensorineural hearingloss are devices such as hearing aids and cochlearimplants
which do not address the underlying cause of the hearingloss. Benefits provided by devices are
typically varied and generally poorin challenging acoustic situations, such as noisy backgrounds or
when listeningto music’. The need for a therapeuticintervention to treat hearingloss is high and

the most effective strategy is to repaircochlear damage before it becomes a debilitating condition.

The sensory cells that detect sound (hair cells) and the spiral ganglion neurons that convey the
information to the brain are sensitive to damage from excessive noise exposure®’, ototoxicdrugs
such as antibiotics and ageing®. Following significant damage, hair cells die via apoptosis with no
evidence of spontaneous regeneration in mammals. However, experimental animal studies indicate
that the synapse between the haircell and the spiral ganglion neuron can be protected and repaired
by increasingthe intracochlearlevel of neurotrophin 3 (Ntf3) or brain-derived neurotrophicfactor
(BDNF) afterdamage®**. Furthermore, introduction of exogenous neurotrophins to the cochlea
preserves spiral ganglion neurons and also promotes peripheral nerve fibreresprouting following
hearingloss, eveninthe absence of haircells?, with implicationsfor reduced thresholds of neural

activation when used in conjunction with cochlearimplantation*>.

Different strategies to deliver neurotrophinsto the cochlea have been extensively studied. Most

effectivefor spiral ganglion neuron protection and fibre regenerationis directand continuous



delivery of high concentrations of neurotrophins viaamini-pump connected tothe cochleabya
cannulasealedintothe cochlearwall™**. Thistype of direct drug delivery would be most usefulin
scenarios where the cochleais already being accessed, for example, during cochlearimplantation.
Because surgical breach of the cochlearbony wall does carry some risk of sensory cell damage,
middle eardelivery options are also being developed whereby therapeutics can diffuse into the

)'*%°_ However, the drug

cochleaviatwo semi-permeable membranes (the round and oval windows
levels achieved in cochlearfluids are significantly reduced with this method. Itis necessary to
understand the pharmacokinetics of Ntf3in the cochlea following the different delivery techniques
to compare the effectiveness of each strategy. In particular, the retention, clearance rate and

distribution are of interest to determinehow much drugis available to the target cells, the spiral

ganglion neurons, and forhow long.

Pharmacokineticanalysisin the cochleais complicated by the small fluid volumes and the fact that
sampling canitself affect the outcomes by inducing non-physiologic fluid flow where the cochlear
perilymph fluid is contaminated with cerebrospinal fluid (CSF)**. New sampling methods have been
devised to minimise CSF contamination’*** but fluid sampling can still only show what s presentin
the cochlearfluids; there is noway to accurately determine how much drugis within the cochlear
tissue andin what proportions. This study addresses this critical aspect by using radiolabelled Ntf3to
visualise and quantify the distribution of Ntf3inthe cochleartissue, measure clearanceand examine
the relative distribution of the Ntf3in the cochlea. Radiolabelling of Ntf3 has been previously used to
show the Ntf3 distribution throughout the cochleain cellular detail after direct administration to the

%25 Ntf3was found tospreadtoall cochlearturnsand to have a relativelyslow

cochlearfluids
clearance fromthe tissues. However, the fluid component was not assessed in the previous studies,
and dosingrate, volume and buffer were not optimal. Here we extend these findings by examining
the retention, clearance and distribution of Ntf3in the cochlea afterlocal intracochlear delivery

using a fully sealed system. The technique has the potential to enable direct comparison of different

drug delivery strategiesto the cochleaand aid development of drugtherapies for hearingloss.



METHODS
Neurotrophinlabelling

Human Ntf3 (PeproTech; 3-4.5 ug) was radio-labelled with 0.25mCi Na ***| (ICN Biomedicals
Australasia) using the Chloramine-T method (ProSearch International) *°. Unbound ***I was

'2°| by Biogel P6DG column chromatography. Incorporation of ***linto

separated from Ntf3-bound
Ntf3 was between 55and 91%. Specificactivity was 46-93 uCi/ug. The radio-labelled Ntf3was
suppliedin phosphate buffer containing 0.25% (w/v) BSA and 0.1% (w/v) sodium azide. Five different

batcheswere usedinthe study.

°| Ntf3 was purified and buffer exchanged to artificial perilymph usingan Amicon Ultra-4 10K

filtration unit (for Batches 1-4) or Amicon Ultra-2 3K filtration unit for Batch 5. The filterwas pre-
coated for 20 minutesina 1% (w/v) BSA solution in PBS which was then centrifuged through for2
minutes and discarded. One millilitre of **°I Ntf3was added and centrifuged though the filter at 5500
g for 10 minutes. The ultrafiltrate was removed and set aside for gamma counting. Artificial
perilymph (125mM NaCl, 3.5 mM KCl, 1.3 mM CacCl,, 25 mM NaHCO;, 1.2mM MgCl,, 0.75 mM
NaH,PO,, 5 mM glucose, pH 7.4) was added to the concentrated **’I Ntf3and this was centrifuged
through the filter unit. This process was repeated. The final **’I Ntf3sample was collected, the
volume measured and asample taken forgamma counting.

f°INtf3was estimated using specificactivity, assuming no losses. Following

Concentrationo
purification and buffer exchange, concentration was adjusted to 0.1 ug/ml, 0.5 ug/ml, 0.9 ug/ml or
1.5 pg/ml. For the dosing concentration study, artificial perilymph buffer or unlabelled Ntf3
concentrate at 150 pug/mL and 1500 ug/mL, respectively, was added to 1.5 ug/ml radiolabelled Ntf3

ata 1:1 volume ratio to achieve final concentrations of 0.75 ug/ml 15 Ntf3 and 75 ug/mlor 750

ug/mlunlabelled Ntf3.



