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 27 

Abstract: 28 

The treatment of choice for profound sensorineural hearing loss (SNHL) is 29 

direct electrical stimulation of spiral ganglion cells (SGC) via a cochlear implant (CI). 30 

The number and excitability of SGC seem to be critical for the success that can be 31 

achieved via CI treatment. However, SNHL is associated with degeneration of SGC. 32 

Long-term drug delivery to the inner ear for improving SGC survival may be achieved 33 

by functionalisation of CI electrodes with cells providing growth factors. Therefore, 34 

the capacity of brain-derived neurotrophic factor (BDNF)-secreting NIH3T3 cells 35 

grown on cylindrically shaped silicone elastomers (SE) to exert local and sustained 36 

neuroprotective effects was assessed in vitro and in vivo. An in vitro model to 37 

investigate adhesion and cell growth of lentivirally modified NIH3T3 cells synthesising 38 

BDNF on SE was established. The bioactivity of BDNF was characterised by co-39 

cultivation of SGC with cell-coated SE. In addition, cell-coated SE were implanted 40 

into deafened guinea pigs.  41 

The recombinant NIH3T3 cells proliferated on silicone surfaces during 14 days 42 

of cultivation and expressed significantly increasing BDNF levels. Enhanced survival 43 

rates and neurite outgrowth of SGC demonstrated the bioactivity of BDNF in vitro. 44 

Implantation of SE with adhering BDNF-secreting NIH3T3 cells into the cochleae of 45 

systemically deafened guinea pigs induced a significant increase in SGC survival in 46 

comparison to SE without cell coating. Our data demonstrate a novel approach of 47 

cell-based long-term drug delivery to support SGC survival in vitro and in vivo. This 48 

therapeutic strategy - once transferred to cells suitable for clinical application - may 49 

improve CI performance. 50 

 51 
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1. Introduction 61 

The morphological correlate of sensorineural hearing loss is damage of the 62 

inner hair cells (IHC) and consecutive degeneration of the primary auditory neurons. 63 

So far, the only therapeutic intervention for patients with profound sensory neural 64 

hearing loss is the electrical stimulation of the residual auditory neurons via a 65 

cochlear implant (CI) (Brigande and Heller, 2009; Lenarz et al., 2006; Loizou et al., 66 

2003). Thus, one goal in inner ear-related research is the protection and regeneration 67 

of the primary auditory neurons - the spiral ganglion cells (SGC) - to potentially 68 

increase CI performance.  69 

Numerous studies both in vitro and in vivo demonstrated that external 70 

application of neurotrophic factors, especially brain-derived neurotrophic factor 71 

(BDNF), improves not only SGC survival (McGuinness and Shepherd, 2005; Miller et 72 

al., 2007; Song et al., 2009; Warnecke et al., 2007), but also enhances the protective 73 

effects of electrical stimulation of the auditory nerve (Agterberg et al., 2009; Coco et 74 

al., 2007; Scheper et al., 2009; Shepherd et al., 2005; Song et al., 2009; Wefstaedt et 75 

al., 2005; Yamagata et al., 2004). Also, BDNF and NT-3 overexpression following 76 

adenoviral gene transfer was found to promote local peripheral fibre regrowth into the 77 

auditory epithelium in deaf cochleae (Shibata et al., 2010; Wise et al., 2010). 78 

Therefore, application of neurotrophins in combination with CI may increase the 79 

quality of hearing perception. However, cessation of BDNF treatment leads to an 80 

accelerated decline in neuronal survival (Gillespie et al., 2003; Shepherd et al., 2008) 81 

and a long-term application of growth factors must be envisaged. Sustained systemic 82 

delivery to the inner ear may be problematic since neurotrophic factors have a short 83 

serum half-life and do not permeate the blood-cochlea barrier (Kishino et al., 2001). 84 

To enable local administration different application systems like osmotic pumps for 85 
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infusion of drugs into the inner ear of deafened guinea pigs and mice (Johnson et al., 86 

2010; Staecker et al., 2010) have been studied previously. Despite the benefits of 87 

pump delivery systems allowing regulation of the quantity of fluid applied, this method 88 

of drug administration may increase surgical complexities, risk of infection and 89 

damage of residual hearing (McCall et al., 2010). Furthermore, due to clearance 90 

mechanisms existing in the inner ear, externally applied drugs may decline within a 91 

certain time interval from the targeted compartment (Salt, 2005). As well, reliable 92 

information on the pharmacokinetics of drugs applied locally to the cochlea is lacking 93 

since it is technically difficult to obtain pure samples of inner ear fluid (Salt and 94 

Plontke, 2005). 95 

Also, viral vectors for gene therapy have been successfully used as vehicles 96 

for neurotrophic factor delivery providing long-term, stable expression of therapeutic 97 

genes (Chikar et al., 2008; Izumikawa et al., 2005; Kanzaki et al., 2002; Nakaizumi et 98 

al., 2004; Wang et al., 2007). However, they involve potential toxicity and infection 99 

risk (Ishimoto et al., 2002, 2003).  100 

Cell-based drug delivery systems may overcome these obstacles and may be 101 

used as a future strategy for long-term drug delivery to the inner ear (Okano et al., 102 

2006; Pettingill et al., 2008 and 2011). Therefore, our overall goal is to generate 103 

biofunctionalised CI electrodes allowing genetically modified cells to provide bioactive 104 

growth factors for long-term drug delivery to improve the electrode-nerve-interface, 105 

not only by preventing SGC cell death, but also by inducing the axon growth of 106 

neurons towards the CI electrode array. In the context of a future clinical application, 107 

lentiviruses are presently regarded as one of the safest systems because of their low 108 

toxicity and transformation risk (Chernajovsky et al., 2004). 109 
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In this study, we hypothesise that cylindrically shaped silicone elastomers (SE) 110 

coated with lentivirally modified cells secreting BDNF may prevent SGC from 111 

degeneration following ototoxin-induced deafness. First, an in vitro model for the 112 

adhesion and cell growth of lentivirally modified murine NIH3T3 cells synthesising 113 

BDNF and the green fluorescent protein (GFP) on SE was established prior to the 114 

application in vivo. Their ability to grow on the surface of the SE and to express 115 

BDNF was characterised. The BDNF bioactivity was determined by co-cultivation 116 

with SGC. Due to favourable in vitro results, the neuroprotective effect of BDNF was 117 

further examined in vivo by implanting cell-coated SE into the cochleae of deafened 118 

guinea pigs. 119 

120 
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2. Materials and methods 121 