Injectioninto guinea pig cochleae

Thirty one tri-colour pigmented guinea pigs were used in this study. The use and care of the
experimental animalsin this study were approved by St Vincent’s Hospital (Melbourne) Animal
Ethics Committee (#007/17) and follows the Guidelines to Promote the Wellbeing of Animals used
for ScientificPurposes (2013), the NHMRC Code for Care and Use of Animals forScientific Purposes

(8" edition, 2013) and the Prevention of Cruelty to Animals Amendment Act (2015).
(i) Cannula preparation

Cannulas were prepared from polyethylene tubing (OD 0.96 mm, ID 0.58 mm) attached to a blunt
needle atone endanda 3 cm polyimide tube (OD0.16 mm, ID 0.12 mm) at the otherend with the
joinssealed bysilicone. Ataperedsilicone plug was created 2 mm from the tip to help seal the
polyimidetube intothe cochleaduringinjection. Priortoinjection, the cannula was first loaded with
liquid paraffinthen attached toa 10 puL Hamilton syringe connected to a rate-controlled microdrive
unit. Due to the potential of the Ntf3 protein to stick to the cannula, the cannula was pre-coated
with '’ Ntf3 solution by drawing up the desired volume, leaving for 20 minutes and discarding the

solution priortoloading.

A sample of the injected dose equalto the desired injection volume was first dispensed intoa
radioimmunoassay tube containing 50 uL water forgamma measurement priorto drawingup the

same volume again (plus an extra 10%) forinjectioninto aguinea pigcochlea.
(ii) Injection

Guinea pigs were anaesthetised with anintramuscularinjection of a ketamine/xylazine mixture (60
mg/kg ketamine and 4 mg/kg xylazine). Under aseptic conditions, a post-auricularincision was made
and the underlying muscles were gently separated to exposethe ventral bulla. The bullawas opened

with a #14 diamond burrto visualisethe lower basal turn of the cochlea. The membrane overthe



basal turn of the cochleawas gently retracted and a cochleostomy was performed with afine,
sharpened metal probe. The polyimide tip of the prepared cannulawas inserted into the cochlea up
to thessilicon plug withthe tapered endinserted untilaseal wasformed. Furthersealing was
provided viasuperglue. The cannulawas also secured to the bulla with superglue to ensure stability

f '**I Ntf3wasinjected into

of the delivery system. When the glue had dried, the desired volume o
the cochleaat the setrate (0.2 uL/minor 2.5 uL/min). When complete, the polyimide part of the
cannulawas simultaneously sealed and cut using a cautery (therefore asmall part of the polyimide
remained inthe cochleato maintain the cochlearseal). The bullawas sealed with dental cementand
the muscle and skin layers were closed separately with 3-0Vicryl and surgical metal clips. Foreach

study cohort, injections were performed within 10days of each other with radioactive decay

accounted forin all measurements.

Cochlearextraction

Between 0and 336 hours post-injection, guinea pigs were given alethal dose of pentobarbitone.
When breathing had stopped, the animals were intracardially perfused with 400 mL 0.9% (w/v)
saline containing 0.1% (w/v) heparin sodium and 0.025% (w/v) sodium nitrite. This was followed by
intracardial perfusion with 400 mL neutral buffered formalin (NBF). The bullawas dissected from the
temporal bones. Asmall hole was made in the bullaand the remaining polyimide delivery tube was
visually confirmed to be secure inthe cochlea. The rest of the bullawas carefully dissected away.
Fluid loss from the cochleawas not visible but this final part of the dissection was performed over
the radioimmunoassay tube so thatany fluid loss would be captured forgammareading. The
cochlea, with semi-circular canals still attached (asitis difficult to reliably dissect the cochleaaway
from the semi-circular canals without compromising fluid integrity), was placedina
radioimmunoassay tube containing 0.5 mL formalin for gamma counting. Study time points were
taken at the point of intracardial perfusion of NBF with the shortest time point thereforebeingthe

time taken to prepare the animal for perfusion (15min).



Gamma measurements

All gamma measurements (injected dose samples and dissected cochleae) were obtained within 24
hours of the perfusion usinga Perkin ElImer WIZARD automaticgamma counterand measured over 1

minute.
Histology

Aftergamma counting, the tissue was prepared for sectioning. Cochleae and semi-circular canals
were decalcified in 10% (w/v) ethylenediaminetetraaceticacid over 1-2 weeks, oriented and frozen
in optimal cuttingtemperature (OCT) compound, sectioned through the mid-modiolar plane at 12

um and placed onto Superfrost slides (3sections perslide). Slides were stored at -20°C until use.
Autoradiography and imaging

(i) Standards preparation: Whatman filter paperdisks (5mm diameter) were prepared and
numbered 1-10. Each disk was inoculated with a 1/3 serial dilution of I Nal and PAGE blue dyeina
solution containing 0.1 M Nal, 0.1 M sodium metabisulphite (pH 10), 30% (v/v) ethanoland 3.1
mg/ml PAGE blue. Three microliters of each dilution was pipetted onto the disks, with 1beingthe
most concentrated at 0.22 uCi. The disks were aligned in straight rows onto astrip of sticky tape

which wasthen adheredtoa glass microslide forexposure to film.

(ii) Film: Defrosted and dried slides (3 per cochlea), as well as the radiological standards slides, were
exposedto Biomax MR film (Kodak) and developed after 1week, 2 weeks and 4 weeks ina medical
film processor (SRX-101A; Konica Minolta Medical and Graphic, Inc). Developed films werescanned
using an Epson v800 photo scanner (grayscale, 16-bit, 2400 dpi with no compression). Foreach
series (1week, 2 week or4 week exposure), acalibration was performed on the prepared

radiological standards in Imagel using the Rodbard function. Area, mean grey value, standard



deviationandintegrated density measurements werethen taken of the whole cochlearsection by
tracing around the section using the freehand drawingtool. Background measurements were
obtained which were subtracted from the cochlear measurements. In cases where strong signal was
comingfroman intrascalarsource (e.g. debrisand fibrous tissue from surgery or artefact), the

debris/artefact was measured independently and subtracted from the whole section measurements.

(iii) Emulsion: Slides were defrosted, dried and placed in waterto remove the OCT. Slides were then
dehydrated through aseries of ethanol (70%, 90% and twice at 100% v/v ethanol) and then airdried.
Slides were coated on the front only (back-to-back coating technique) with Kodak NTB emulsion at

42°C. Coatedslideswere dried vertically for 5 minutes and then placed in a light-tight box for 1 hour
at room temperature. Anhydrousssilicawas then added to the boxes before the slides were placed at

4°C forbetween 1and 4 weeks.

Some slides were pre-stained with H&E prior to coating with emulsion. A standard H&E protocol was
used, withthe incubation times doubled such that the sections were over-stained. This was to

compensate forloss of staining during post-processing.

Afterthe setexposure period of 1-4weeks, the slides were brought to room temperature for 1 hour.
Under darkroom conditions slides were placed in Dektol developer (Kodak; diluted 1:1 with water)
for 5 minutes, awaterstop bath for 30 seconds and fixer (Kodak)for 10 minutes. Slides were rinsed
inrunning waterfor 15 minutes priorto dehydration through graded ethanol (90% and 100% v/v),

xylene and then coverslipped in DPX.

Images of the entire cochlear mid-modiolar cross section as well as the lower basal and upper basal
turns were taken usingthe 2.5x and 10x objectives on aZeiss Axio Imager M2 upright microscope.
Up to 10 images were stitched together using the Zen software stitching function, with 5% overlap.
Allimages were taken usingidentical light and exposure settings. Images were analysed using Image)
software. Mean gray values foran 8-bitimage (0-255) were calibrated to an optical density value

between 0(white) and 3.05 (black) using a Kodak No.3 Calibrated Step Tabletand the Rodbard



function (r’=0.9992). Calibrated optical density, integrated density and area were measured for each
whole turn (tissue only, fluid filled chambers excluded). Calibrated optical density, integrated density
and area were measured for specificbasal turn regions of interest (basilar membrane, spiral limbus,
spiral ligament, Rosenthal’s canal, peripheral nerve fibre and cells lining scala tympani). Background

was measured from a part of the slide containing tissue that was negative forthe radiolabel signal.

Analysis of results

Retention of **°

INtf3inthe cochleais expressed as a percentage of the dose injected. Datais
presented asindividual points or as mean £ standard error of the mean with statistical comparison
of groups carried out withan ANOVA. Aregression analysis was performed on datato examine the

effect of concentration on retention of **

I Ntf3. Curve fitting analysis was performed to compare
clearance overtime. Autoradiographicfilm analysis was performed in Imagel with calibration as
described. Background was subtracted and the data was normalised for comparison of different
exposure times. Atotal of 9 sections were measured for each cochlea. Analysis of emulsion coated

slideswas performed in Imagel as described with data expressed as relative integrated density with

background subtracted.

RESULTS

Higher perilymph and tissue retention are achieved with smaller dosing volumes

125 Ntf3 (0.1 pg/mL) was injected into guinea pig cochleae at 1 pL, 5 plL or 20 pL dosingvolumes
(total dose 0.1, 0.5 or 40 ng) at rate of 0.2 pL/minor 2.5 uL/min (n=13). Four sampleswerein
artificial perilymph (AP) and nine samples werein phosphate buffer (PB). Gamma counts of the
cochleae (semi-circular canalsincluded) ata four hour time point were used to compare the

125

retention of the "I Ntf3dose, expressed as a percentage of the gamma measurement of the

injected dose.

10



Figure 1A showsretentionin cochleartissueforthe different volumes injected. The measurements
were made following a 24 hourincubationinfixative during which the perilymphaticfluid and

2| Ntf3 would have dispersed from the cochleartissue and was measured separately

loosely bound
as ‘perilymph’ in some cases. Regression analysis of the datarevealed that volume had asignificant
effect on retention (R*=0.59, p=0.002). Following slow rate injection of 1 L, retention in cochlear
tissue was 15.8% * 2.6% (0.02 ng) of the injected dose. For 5 L slow rate injection the average
retentionwas 7.0 £ 1.1% (0.03 ng). In contrast, only 1.9% of the starting material (0.04 ng) remained
inthe cochleartissue following the 20 uL injection at the fast rate. Measurement of the perilymph
from cochleaeinthe 5 pL slow rate injection group revealed that 46% of the total dose was inthe
perilymph atthe 4 hour time point, boosting the total dose inthe cochleato 18% (0.09 ng) of the

injected material. In the fast rate groups, the perilymph component of the retained cochlear dose

was lowerat29%.