2.1 Generation of doxycycline-regulated lentivirally modified NIH3T3 cells 122 

The lentiviral pLOX expression vectors were used to genetically modify a murine 123 

fibroblast cell line (NIH3T3) to produce BDNF as well as GFP as a marker gene. The 124 

construction, generation and titration of the lentiviral vectors have been described in 125 

detail previously (Salmon et al., 2005; Wissel et al., 2008). In short human BDNF was 126 

cloned from pooled human glioblastoma cDNAs (cell lines U251-MG, U-343, A-172, 127 

A-582) into the lentiviral expression vector pLOX-TwGFP (inducible by tetracycline 128 

(Tet) under control of a CMV promoter) by polymerase chain reaction (PCR) as 129 

follows: BDNF cDNA was amplified at 54.6°C with forward and reverse primers 130 

containing Bam HI and Sal I cleavage sites (underlined), respectively (BDNFfor: 5´-131 

tataggatccgccaccatgaccatccttttccttactatg, BDNFrev: 5´-132 

gcgcgtcgacctatcttccccttttaatggtcaatg). The production of virus was performed by 133 

mixing either pLOX-BDNF, pLOX-TwGFP or a Tet-inducible regulatory plasmid, MIK, 134 

with the two helper plasmids, pMD.G and pCMVR8.2 by transient calcium 135 

phosphate transfection of HEK 293T cells. Supernatants containing the viruses for 136 

BDNF, GFP, and MIK, respectively, were harvested 48 h and 72 h after transfection. 137 

Titration of the lentiviral supernatants was performed according to Salmon et al., 138 

2005 as follows: Lentivirus-RNA was reverse transcribed with a pLOX-reverse primer 139 

(pLOXrev 5´-gttaagaataccagtcaatctttcac) and the cDNA aliquots (pure and diluted) 140 

were subjected to PCR with GoTaq DNA polymerase (Promega, Mannheim, 141 

Germany). For standardisation, the vector for virus production was used (10 ng-1 142 

pg). The primer pairs for the titrations were: GFPfor 5´-ccccatgcccgaaggctacgtcc in 143 

combination with pLOXrev, BDNFfor 5´-tataggatccgccaccatgaccatccttttccttactatg 144 

together with pLOXrev, MIKfor 5´-ggcggtggtgctttgtc and MIKrev 5´-aactgatgatttgatttc. 145 
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For infection of NIH3T3 cells, a mix was prepared with BDNF- and GFP-supernatants 146 

diluted 1:20, MIK-diluted 1:10 and 8 µg/ml polybrene. After 24 h, gene expression 147 

was induced by adding 1 µg/ml doxycycline (Dox, hydroxy-doycycline [Sigma, 148 

Taufkirchen, Germany]). Cell cultures without Dox induction were used as negative 149 

controls. GFP expression was detected by fluorescence microscopy (Olympus IX81, 150 

Olympus Deutschland GmbH, Hamburg, Germany; excitation 490 nm/emission 520 151 

nm). In this study NIH3T3 cells expressing BDNF and GFP were assigned as 152 

NIH3T3/BDNF cells.  153 

 154 

2.2. Coating of silicone elastomer (SE) with NIH3T3/BDNF cells 155 

Three different cultivation time points were chosen to evaluate in vitro adhesion, 156 

cell growth and BDNF release of lentivirally modified NIH3T3 cells immobilised on the 157 

three-dimensional surface of the SE for characterisation of the BDNF bioactivity in 158 

SGC co-cultivation assays as well as in vivo by implantation of cell-coated SE into 159 

deafened guinea pigs. 160 

For each time point (4, 7 and 14 days of cultivation), n=4 microtiter plates (48 161 

wells, Multiwell, Becton Dickinson Labware, USA) referring to four independent 162 

experiments were covered with a thin layer of 2 % low melting agarose (Agarose MS, 163 

Roche, Mannheim, Germany) in high glucose DMEM (Biochrom AG, Berlin, 164 

Germany). At least n=8 wells of each plate were supplemented each with one strip 165 

(1 cm length, 0.4 mm diameter) of SE [two component elastomer MED-4234 (NuSil 166 

Silicone Technology, Mougins, France)], seeded with 1.75x104 NIH3T3/BDNF cells 167 

and cultivated for 24 h in 400 µl high glucose DMEM (Biochrom AG) containing 10 % 168 

FBS, 100 U/ml penicillin, 100 µg/ml streptomycin (all components from Biochrom AG) 169 

and Dox (1 µg/ml; Sigma, for inducing GFP and BDNF expression) at 37 C and 5 % 170 
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CO2. Cell-coated SE were then transferred into new wells containing fresh medium in 171 

order to allow adhesion and growth of the NIH3T3/BDNF cells on the SE surface for 172 

4, 7 and 14 days. Within this cultivation period, the medium was not exchanged and 173 

was used for the quantification of BDNF. The supernatants containing BDNF were 174 

collected from each well and filtrated with 0.22 µm PVDF filters (Millipore, 175 

Schwalbach, Germany) to remove cells and cell debris prior to BDNF quantification. 176 

 177 

2.3. Determination of NIH3T3/BDNF cell growth and BDNF concentration in the 178 

supernatants following cultivation 179 

The morphology and the GFP expression of the NIH3T3/BDNF cells grown on 180 

SE were determined by transmission light and fluorescence microscopy, respectively 181 

(Olympus IX81, excitation 490 nm/emission 520 nm). According to the description of 182 

the coating procedure in subchapter 2.2. n=32 cell-coated SE collected at each time 183 

point (4, 7 and 14 days following cultivation) were included for statistical assessment 184 

of the cell growth. For that NIH3T3/BDNF cells were detached from each SE with 100 185 

µl 0.25 % trypsin/EDTA solution (Biochrom AG) on days 4 , 7  and 14 . Prior to the 186 

cell counting in the Neubauer-chamber, NIH3T3/BDNF cells were stained with 187 

0.25 % trypan blue (Biochrom AG). 188 

Quantitation of BDNF released from NIH3T3/BDNF cells was performed by 189 

ELISA accordingly to the manufacturer’s instructions (BDNF Emax Immunoassay Kit, 190 