The average tissue retention was similar for dosing solutions prepared in phosphate buffer and
artificial perilymph:5.8% + 1.5% and 8.8% + 0.5%, respectively. The 2.5 uL/mininjection rate group
displayed greatervariability in retention (6.9% +3.1%) compared to the 0.2 uL/min rate group (7.0%

+ 1.1%) fora 5 pL dosing volume at4 hours post-injection (Figure 1A).

11
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Figure 1: Effect of dosing volume, concentration and time on retention (percentage of the injected

125 Ntf3 dose remainingin the cochlea). (A) Retention at4 hoursin cochleartissue only following

injection of differentvolumes of 0.1 pg/mL ***

I Ntf3. The symbolsshow the different rates of
injection and the bufferused (n=13). PB=phosphate buffered saline; AP=artificial perilymph.
Regression analysis between retention and log(Volume) was fitted to the data. Retention=14.8-
(10.4*LogVolume), R*=0.59, p=0.002, n=13. (B) Retention in perilymph and tissue combined at 4

hours post-injection of 5L **°

I Ntf3 at different concentrations. The regression between Retention
and log(Concentration) was fitted to the data: Retention =27.7 + 7.9*log(Concentration), R*=0.7,

p=0.006. (C) Retentionin perilymph and tissue combined overatime seriesranging from 15 minutes

to 2 weeks followinginjection of 5 uL of a total dose of 3.75 pg Ntf3 (unlabelled Ntf3at 750 ug/mL
12



and radiolabelled Ntf3at0.75 pg/mL). There was an exponential decrease in Ntf3retainedinthe

cochleaovertime which can be expressed as Retention =54.11*exp(-Time/22.4019).

Greaterretention with higherdosing concentrations

125
f

Cochleae were injected with 5 uL of I Ntf3 at 4 different concentrations (0.08 ug/mL, 0.9 pg/mL,
75 pg/mL or 750 pug/mL). The lattertwo dosing solutions consisted of a 1:100 or 1:1000 ratio of
labelled to unlabelled Ntf3.i.e. 0.75 pg/mL **°I Ntf3 mixed with 75 pug/mL or 750 pg/mL unlabelled
Ntf3. The rate of injection was 0.2 puL/min (n=8). Whole-cochleagamma measurements were
collected4hours afterinjection, this time combining cochlear tissue and perilymph. There wasa
significant correlation between percentage retention and concentration of the dosing solution at the
4 hourtime point (R*=0.7, p=0.006) (Figure 1B). A dosing concentration of 0.08 ug/mL Ntf3resulted
inan average retention of 19.8% + 0.41% (or 79 pg) of the starting material in the cochleartissues

and perilymph whileadosing concentration of 751 pg/mL Ntf3 resulted in an average retention of

54.8% +1.2% (or 2.1 ug).

Exponential clearance of Ntf3 after intracochlear delivery

To determine the clearance of Ntf3from the cochlea overtime, cochleae (n=12) were injected with
5 uL of the Ntf3 dosing solution (a mixture of 0.75 pg/mL ***I Ntf3 and 750 pg/mL unlabelled Ntf3;
total dose 3.75 pg) at a rate of 0.2 pL/min with five treatment durations (15minto 2 weeks).
Clearance was determined from whole-cochleagamma measurements of both cochlearfluids and
tissue. Asingle exponential wasfitto the retention data (Figure 1C). There was significant bulk loss
of the radiolabelled Ntf3 during orjust afterinjection (calculation of Time Ofrom the curve predicts
retention of < 60% of the dosing material) and the time constant (the time taken to drop to ~36% of
the current value) forclearance from the whole cochlea was approximately 22 hours. Although most

of theinjected Ntf3had been eliminated from the cochlea by 3 days (3.1% of the injected dose

13



remaining; 0.12 ug), gamma signal from the radiolabel persisted within the cochlea atthe 2 week

time point where the signal from the residual **

I Ntf3was 40 times less compared to the 15 minute
time point with just 1.4% of the injected dose detected in the cochlea. The absolute level of ***| Ntf3
signal detected atthe 2 week time pointaveraged 4029 cpm, which was 54 times the detection limit
of 75 cpm (defined as 3x noise floor measurements —average 25 cpm) and 16 timesthe
quantification limit of 250 cpm (defined as 10x noise floor measurements) .

Uptake in all cochlear turns with slow tissue clearance

Sections of cochleae from Figure 1Cwere exposed to BioMax MR Filminorderto analyse the uptake

f125 125

and clearance of “I Ntf3 within the cochleartissues. The I signal from the entire cross-section was
measured and expressed as integrated density (Density*area)for cochleae inthe 5 time points. In
the 15 minute, 4 hourand 1 day groups, the radiolabelled Ntf3 signal was dete ctable in all turns of
the cochleae butwas strongestin Turns 1 and 2 (lowerbasal and upper basal turns) (Figure 2A). By 3
daysthe signal in the apical turns was no longerdetectable (Figure 2B). A single exponential was
fitted to the normalised integrated density data (Figure 2E). The time constant for clearance of '**|
Ntf3 signal from cochleartissue was approximately 38 hours, modelling the cochleartissueasa
single compartment. A linearregression between integrated density and log(time) demonstrated a
significant effect of time on the amount of Ntf3 in the cochlear sections (R* = 0.73, p<0.001). Signal
to background ratios ranged from 12.3 fold forthe 15 minute group to 1.15 fold for the 2 week
group. Signal inthe 2 week group was over 16 times lower than to the 15 minute group and was

detectable onlyinthe basal turn. Low level signal in the contralateral (non-injected) cochlea was

observedinone out of two animals fromthe 15 minute group (Figure 2C).

14
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Figure 2: Distribution of "I Ntf3 in cochlear tissue and clearance over time. Radiological signal
from cochlearsections exposed to Kodak MAR Film for 4 weeks. (A) 4hour group, (B) 3 day group,
(C) Contralateral cochleafrom 15 minute group. In (A-C) the scala tympani of each turn is labelled 1-
6. Scale bar appliesto all images. (D) Detail of Turn 1 where IAC=internal auditory canal,
RC=Rosenthal’s canal, SL=spiral limbus, OC=organ of Corti, SV=striavascularisand M=mesothelial
cellslining scalatympani. (E) Analysis of radiological signal (film). Normalised integrated density
(background corrected) of the radiolabelled Ntf3signal in the entire cochlear section in each group

(n=2-3 animals pertime point). There was an exponential decrease in Ntf3 retainedin the cochlear

tissue overtime which can be expressed as Integrated Density =0.68*exp(-Time/37.7566).

15



Non-uniform tissue distribution

Autoradiographicemulsion was used for histological analysis of distribution throughout the cochlea.

123 Ntf3 was detectable in neural tissues such as Rosenthal’s canal which houses the

Signal from
spiral ganglion neuron cell bodies and the internal auditory canal which contains axons from the
spiral ganglion neurons projecting towards the central auditory structures (Figure 3; see also Figure
2). There was also signal in non-neural tissues such as the medial and lateral bony tissue of the
cochlea, the organ of Corti which houses the sensory hair cells, spiral ligament, spiral limbus, stria

125

vascularis and mesothelial cells lining the perilymphaticspaces. “~I Ntf3also appearedto
accumulate inthe endothelial cells lining the scala mediaincluding the inner spiral sulcus (Figure 3).

The '*°| signal was visually strongest in the 15 minute and 4 hourgroups but was still presentin

cochleae inthe 2 week group, mainly in the basilar membrane region.
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Figure 3: Distribution and clearance of ***I Ntf3 from cochlear tissue over time. H&E stained
autoradiographs of the cochlear upperbasal turn from each group with the left column showing
images of the organ of Corti region (OC) and the right column showingimages of the Rosenthal’s

125

canal (RC) region. Inall groups “~’I Ntf3 signal was strongest in the basilar membrane (BM) and

mesothelial cells lining the perilymphaticchamberinto which the dosing material was injected. In

125
f

the 15 minute, 4 hourand 1 day groups there were also high levels of ““’I signal in the spiral ligament

(SLig), osseous spiral lamina (OSL), the peripheral nervetract (PNT) thatruns through the OSL and

f "I Ntf3in Rosenthal’s canal were lowerthan surrounding tissue.

the spiral limbus (SLim). Levelso
The signal strength was reduced inthe 3 day and 2 week groups, except forthe BM which remained

strongin all groups. ISS-innerspiral sulcus

Basal to apical tissue gradient at all time points

f'*INtf3alongthe length of the spiralling cochlear tissue was examined turn by turn

Distribution o
using unstained mid-modiolar emulsion-based autoradiographs. Turns were labelled 1-6, with turns
1 and 2 representinglower basal and upper basal turns, respectively, as they appearin cross section
(Figure 4A). Integrated density was measured inthe outlined tissue excluding the fluid filled spaces
as shownin Figure 4A. There was an overall main effect of cochlearturn and treatment group with

regards to the integrated density per mm? (p<0.05; two way ANOVA). Multiple comparisons using

the Holm-Sidak method revealed that for all time points the basal turn of the cochlea (Turns 1 and 2

125

combined) had asignificantlyhigher "’ Ntf3signal density of the radiolabel compared to the apical

125

turns (Turns 5 and 6). Also, the 15 minute group had significantly higher "’ Ntf3signal density
comparedto the 3 day and 2 week groups, which did not have signal detectable above background
measurements turns 1and 2 (Figure 4B; (p<0.05; two-way ANOVA). The 4hour group did not follow
the trend of the othergroups, with the turn 1 measurement being half the value of turn 2. This was

confirmed by visual inspection of the autoradiographs. Although signalfor the radiolabel was
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observedin one contralateral cochleaon the film autoradiographs (see Figure 2), the signal was not

detectable by measurement or by visual inspection of sections coated with emulsion.
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Figure 4: Basal to apical gradient of "’ Ntf3 in the cochlea. Radiological signalfrom cochlear

sections exposed to autoradiographicemulsion. A Unstained autoradiograph showing the **°

Isignal
froma mid-modiolar cochlearsection fromthe 1 day group. Aregion of interest has beendrawn
around the tissue of the lower basal turn (Turn 1) as an example of how concentration (Integrated

125

density) of the "I Ntf3signal was quantified. This was repeated for 6 cochlear turns. B Integrated
density permm?of radiolabel in each turn of the injected cochlea measured from cochlear sections

coated with emulsion. Error bars show the standard error of the mean. L-lower, U-upper, B-basal, M-

middle, A-apical

Non-uniform tissue uptake of ‘*’I Ntf3

As seeninthe H&E images, the '*°

| autoradiographicsignal strength differed between different
cochleartissues. The signal for "I was particularly strongin the mesothelial cells lining the scala

tympani, including the basilarmembrane, forall groups. Lower signal density was detected in tissues
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such as the spiral ligament andin the peripheral nerve fibres while the lowest signal density was

detectedinthe spiral limbus and Rosenthal’s canal (Figure 5).