Promega, Mannheim, Germany). For statistical assessment of the BDNF 191 

concentration three independent ELISA assays from n=4 randomly selected 192 

supernatants from each cultivation period were performed. Thus, BDNF 193 

concentration was determined in a total of 12 samples collected following 4, 7 and 14 194 

days each. 195 
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 196 

2.4 Spiral ganglion cell (SGC) preparation 197 

N = 18 neonatal Sprague-Dawley rats (P3-5) were used for SGC dissection in 198 

accordance with the German “Law on protecting animals” and the European 199 

Communities Council Directive 86/609/EEC for the protection of animals used for 200 

experimental purposes. 201 

After decapitation, the skull was bisected midsagitally, the cochleae were 202 

removed and immersed in ice-cold PBS (Invitrogen, Karlsruhe, Germany) for further 203 

dissection under microscopic view (Leica MZ-6, Bensheim, Germany). The bony 204 

cochlear capsule was carefully opened to remove the stria vascularis and the organ 205 

of Corti from the modiolus. Finally, the entire spiral ganglion was separated from the 206 

modiolus and placed in ice-cold Ca2+/Mg2+-free Hank’s balanced salt solution 207 

(HBSS, Invitrogen). 208 

The enzymatic and mechanical dissociation of SGC were performed according 209 

to Lefebvre et al., 1991, and Hegarty et al., 1997: The spiral ganglia (n = 36) were 210 

incubated in 2 ml Ca2+/Mg2+-free HBSS (Invitrogen) containing 0.1% trypsin (Serva, 211 

Heidelberg, Germany) and 0.01% DNase I (Roche) for 20 min at 37°C. To stop the 212 

enzymatic dissociation, 200 µl FBS (Invitrogen) were added to the cell clusters. 213 

Following centrifugation the supernatant was discarded and the spiral ganglion cell 214 

clusters were washed three times in high glucose DMEM (Biochrom AG) followed by 215 

gentle pipetting up and down to disrupt the cell clusters. 216 

 217 

2.5 Co-cultivation of SGC with SE coated with NIH3T3/BDNF cells 218 

Prior to cell seeding the 48-well microtiter plate (Multiwell, Becton Dickinson 219 

Labware) was coated with 100 µl/well poly-DL-ornithine (0.1 mg/ml) and laminin 220 
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(0.01 mg/ml) as described previously (Hegarty et al., 1997 and Wefstaedt et al., 221 

2005). Prior to co-cultivation with SGC the SE were seeded with NIH3T3/BDNF or 222 

non-modified NIH3T3 cells without the ability for BDNF expression, respectively, and 223 

cultivated for 7 days as described above in 2.2. The experimental setting for co-224 

cultivation was as follows: n=18 wells per plate in a total of 5 plates were seeded 225 

each with 3 x 104 dissociated cells in 200 µl high glucose DMEM supplemented as 226 

described in 2.2. In each plate (i) n=5 wells contained the NIH3T3/BDNF cell-coated 227 

SE (NIH3T3/BDNF/SE), (ii) n=3 wells contained SE covered with non-modified 228 

NIH3T3 cells (NIH3T3/SE) used as negative control for BDNF bioactivity, (iii) n=4 229 

wells were supplemented with 50 ng/ml human recombinant BDNF (R&D, 230 

Wiesbaden, Germany; [Marzella et al., 1999, Gillespie et al., 2001 and Wefstaedt et 231 

al., 2005]) alone, assigned as positive control for SGC survival, (iv) n=4 wells did not 232 

receive any additional growth factors, assigned as negative control, and (v) n=2 wells 233 

were used as reference for determination of the survival rate: The seeding number 234 

comprise all cell types found in the spiral ganglia. Thus, it is required to identify the 235 

seeded neurons used as reference. For that, cells were fixed with 236 

1:1 acetone/methanol solution following 4 h of cultivation at 37°C and 5 % CO2.and 237 

stained as described in 2.6. The referential SGC culture was denoted as “seeding 238 

control”. The number of surviving neurons in each experimental group was referred 239 

to the average number of neurons in the seeding control (n = 2 on each plate) in 240 

percentages (%). In this study, the seeding controls of all plates revealed a total of 241 

612.2 ± 183.6 (mean ± SEM) of neurons per well. The coated SE were added to the 242 

SGC cultures 4 h following seeding. Co-cultures of SGC with SE as well as positive 243 

and negative controls were cultivated for 72 h at 37°C and 5 % CO2 prior to fixation 244 

with 1:1 acetone/methanol solution. Altogether, performance of five independent co-245 
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cultivation experiments resulted in (i) n=25 wells supplied with NIH3T3/BDNF/SE, (ii) 246 

n=15 wells supplied with NIH3T3/SE, (iii) n=20 wells containing SGC supplemented 247 

with recombinant BDNF, (iv) n=20 negative controls (SGC in medium alone) and 248 

n=10 seeding controls included for statistical assessment of the BDNF bioactivity. 249 

 250 

2.6 Immunocytochemical determination of the survival rate of the SGC 251 

To determine the survival rate of the SGC, immunohistochemistry was 252 

performed using monoclonal anti-mouse neurofilament-antibody (200 kD, clone 253 

RT97, Novocastra Ltd, Newcastle upon Tyne, UK) on acetone/methanol-fixed cells 254 

as described previously (Wefstaedt et al., 2005). Briefly, the fixed SGC were 255 

incubated with a 1:500 dilution of the monoclonal mouse 200-kD anti-neurofilament 256 

antibody (Novocastra Ltd, Newcastle upon Tyne, UK) in 1.5% normal horse serum in 257 

PBS (Vectastain Elite ABC-Kit, Vector Labs, Burlingame, USA) for 1 h at 37°C, 258 

followed by the incubation with the biotinylated anti-mouse IgG-antibody (Vector 259 

Labs) diluted 1:2000 in 1.5 % normal horse serum in PBS for 30 min at room 260 

temperature. The antibody-antigene-complex was visualised by incubation of the 261 

SGC with the ABC complex solution (Vector Labs) for 30 min and with peroxidase 262 

diaminobenzidine substrate for 10 min according to manufacturer’s protocol.  263 

The stained soma of the SGC were detected, digitally photographed by using 264 

transmission light microscopy (Olympus CKX 41, Hamburg, Germany) coupled with 265 

the CCD-camera (Colorview XS, SIS, Münster, Germany) and data analysis was 266 

performed by using the image analysis software Analysis vs. 3.2 (SIS). To determine 267 

the survival rates, all positively stained SGC in the experimental groups (72 h 268 

cultivation) were related to those in the seeding control (in %).  269 

 270 
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 271 

2.7 In vivo experiments 272 

The in vivo study was conducted in accordance with the German “Law on 273 

Protecting Animals” and was permitted by the local government (LAVES, registration 274 

no. 05/1053). A total of n=13 guinea pigs (Charles River WIGA, Sulzfeld, Germany) 275 

of both sexes (250-450 g) were systemically deafened and divided into two groups as 276 

follows: n=10 guinea pigs were unilaterally implanted with SE containing a platinum 277 

coil (denoted as SEpl, 1 cm length; 0.7 mm diameter; Cochlear Technology Centre, 278 