Relative intracochlear Ntf3integrated densities were compared group by segmenting different
regions of interest within the lower and upper basal turns of the cochlea (Turns 1 and 2) as described
in Figure 5C. The region with the highest concentration of the radiolabel was the basilar membrane.
At 4 hours post-injection, the integrated density was 4.5times higherthan the average of other
tissues combined inthe lower basal turn (Figure 5D). The basilar membrane signal remained high
overalltime points while the signal in the othertissues tended to reduce overtime. The neural
tissue (Rosenthal’s canal and nerve fibres) had a moderate density of Ntf3signal that was similarto
surrounding non-neural tissue (spiral ligament and spiral limbus) (Figure 5D). Measurement of
contralateral sections revealed that none of the sections contained radiolabel signalthat was above

the level of background (datanotshown).
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Figure 5: Non-uniformtissue distribution and tissue clearance Unstained autoradiographs of the
lower basal turns from a representative cochlear section fromthe 15 minute group (A) and the 2

week group (B). (C) Image from the 1 day group showingthe regions of interest used for
20



measurement of radiolabelintegrated density. RC=Rosenthal’s canal, NF=peripheral nerve fibres,
SpLim-spiral limbus, ST=cells lining scalatympani, BM=basilar membrane, SpLig=spiral ligament. (D)
Normalised integrated density per mm?’ of radiolabel in each area of interest in the lowerbasal turn
and the upperbasal turn foreach time point. Datais the average of the normalised datafromthe 1
week, 2weekand 4 week exposure datasetsand error bars indicate the standard error of the mean

(from n=3 exposure sets each containing 2-3 cochleae pergroup).

Concentration does not affect distribution pattern

Cochleae from Figure 1 were usedto examine the effect of the dosing concentration onthe tissue
penetration and distribution pattern. These cochleae were injected with 5 uL of the Ntf3dosing
solution atthree concentrations (0.9 ug/mL, 75 ug/mL or 750 pg/mL; the lattertwo dosing solutions
consisted of a 1:100 or 1:1000 ratio of labelled to unlabelled Ntf3.i.e. 0.75 pg/mL"*’| Ntf3 mixed
with 75 pg/mL or 750 ug/mLunlabelled Ntf3) injected at arate of 0.2 uL/min. Cochleae were
extracted after4 hours for whole-cochleagamma measurements followed by sectioning and

125

autoradiography. Forall concentrations, the ““°I Ntf3signal was detected in all turns with asimilar

pattern of distribution (Figure 6). Integrated density was calculated across the entire cochlear cross

125

section. The integrated density from the tissue-bound "I Ntf3signal in the 750 pg/mL group was 6
times greaterthan the 75 ug/mL and 1378 times greaterthan the 0.9 pg/mL group (with

adjustments made for the ratio of labelled to unlabelled Ntf3) (Figure 6).
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Figure 6: Effect of concentration on tissue distribution. Film autoradiographs from cochleae
injected with 0.9 ug/mL (A), 75 pg/mL (B) or 750 pg/mL Ntf3 (C) (with **>I Ntf3component being
0.75 ug/mLin B and C). (D) Average integrated density measurement from cochlear sections
(adjusted forthe ratio of labelled to unlabelled Ntf3) at the three dosing concentrations. SCC: semi -

circularcanal

Detectionin ipsilateral semi-circular canals and minor spread to contralateral cochlea

125
f

Distribution of ““’I Ntf3was also examined in non-cochleartissuesincluding blood, brain and semi-

125

circularcanals. "I Ntf3was detected by film and slide-based emulsion autoradiography in the semi-

circularcanals in the sampledtissue from eight out of ten animals (Figure 7). The **

I Ntf3signal was
detectedinthe perilymphaticspaces of the semi-circular canals, which contains loose connective
tissue, but notinthe cellslining the endolymphaticspace. There were no overt post-surgical signs of
disturbed balance in any of the guinea pigs although balance was notimplicitly tested. No signal was
detectedin blood samples (gamma measurements),orin the midbrain, pons or medulla of any
animal (emulsion coated slide autoradiography). ‘*’I signal in non-injected contralateral cochleae

was only detected by film autoradiography with no specific >’ Ntf3signal detected by emulsion

coatedslide autoradiography orin control extra-cochleartissue in the cochlearapex (Figure 7).
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sections showing (A) extra-cochlear control tissue on the injected side taken from the lateral bone

f 125

500 ym = 1mm

INtf3. H&E stained autoradiographs of cochlear

nearthe cochlearapex, (B) contralateral side organ of Corti region and (C) contralateral side

Rosenthal’s canal region, each showing background signal only. (D) Contralateral sidefrom the 3 day

group film autoradiography showing only the pigmented cells of the stria vascularis and occasional

pigmented cells lining the scalatympani. (E) H&E stained image of a semi-circular canal. The

relatively small perilymphatic space contains connective tissue wit

h '**I Ntf3signal. The square

regionisenlargedin (F).(G) Asimilarregion from afilm autoradiograph.

Discussion

Endogenous growth factors are established, successful therapeutic modalities in drug discovery and

the neurotrophin family of proteins has been extensively studied as potential therapies.
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Encouragingly, arecombinant human nerve growth factor (Cenegermin) has recently been approved
by European Medicines Agency and the Food and Drug Administration for ocularindications. There
are now a number of drug delivery strategies under development for clinically translatable
neurotrophin delivery tothe cochlea but a systematic study of Ntf3dispositioninthe innerearhas
been lacking. The ability to directly compare the efficiency of drug delivery techniques would be a
valuable tool to help determine the most effective strategy for differentindications or aetiologies of
hearingloss. Inthis study we used a radiolabelling technique to examine Ntf3 retention, clearance
and distributioninamodel of directadministration into asealed cochlea, a potential clinical route

for drugdelivery as an adjunctto cochlearimplantation.

Measurement of pharmacokinetics using a radiolabelled protein

Pharmacokineticstudiesin the cochleaare typically performed by fluid sampling but the resolution
of thistechnique isrelatively low with the entire cochlear perilymphaticfluid from the scalatympani

227 Furthermore, fluid sampling

beingapproximately 4 uL and the sample volumes being 1 uL
informs about drug concentrationsinthe cochlearfluid, but gives noindication of whetherthe drugs
reach theirtargettissue andin what proportion. Clearance and distribution measurements using
radiolabelled Ntf3shown here have the benefits of being measuredin anintact cochleawithout any
compromise to the cochleastructure priorto fixation. The method enables the visualisation of drug

levelsinextracellular spaces of the cochleartissue and potentially intracellularuptake in cellsand

the study of clearance and distribution overtime via autoradiography.

Dosing volume and drug retention

The study showed aclearinverse relationship between the dosing volume and the percentage of
drug retainedinthe cochleaatearly time points. In terms of the total dose retainedin the cochleaat
the 4 hour time point, the datasuggeststhereislittle benefitgainedininjectinglargervolumes. In

the guinea pig, a dosingvolume of 5 L represents 50% of the entire perilymphaticvolume®. With
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the cochleaencasedin the bony otic capsule there is no capacity for volume expansion so during
injection of adrug sample, fluid must be concurrently eliminated from the cochlea. This most likely
occurs viathe cochlearaqueduct: an anatomical connection between the perilymph of the cochlea
and the subarachnoid space of the brain. The cochlearaqueduct entersinto the scalatympani of the
cochleaadjacent to the round window membrane and contains loosely packed connective tissue

2930 Cerebrospinal fluid (CSF) normally flows into the cochlea

with a lumen of variable patency
throughthe cochlearaqueduct but followinginjection of adrug the flow may be reversed to
facilitate release of pressure®'. Inter-animal differences in the patency of the cochlearaqueduct or
volume of the perilymph compartment may account for the variability observed forthe 5L
injection volume group. The variabilityof the 5 pL data at the 4 hourtime point makesitdifficultto
interpretwhetherthere was an effect of rate on the retention of the dosing material, butitis

reasonable to assume thatif the rate is slow enoughto not significantly affect the volume of the

cochleaat any giventime (e.g.inthe order of nL/min) retention rates may be considerably higher.

In additionto the cochlearaqueduct, otherpossible elimination routes have been proposed
including the internal auditory canal and the apical part of the otic capsule®*>*. The film and

f I Ntf3signal within the internal auditory canal

emulsion autoradiographs show evidence o
supportingthis as an elimination route where perilymph may flow towards the brain following
increased perilymphaticpressure®®. While *I Ntf3 was not detected in the brain in this or a previous
study®*, itis possible thatit was below the detection limit. The overall thickness of the oticcapsule is
variable inthe guinea pigcochlea. The extent of tissue perfusion fromthe perilymphinto the lateral
bone was limited toa distance of less than 100 um in the base. However, at the apex where the otic

'2°| Ntf3signal was observed via film autoradiography to penetrate the entire

capsuleisthinnestthe
thickness of the otic capsule supporting this as another possible elimination route. External **°I Ntf3
signal was detected nearthe cochlear apex butalso nearthe injectionsiteinthe basal turn. It is

therefore unclear whetherthisis evidence of elimination through the thin oticcapsule atthe

cochlearapex or part of the dosing solution that has seeped between the cochleaand the
25



membrane surroundingthe cochleaduringinjection. As afinal elimination pathway, the

perilymphaticspace islined with mesothelial cells which are porous and have a possible rolein

125

removal of debris **. Small regions of denser **’I Ntf3signal were apparent in some of the

mesothelial cells suggestive of accumulation or uptake inthese cells. There was also evidence of

f 125

accumulation of "I Ntf3signal around blood vessels and is another possible clearanceroute.

Distribution

125
f

Autoradiography images clearly demonstrate passage of ““°I Ntf3 from the perilymphinto the

cochleartissue with evidence of perfusion through the osseous spirallamina, spiral ligamentand
spiral limbus. The osseous spirallamina contains micropores called canaliculi perforantes thatallow
extensive fluid communication between the scalatympani and Rosenthal’s canal *°. The prevalence
of **’INtf3signal in the spiral ligament and osseous spiral lamina and the rapid clearance from these

structures demonstrate unimpeded passage of perilymph through the osseous spiral laminawhichis

36,37

highly porousin experimental animals as well asin humans™ *’. This data supports other studies

that hypothesise adirect communication route from the scalatympani tothe scala vestibuli (i.e.

23,38-43

throughtissue ratherthan via the spiralling perilymphatic fluid space) .Simulations and drug

distribution studies confirm that the rate of appearance of markers or drugsin the cochlearapex

following basal injection or round window application exceed the expected rate based on the flow of

23,38-43

the perilymph alone, predicted to be 19-21 nL/min .The endothelial cells lining the scalamedia

are surrounded by tightjunctions and do not permit perilymph to flow into the endolymph. The
presence of '’ Ntf3signal in these endothelial cells suggests accumulation of Ntf3in these cells due

to the tightjunction barrier.