Mechelen, Belgium), which were cut from original CI designed for animal 279 

experiments (Fig. 6a). The SEpl were seeded with NIH3T3/BDNF cells as described 280 

in subdivision 2.2 (denoted as BDNF-SEpl). A second group of n=3 guinea pigs 281 

received SEpl without any cell coating serving as control group (denoted as control-282 

SEpl). The contralateral cochleae in both animal groups were not treated and, thus, 283 

used as internal controls. All animal procedures were performed under general 284 

anaesthesia with xylazine (10 mg/kg, i.m.) and ketamine (40 mg/kg, i.m.). Local 285 

prilocaine anaesthesia was used for the comfort of the animals.  286 

For systemical deafening on experimental day 0, we administered a 287 

subcutaneous injection of kanamycin (400 mg/kg body weight, American 288 

Pharmaceutical Partners, Inc., Schaumburg, Illinois) followed 2 h later by an 289 

intravenous injection of ethacrynic acid (40 mg/kg body weight, Merck & Co., Inc., 290 

Whitehouse Station, New Jersey), according to West et al., 1973.  291 

Hearing thresholds were measured by frequency-specific acoustically evoked 292 

auditory brainstem response (AABR) recordings before deafening and 5 d after the 293 

deafening procedure just prior to implantation. For AABR measurement 1, 4, 8, 16, 294 

32 and 40 kHz stimuli were generated by a TDT system (Tucker-Davis Technologies, 295 
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Alachua, FL, USA) using HughPhonics software. Acoustic tone pips were 10 ms in 296 

duration with a cosine-squared rise-fall time of 1 ms. Depending on the hearing 297 

status of the animals, eight different levels were recorded between 0 and 100 dB SPL 298 

(decibel sound pressure level) in 10 dB steps. Data were interpreted visually on 299 

screen, the single and double standard deviation (SD) for each measurement was 300 

calculated and the third peak (P3) of the signal evaluated. Hearing threshold was 301 

defined as the lowest stimulus level that generated a P3 exceeding two times SD. 302 

Inclusion criteria for the in vivo experiments were: 303 

1.) Hearing thresholds ≤ 50 dB sound pressure level in the middle frequencies 304 

assessed by AABR prior to the deafening procedure.  305 

2.) A threshold shift of at least 50 dB 5 d after deafening related to the measured 306 

hearing threshold prior to the deafening procedure.  307 

On experimental day 5, after verification of deafening by AABR measurements, 308 

an unilateral postauricular incision was made, the musculature was prepared to 309 

caudal, the bulla was opened to expose the middle ear cavity and the cochlea was 310 

microscopically visualised (OPMI-6-M, Carl Zeiss AG, Oberkochen, Germany). The 311 

scala tympani was accessed by drilling a hole into the basal turn of the bony cochlear 312 

wall near the round window using a small lancet. Hereby, the hole was enlarged 313 

allowing a straighter insertion angle to minimize the stripping of the cells from the 314 

SEpl due to rubbing of the implant along the bony cochleostomy opening. Both 315 

BDNF- and control-SEpl were inserted approximately 4 mm into the scala tympani 316 

via a cochleostomy. Carboxylate cement (Durelon®, ESPE Dental AG, Seefeld, 317 

Germany) was used for the fixation of the implant and for the sealing of the 318 

cochleostomy and the bulla defect. Wound closure was obtained using two layered 319 

single-knot sutures. Following implantation, cyclosporin A (5.6 mg/kg body weight) 320 
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was intra-peritoneally administered for immune suppression to prevent repulsion of 321 

the implanted cells. As well, Dox (2.4 mg/kg body weight) was intra-peritoneally given 322 

to induce and maintain BDNF expression throughout the experimental period. 323 

On day 26 (i.e. day 21 following implantation of BDNF-SEpl and control-SEpl), 324 

all animals were anaesthetised and sacrificed by transcardiac perfusion with 200 ml 325 

phosphate buffered saline (PBS) and 200 ml 4 % paraformaldehyde (PFA). Temporal 326 

bones were harvested and the SEpl explanted. Presence and GFP expression of the 327 

cells attached to the SEpl prior to implantation and after explantation were confirmed 328 

by transmission light and fluorescence microscopy. 329 

 330 

2.8 Paraffin embedding of the cochleae and SGC density determination 331 

For morphometric analysis of SGC density, the cochleae were fixed with 4% 332 

PFA for 12 h at 4°C and decalcified in 20 % EDTA/PBS for 3-4 weeks at 37°C. 333 

Following rinsing in PBS for 30 min and dehydration in an ascending ethanol series 334 

(70–100% ethanol), the cochleae were embedded in paraffin and serially sectioned 335 

at 5 µm (Thermo Shandon Finesse 315, Astmore, UK) in a midmodiolar plane for 336 

quantitative analysis of the SGC. Every section was mounted on glass slides 337 

(Menzel-Glas, Super-Frost Plus, Braunschweig, Germany), rehydrated with ethanol 338 

and water and stained with hematoxyline/eosine (Merck, Darmstadt, Germany). SGC 339 

were identified using transmission light microscopy (Olympus CKX41, Olympus) 340 

combined with a CCD-camera (Colorview XS, SIS) and the SGC density was 341 

determined using Analysis vs. 3.2 (SIS). As modified from the method by Webster 342 

and Webster, 1981, one midmodiolar section per cochlea was randomly selected and 343 

from this first section every fifth proximate section was analysed. In total n=5 sections 344 

from each animal were used for quantitative SGC analysis. Each profile of 345 
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Rosenthal’s canal was assessed separately in each slide and in each animal. 346 

Independently of SGC type I and II only those containing an intact nucleus and 347 

presenting a minimum perikaryal diameter of 12 µm were included into this study 348 

(Spoendlin, 1975). The contour of each profile of Rosenthal’s canal was assessed to 349 

determine the cross-sectional area for SGC density measurement assigned as 350 

number of SGC per 10.000 µm2. Cell counting data were processed from cross-351 

sectional areas in the basal (lower and upper) and middle (first, second, third and 352 

fourth) cochlear turns together with the apical turn. 353 

 354 

2.9 Statistical analysis  355 

All data were presented as mean values ± standard error of mean (SEM). 356 

Repeated measures analysis of variance (ANOVA) with Newman-Keuls multiple 357 

comparison test were used for statistical assessment of the in vitro cell growth and 358 

BDNF release assays. For analysis of the SGC survival rate the Gauß normal 359 

distribution was assumed, however, the replicates on each plate could not be rated 360 

as independent measures. Thus, the “mixed model” with repeated measures was 361 

utilized for statistical analysis. The compound symmetry structure was chosen as 362 

covariance struction, since it was supposed that all assays on the same plate were 363 

equally correlated at the same time point. 364 

One way ANOVA was used for the assessment of significant differences among 365 

the two in vivo experimental groups. 366 

367 
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3. Results 368 

3.1 Generation and characterization of NIH3T3/BDNF cells  369 

NIH3T3 cells were infected with two lentiviruses encoding human BDNF and GFP 370 

plus the virus mediating Tet/Dox resistance as described in the materials and 371 

methods section. The culture medium containing the viral supernatants was replaced 372 

after overnight infection with fresh medium containing 1 µg/ml Dox. This rapidly 373 

induced GFP expression within 24 h visualised as strong green fluorescence as 374 

shown in figure 1a. According to the intensity and abundance of GFP fluorescence, 375 

at least 90 % of the cells exhibited high GFP expression as confirmed in figure 1b 376 

showing the same cell culture under transmission light. A selection for GFP-377 

expressing cells was not performed in our study since the GFP expression did not 378 

decline notably throughout the study. In contrast, cultivation of the lentivirally 379 

modified NIH3T3 cells without Dox induction did not reveal any GFP-expression (Fig. 380 

1c-d).  381 

Also, prior to establishing the in vitro model of cell-coated SE (NIH3T3/BDNF/SE) the 382 

BDNF release was determined in the supernatants of the NIH3T3/BDNF cell 383 

cultivation assays up to 16 passages. The results revealed stable BDNF expression 384 

throughout several passages (data not shown). 385 

Considering potential BDNF expression native NIH3T3 cells at seeding numbers of 386 

3x 105 cells were cultivated for 24 and 48 h at conditions as described in subchapter 387 

2.2. The BDNF concentration in the supernatants determined by using ELISA was 388 

found around 0.056 ±0,017 ng/ml (data not shown). 389 

 390 

3.2 Cell growth of NIH3T3/BDNF cells on SE 391 
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As described in the methodical section, the SE with NIH3T3/BDNF cells 392 

adhering within 24 h cultivation were transferred to wells containing fresh medium 393 

and Dox and the NIH3T3/BDNF/SE were cultivated for 4, 7 and 14 days to determine 394 

the cell numbers within the cultivation period. Figure 2a shows a representative 395 

adhesion and growth pattern of the lentivirally modified NIH3T3 cells on the surface 396 

of the SE. We found a non-uniform distribution of confluently covered areas as well 397 

as cell clusters and single cell spots on the SE surface.  398 

On day 4 19 563 ± 1 604 NIH3T3/BDNF cells were found on the SE (n=4 with 399 

8 repetitions), whereas a significant increase of the cell growth was determined on 400 

day 7 (40 371 ± 3 529 cells, n=4 with 8 repetitions, p < 0.05, Fig. 2b). A highly 401 

significant fivefold increase in NIH3T3/BDNF cell number appeared between 4 and 402 

14 days of cultivation (100 375 ± 9 840 cells, n=4 with 8 repetitions, p < 0.001), also 403 

between 7 and 14 days of cultivation (p < 0.001). 404 

 405 

3.3 Release of BDNF from NIH3T3/BDNF cells growing on SE  406 

Supernatants from NIH3T3/BDNF cells grown on the surface of cylindrically 407 

shaped SE were collected in the 14 days cultivation interval for quantification by 408 

ELISA. BDNF concentration was determined following 4, 7 and 14 days of cultivation, 409 

respectively, in triplicates in each sample (4 d, 7 d, 14 d; n = 4 with 3 repetitions 410 

each). We found low BDNF concentrations in samples cultivated for 4 days 411 

(0.4 ± 0.05 ng/ml), however, the BDNF content rapidly and significantly increased up 412 

to 4.7 ± 0.55 ng/ml after 7 days (p < 0.01) and up to 9.1 ± 1.64 ng/ml after 14 days 413 

(p < 0.001, fig. 3) in comparison to the BDNF release on day 4. Relating the mean of 414 

the BDNF concentration to the corresponding mean of the cell number, we found low 415 
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BDNF release from NIH3T3/BDNF cells collected on day 4 (0.02 pg/cell), followed by 416 

a rise of BDNF secretion to 0.11 pg/cell on day 7 and to 0.09 pg/cell on day 14. 417 

 418 

3.4 In vitro determination of the bioactivity of BDNF in co-culture with SGC 419 

The bioactivity of BDNF released from the NIH3T3/BDNF cells growing on SE 420 

was examined by co-cultivation with SGC as described in the subchapters 2.5 and 421 

2.6. In this study, the cultivation assay of SGC in medium containing recombinant 422 

human BDNF at a concentration of 50 ng/ml was used as positive control. This 423 

concentration was applied accordingly to the results of previous studies 424 

demonstrating the most effective BDNF concentration at 50 ng/ml for inducing 425 

survival mechanisms and neuritogenesis in SGC (Marzella et al., 1999, Gillespie et 426 

al., 2001 and Wefstaedt et al., 2005). Labelling of the neurons with anti-neurofilament 427 

primary antibody revealed an initial seeding number of about 612.2 ± 183.6 428 

(mean ± SEM) neurons per well. By relating the surviving neurons to those of the 429 

seeding control, the survival rates of the SGC in the experimental and control groups 430 

were calculated. A highly significant increase in survival of SGC was observed after 431 

co-culture with NIH3T3/BDNF/SE (33.01 ± 5.33 %, i.e. 202.1 ± 32.6 neurons) when 432 

compared to the survival rates achieved in cultures of SGC with medium alone 433 

(9.09 ± 5.54 %, i.e. 55.7 ± 33.9 neurons, p < 0.001) as well as in co-cultures of SGC 434 

together with non-modified NIH3T3/SE (17.09 ± 5.44 %, i.e. 104.6 ± 33.3 neurons, 435 

p < 0.01, fig. 4). Cultures of SGC containing 50 ng/ml purified recombinant BDNF 436 

(32.01 ± 5.38 %, i.e. 196 ± 32.9 neurons) revealed similar survival rates compared to 437 

the co-cultivation assay with the NIH3T3/BDNF/SE (Fig. 4). A slightly, but not 438 

significantly elevated survival was observed in co-cultures of SGC with non-modified 439 

NIH3T3/SE when compared to SGC culture in medium alone (Fig. 4). 440 
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Also, the overall length of outgrown fibres was determined to characterise 441 

BDNF bioactivity. Since an appropriate number of neurites in each well for statistical 442 

assessment was not considered, only tendencies towards outgrowth and elongation 443 

of nerve fibres could be presented in this study. Here, we found a tendency towards 444 

elongated neurite sprout in SGC induced by BDNF released from NIH3T3/BDNF/SE 445 

(660 ± 43.96 µm) as well as by application of 50 ng/ml recombinant human BDNF 446 