125
f

We observed highamounts of “INtf3inthe basilarmembrane region. Similar findings were

reported following horse radish peroxidase injection into the middle ear cavity and in our previous

24,25,42

studieson radiolabelled Ntf3distributioninthe cochlea .The basilarmembrane contains

layers of collagen, beneath which is atympaniccoveringlayer: cells which have incomplete tight
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35,44

junction network forming atightly interwoven labyrinth-like environment .This may explainthe

slow clearance of **’I Ntf3 and other moleculesin this region. The cortilymph of the organ of Corti is
35 125

believedto be continuous with the perilymph viagaps beneath the Deitercells™. "’ I Ntf3was

observedinthe reticulalaminabut not within orbetween supporting cells and haircellsin the organ

of Corti at any time point.

Basal to apical concentration gradient

Concentration gradients of drugsin cochleartissues have not been previously measured to our
knowledge. We observed agradientin the amount of radiolabelled Ntf3that was presentin the
tissue of the cochleafollowing directinjection into the cochlearfluids. After 4hours, the density of

the 125

I signal was 5 times greaterin the basal turn comparedto the apical turn. Thisis inagreement
with a concentration gradient measured by fluid sampling following delivery of fluorescent-labelled
dextrantothe cochleaviaa modified electrode array (implantedinto the basal turn of the cochlea)
connectedtoa pump that continually delivered the markerover2hours, 24 hours or 7 days. There
was 5-6 times more labelled dextran near the base compared to the apex following two hours of
continuous delivery and even after 7 days of constant slow-rate infusion of the druginto the
cochlea, suggesting a higherthan expected elimination rate and progressive loss of fluid from the
cochleainthe higherturns of the cochlea?’. The study also confirmed that the concentration of the
drug inthe cochlearfluids was highly dependent on whetherthe injection site was fully sealed as
seepage of the drug out of the cochlearopening reduces the intracochlear concentration. Atthe
level of neuronal survival from neurotrophin therapy after chemically induced hearinglossin guinea
pigs, sustained intracochlear delivery of high concentrations of neurotrophins viaa mini-osmotic

pump is effective across most turns, but declining towards the apex ** 2% *°.
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Dosing concentration

Increasing the concentration of the dosing material increased the percentretained in the cochlea at
the 4 hour time point. Therefore, a higherdosing concentration translates to higher prolonged doses
inthe cochleaviaincreased retentionin addition to the more concentrated starting material. The
overall tissue uptake increased with dose without affecting the distribution pattern. Itis currently
unknown how these results translateinto the percent of bioavailable Ntf3forthe target tissue, the

125

spiral ganglion neurons. "I Ntf3was observedinthe tissue surrounding spiral ganglion neurons.

125
f

There was no obvious accumulation of ““I Ntf3 within spiral ganglion neuron cellbodies, the target

d46,47 125

tissue in which the neurotrophin Trk receptors are expresse .Instead, "I Ntf3signal appeared
to be betweenthe spiral ganglion neurons where glial cells such as Schwann cells are pre sent.
CochlearSchwann cells, as well as cells within the osseous spiral lamina, have been reported to

express the low affinity receptor p75*.

The concentration of neurotrophicfactors thatis effective in preserving the spiral ganglion neuron
population after profound hearinglossisinthe orderof 30-100 pg/mL when administered viaaslow
release device such as a mini-osmotic pump (approximately 6-20 ug of Ntf3and BDNF over 28 days).

14,18,49
.Ina

This dose also stimulates the regrowth of peripheral fibres towards the organ of Corti
study that directly compared Ntf3that was continuously delivered to the cochleaat 10 pg/mLand 1
ug/mL, the 10 ug/mL concentration was more effective at protecting outer haircells and reducing
ABR threshold shift after noise exposure compared to 1 pg/mL Ntf3 *°. However, acomprehensive
dose comparison study has not been performed. Furthermore, factors such as protein precipitation

at higher concentrations and protein degradation overtime complicate the determination of

therapeuticdosesinstudies using chronic neurotrophin delivery.
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Limitations

The technique described effectively shows the passage of Ntf3through the cochleaandthe effects
of concentration, volume and time, but it does not easily distinguish between non-specific binding
and specificuptake by cells with Trk receptors. The technique is limited to proteins that can be
radiolabelled without affecting bioactivity which we have shown for Ntf3 previously **. Long-term

assessment of clearance in also limited by the half-life of the radiolabel whichis 60 days for **’I

as
well asthe long exposure times required for film or emulsion-based autoradiography (upto 4
weeks). There isthe overriding presumption that the technique of fixation by perfusion does not
affectthe distribution of the radiolabelled protein. To thisend we performed a comparative protocol

where the cochleae were snap frozen at 4 hours followinginjection and found no difference in the

percentretention of the radiolabelled Ntf3.

Conclusions

This study describes atool to study retention, clearance and distribution of drugs at the cellular
level. Radiolabelling of Ntf3 along with gamma measurementand autoradiographicimaging
methods permit the measurement of the total dose remaininginthe cochleaatgiven time pointsin
addition to the proportion of drug inthe target tissue itself. We combined the high sensitivity of
analysis by film autoradiography with the high cellularresolution achieved viaemulsion-based
autoradiography. This technique will enable comparison of the effectiveness of different drug
delivery methods todelivertherapeuticagents to the targettissue. This study highlighted that
direct, intracochleardelivery of Ntf3into a sealed cochlearesulted in much of the administered dose
distributing through the bony cochleartissueand binding non-specifically to tissues and membranes.
A small proportion was detected in Rosenthal’s canal which contains the target tissue of

neurotrophins, the spiralganglion neurons.
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