(positive control, 580 ± 44.24 µm) (results not shown) in comparison to cultures in the 447 

presence of NIH3T3/SE. Figures 5a and c present in particular the strong neurite 448 

outgrowth in SGC co-cultivation assays induced by biologically active BDNF released 449 

from NIH3T3/BDNF/SE and recombinant huBDNF supplied to the culture medium in 450 

comparison to the SGC culture assay supplied with NIH3T3/SE in medium alone 451 

(Fig. 5b and d). 452 

 453 

3.5 In vivo bioactivity of BDNF released from BDNF-SEpl following implantation 454 

The BDNF bioactivity following unilateral implantation of BDNF-SEpl and 455 

control-SEpl, respectively, into systemically deafened animals were characterised by 456 

determination of SGC density on day 21 after implantation. The contralateral sides in 457 

both guinea pig groups were not supplied with implants and, thus, used as internal 458 

controls reflecting ototoxically induced SGC loss. 459 

Prior to implantation and after explantation, SEpl seeded with NIH3T3/BDNF 460 

cells were microscopically examined for cell survival. Interestingly, fibroblasts 461 

migrated from the surface along the protruding ends of the platinum coil of the SEpl 462 

into the interface of the silicone sheath and platinum during the seeding procedure 463 

(Fig. 6b-c). As depicted in figures 6d-e, the SEpl were not only covered with 464 

NIH3T3/BDNF cells following 7 days of cultivation, but cells also accumulated within 465 
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the space between platinum and silicone. Three weeks later on day 21 after 466 

implantation, the explanted BDNF-SEpl revealed a high number of NIH3T3/BDNF 467 

cells stacking in this interface and strongly spreading along the platinum coil (Fig. 6f), 468 

whereas only few cells remained on the surface of the SEpl (figure not shown). 469 

As demonstrated in figure 7a, SGC counts in deafened guinea pigs following 470 

implantation of BDNF-SEpl revealed a significant increase of SGC density 471 

(6.16 ± 0.43 SGC/10.000 µm2) in comparison to the untreated contralateral side 472 

(4.33 ± 0.34 SGC/10.000 µm2, p < 0.01) and to the animal group implanted with non-473 

coated SEpl (1.05 ± 0.28 SGC/10.000 µm2, p < 0.001). By contrast, treatment of 474 

deafened animals with control-SEpl did not result in an increase of SGC density 475 

when compared to the untreated contralateral sides (1.05 ± 0.28 SGC/10.000 µm2 476 

vs. 1.02 ±0.08 SGC/10 000 µm2, Fig. 7a). However, we found a significant difference 477 

in the SGC density between the untreated contralateral sides in both animal groups 478 

(BDNF-SEpl/contra vs. control-SEpl/contra, p < 0.01). Also, a significant difference in 479 

the SGC density was determined in the animal group implanted with non-coated SEpl 480 

(p < 0.01) in comparison to the contralateral untreated ears of the experimental group 481 

with cell-coated SEpl implantation (control-SEpl vs. BDNF-SEpl/contra; Fig. 7a). 482 

Figure 8a presents the hematoxyline/eosine-stained Rosenthal’s canals of the 483 

cochlear basal turn of a deafened guinea pig implanted with BDNF-SEpl and its 484 

contralateral untreated ear (Fig. 8b) as well as the cochlear turn of an animal 485 

following control-SEpl insertion (Fig. 8c), clearly demonstrating a protective effect on 486 

SGC after implantation of BDNF-SEpl.  487 

The protective effects of BDNF released from recombinant fibroblasts grown 488 

on the SEpl against kanamycin/ethacrynic acid-induced SGC degeneration were not 489 

only found in the basal turn, but also in the middle and apical turns of the cochlea 490 
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(Fig 7b). Within the BDNF-SEpl group, the number of surviving SGC was significantly 491 

elevated in the basal turns in comparison to middle/apical turns in the implanted side 492 

(basal: 7.01 ± 0.55 SGC/10.000 µm2; middle/apical: 5.74 ± 0.23 SGC/10.000 µm2, 493 

p < 0.05), whereas the difference in the SGC survival between basal and 494 

middle/apical turns in the animal group receiving SEpl without cell coating (control-495 

SEpl) was statistically not significant. However, a highly significant increase of the 496 

SGC survival was found in the basal as well as middle/apical turns of the group 497 

implanted with BDNF-SEpl in comparison to those in the group with control-SEpl 498 

(basal: 7.01 ± 0.55 SGC/10.000 µm2 vs. 4.91 ± 0.20 SGC/10.000 µm2; p < 0.001 and 499 

middle/apical: 5.74 ± 0.23 SGC/10.000 µm2 vs. 4.04 ± 0.22 SGC/10.000 µm2; 500 

p < 0.001). 501 

502 
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4. Discussion 503 

An increased benefit after the combined treatment with electrical stimulation 504 

and neurotrophic factor application has been shown in several animal studies 505 

(Agterberg et al., 2009; Coco et al., 2007; Shepherd et al., 2005; Scheper et al., 506 

2009; Wefstaedt et al., 2005; Yamagata et al., 2004). However, the implantation 507 

procedure and/or the electrical stimulation of the auditory nerve might have 508 

detrimental effects on residual neurons emphasising the need for optimising survival 509 

and regeneration of SGC as an additional means to the CI treatment, e.g. enabling 510 

long-term growth factor application to the inner ear. 511 

To facilitate long-term drug delivery, a continuous release or production of 512 

these factors needs to be achieved. One option could be the use of the CI as drug 513 

delivery device (Evans et al., 2009; Richardson et al., 2009; Huang et al., 2010). 514 

However, this drug delivery system is limited by the amount of growth factors that 515 

can be loaded on the implant surface. Thus, advanced techniques for long-term and 516 

site-specific drug delivery to the inner ear are necessary. Here, we provide evidence 517 

that genetically modified cells grown on the surface of the CI for expression of growth 518 

factors may be a promising drug delivery system for clinical application. 519 

Immobilisation of cells and subsequent growth factor release may enhance SGC 520 

survival and induce the resprouting of axons towards the electrode, thus, improving 521 

the electrode-nerve-interface. 522 

For the establishment of an in vitro model as proof of principle, the lentiviral 523 

modified murine fibroblast cell line NIH3T3 was chosen as delivery system for BDNF 524 

after lentiviral modification. Lentiviral vectors have remarkable cell entry and gene 525 

delivery properties that make them highly attractive for gene therapy (Chernajovsky 526 

et al., 2004, Wissel et al., 2008). However, all integration-competent gene delivery 527 
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systems do carry the risk of possible adverse events. Despite this disadvantage, 528 

lentiviruses have emerged as a robust and practical experimental platform for gene 529 

delivery (Pincha et al., 2010). The potential of these vectors in the development of 530 

gene therapy is considerable, which is supported by the fact that clinical trials using 531 

recombinant lentiviruses are underway (Lundberg et al., 2008). With cell lines like 532 

NIH3T3, integration events can be screened in vitro. However, for human application, 533 

a more appropriate cell source is ensured. A potential choice may include human 534 

adult stem cells like human mesenchymal stem cells (huMSC) isolated from the 535 

respective patients. Whereas studies have shown uncontrolled proliferation and 536 

clustering of NIH3T3 cells, e.g. within alginate microbeads, no such effect but an 537 

even distribution of huMSC was demonstrated (e.g. Goren et al., 2010). This may 538 

indicate that a combination of carefully chosen cell source, lentivirus vector and 539 

mode of application will be amenable to the cell-based long-term drug delivery in 540 

humans. However, another question may concern potential formation of connective 541 

tissue and its interference with the function of the electrode and with the delivery of 542 

NIH3T3 released growth factor to the target cells. This issue needs further 543 

investigation in in vivo studies. 544 

Our results revealed not only a fivefold increase in cell numbers on the three-545 

dimensional surface, but also a 23-fold upregulated BDNF expression up to 546 

9.09 ng/ml within 14 days of cultivation indicating an efficient BDNF release. 547 

However, in comparison to the nearly linear rise of the cell number from 4 up to 14 548 

days of cultivation, the increase of the BDNF level was burst-like within the first 7 549 

days of cultivation (12-fold: 0.116 pg/cell) followed by a lower expression rate 550 

between 7 and 14 days (approximately 2-fold: 0.09 pg/cell). These findings may be 551 

due to the competition of growing NIH3T3/BDNF cells for nutrients as well as 552 
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exposure of the cells to toxic metabolites in the medium during the cultivation interval 553 

resulting in deceleration of the translational processes. Other reasons may be 554 

degradation of BDNF or formation of clusters of BDNF with other components in the 555 

cell culture medium evading quantification by ELISA. Therefore, our data may not 556 

reflect the effective total release of BDNF in vitro suggesting an even higher potential 557 

of biologically active BDNF.  558 

To demonstrate the BDNF bioactivity, SGC isolated from neonatal rats were 559 

co-cultivated with NIH3T3/BDNF/SE and native NIH3T3/SE, respectively. 560 

Immunocytochemical staining revealed significantly enhanced SGC survival rates as 561 

well as a tendency towards strong neuritogenesis in the presence of 562 

NIH3T3/BDNF/SE indicating high bioactivity of BDNF on neuronal cells. In contrast to 563 

cultivation in medium alone, the survival rate was slightly, but not significantly 564 

increased in co-cultivation assays with non-modified NIH3T3 cells. In previous ELISA 565 

studies, only negligible BDNF concentrations could be detected in the supernatants 566 

following cultivation of genetically modified NIH3T3/BDNF cells without Dox induction 567 

(data not shown) and native cells. On the other side, it is questioned, if other 568 

neurotrophic factors were expressed in both genetically modified and native NIH3T3 569 

cells contributing to the survival mechanisms of the SGC. However, no intrinsic 570 

expression of other neurotrophic factors as like CNTF, FGF1/2, GDNF, NGF, NT3, 571 

NT4 and NT5 has been reported in NIH3T3 cells. Instead, this fibroblast cell line 572 

seem to present the ideal platform for genetical modifications for functional and 573 

structural related studies, i.e. calcium signalling, neurotrophic factor receptor binding, 574 

neuronal survival and bioactivity of neurotrophic factors in dose dependent manner 575 

(Dazert et al., 1998; Fryer et al., 1997; Glass et al., 1991; Jerregard et al., 2001; 576 

Jiang et al., 1999; Li et al., 2002; Wissel et al., 2008). Thus, we assume that the 577 
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changes in SGC survival and neurite sprout observed in co-cultivation assays with 578 

non-modified NIH3T3 cells result from additional endogenous BDNF and/or other 579 

growth factor secreted from bystanding cells, in particular glial and satellite cells that 580 

are present in primary SGC cultures. They are known to release neurotrophic factors 581 

not only protecting SGC against degeneration, but also inducing neurite outgrowth. 582 

Interestingly, co-cultivation of SGC with either NIH3T3/BDNF cell-coated SE or 583 

recombinant purified human BDNF (Warnecke et al., 2007; Wefstaedt et al., 2005) as 584 

positive control resulted in a comparable survival rate of the SGC. Also, a tendency 585 

towards increased neurite lengths for the cell-based application system was found. 586 

These findings are notable, considering the fact that in the cell-based system the 587 

BDNF concentration as measured by ELISA is at most 9.09 ± 1.97 ng/ml. These 588 

discrepancies in biological effects of the BDNF secreted from cells and human 589 

recombinant purified BDNF on SGC may be the result of differences in protein 590 

structures of both neurotrophic factors interacting with their corresponding receptors, 591 

tyrosine kinase (Trk) B and p75NTR, in the SGC. Also, our results may indicate that 592 

slow but sustained release of BDNF from the fibroblasts is more beneficial to SGC in 593 

culture rather than a single shot administration of BDNF at the start of the assay. 594 

Considering the concentration of BDNF required for induction of neural 595 

outgrowth, around 5 ng/ml BDNF administered to the SGC were sufficient to induce 596 

neurite outgrowth. In comparison to these data, cannula- or tube-based BDNF 597 

delivery systems needed significantly higher concentrations ranging from 50 ng/ml 598 

(Miller et al., 1997) to 100 ng/ml (Agterberg et al., 2009; McGuinness and Shepherd, 599 

2005; Shepherd et al., 2008; Shinohara et al., 2002) to rescue SGC and regenerate 600 

their neurites. This observation is supported by Evans et al. (2009) using cochlear 601 

electrodes coated with polypyrrole with covalently bound BDNF as drug delivery 602 
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system. They demonstrated enhanced neurite outgrowth in SGC following BDNF 603 

release of 5 ng/ml during 3 days of cultivation. 604 

In summary, the in vitro model of cell-based drug application established in 605 

this study as “proof of principle” represents a fast and powerful basic model for 606 

determining cell growth on polymers, release of survival factors and their bioactivity 607 

in co-culture assays prior to in vivo application. Hereby, its surgical practicability was 608 

proven in vivo by implanting cell-coated SE stabilised with a platinum coil (referred to 609 

as SEpl) into the cochleae of deafened guinea pigs. Indeed, an increase in SGC 610 

survival in all cochlear turns was found in animals implanted with SEpl seeded with 611 

NIH3T3/BDNF cells in comparison to those supplied with non-seeded control-SEpl 612 

only. These findings did not only support the facility of the in vivo cell-based drug 613 

application, but indicate a high BDNF bioactivity following three weeks of implantation 614 

in vivo. However, the neuronal protective effects of BDNF appeared in a graded 615 

manner from basal to apical cochlear turns. This observation may reflect the 616 

restricted insertion depth of the implant or the stripping of the recombinant cells off 617 

the SEpl surface during insertion. Regarding the more pronounced survival of SGC in 618 

the basal region of the cochlea, interestingly, similar results were obtained in studies 619 

using viral mediated gene transfer to the inner ear (Chikar et al., 2008; Kilpatrick et 620 

al., 2011; Lalwani et al., 2002; Wise et al., 2010; Yagi et al., 2000). 621 

An early, cell-mediated drug delivery concept was examined by Okano et al. 622 

(2006) demonstrating that the transfer of mouse NIH3T3 cells genetically modified to 623 

secrete BDNF to the mouse inner ear resulted in their survival for up to 4 weeks 624 

following transplantation. Furthermore, Rejali et al. (2007) were the first to show that 625 

coating of electrode tips with BDNF-producing fibroblasts embedded in agarose 626 

permitted higher neuronal survival 48 days following implantation in vivo. These 627 
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studies and our findings clearly demonstrate the ability of genetically modified cells 628 

not only to survive in cochlear structures, but also to express bioactive growth 629 

factors. However, in comparison to the experimental set-up of the cell-based BDNF 630 

application by Rejali et al. (2007), our concept considers adherence and potential 631 

proliferation of genetically modified cells nearly all over the electrode surface and, 632 

thus, potentially providing growth factors to SGC throughout all cochlear turns. 633 

However, further in vivo verification of the beneficial effects of our cell-based drug 634 

delivery should consider not only an extension of the implantation period, but also 635 

delayed application of growth factors following long-term deafness. So far, previous 636 

studies demonstrated survival effects on the auditory nerve of guinea pigs and rats 637 

following delayed application of growth factors as like BDNF, FGF and GDNF up to 638 

six weeks deafness (Fransson et al., 2010; Glückert et al., 2008; Miller et al., 2007; 639 

Scheper et al., 2009; Song et al., 2008, 2009; Yamagata et al., 2004). Therefore, 640 

delayed cell-based drug delivery may be also able to induce survival processes. 641 

However, it has to be proven to which extent of SGC death an application of survival 642 

factors will enable prevention of further degeneration.  643 

Despite our success in the cell coated implantation, some interesting aspects 644 

remain to be considered. The determination of the SGC density in the untreated 645 

contralateral sides of the animal group implanted with BDNF-SEpl revealed a 646 

significantly increased neuronal survival in comparison to those with control-SEpl 647 

insertion. This result may be due to the release of NIH3T3/BDNF cells from the SEpl 648 

surface and their subsequent distribution throughout the cochlear tissues to the 649 

untreated contralateral side via the cochlear aqueduct, thus, exerting biological 650 

effects there. This phenomenon was also described in previous studies using viral 651 

vectors for gene therapy of the inner ear (Coleman et al., 2006; Kho et al., 2000; 652 
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Lalwani et al., 2002; Stöver et al., 2000). Regarding the adhesion of the 653 

NIH3T3/BDNF cells, fluorescence microscopy of the explanted BDNF-SEpl pointed 654 

out that less recombinant fibroblasts adhered to the surface of the SEpl in contrast to 655 

the higher number of cells visualised in the silicone-platinum interface still expressing 656 

GFP and BDNF. We assume that stripping off the silicone surface during 657 

insertion/explantation procedure and preferential adherence of the fibroblasts to 658 

platinum (Reich et al., 2008) might be the reasons for the poor coverage of the 659 

surface and the migration of the NIH3T3 cells into the region between silicone sheath 660 

and platinum. Since the recombinant fibroblasts within the interface were capable of 661 

maintaining GFP and BDNF expression even three weeks following implantation in 662 

vivo, they were somehow provided with nutrients and Dox. However, it remains to be 663 

clarified to which extent the SGC survival may be related to the BDNF synthesised by 664 

the fibroblasts found along the platinum coil and whether the cells are able to 665 

proliferate in this small interface. In addition or alternatively, NIH3T3/BDNF cells 666 

remaining on the SEpl surface might proliferate and secrete sufficient BDNF in vivo 667 

for induction of the SGC protection mechanisms following implantation.  668 

669 
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5. Conclusions 670 

In summary, we present a promising in vitro model for an efficient cell-based 671 

drug application system to allow adhesion of lentivirally modified cells on silicone 672 

surfaces and delivery of growth factors to neural elements. Despite the fact that 673 

BDNF represents one of the best characterised neurotrophic factors in the inner ear, 674 

other factors like artemin, fibroblast growth factor, glial cell line-derived neurotrophic 675 

factor and neurotrophin-3 may also be powerful candidates for cell-based drug 676 

application. Additionally, prevention of SGC death induced by BDNF secreted from 677 

lentivirally modified fibroblasts grown on silicone elastomers was demonstrated in 678 

vivo following implantation in deafened guinea pigs. 679 

Several questions remain. First, the ability of immobilised cells to provide 680 

stable long-term expression of bioactive growth factors for more than 21 days needs 681 

to be demonstrated in vitro as well as in vivo. Second, the time period of drug 682 

administration to achieve and maintain survival effects has to be examined. Third, the 683 

risk of uncontrollable growth of the genetical modified fibroblasts adhering on the 684 

electrode surface has to be clarified and, thus, alternative cell source for drug 685 

delivery should be considered in further in vivo experiments prior to clinical 686 

application. Fourth, potential formation of connective tissue around the electrode 687 

which may also restrict the delivery of growth factors to the neuronal target cells due 688 

to interactions between drug expressing cells and connective tissue has to be 689 

determined. Finally, the electrostability of the lentivirally modified cells and their 690 

growth factor expression has to be proven in combination with chronic electrical 691 

stimulation in vivo.  692 

693 
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Figure captions 977 

Figure 1: Lentiviral modification of the murine NIH3T3 cell line for synthesising 978 

GFP and BDNF 979 

Fluorescence microscopic view of the 24 h cultivation of NIH3T3/BDNF cells in 980 

medium supplied with Dox resulting in strong GFP expression (a). Phase contrast 981 

transmission light microscopic view demonstrated that more than 90 % of the 982 

lentivirally modified cells were capable of expressing GFP (b). By contrast, as shown 983 

under fluorescence light, no GFP expression was found in cultivation assays of 984 

NIH3T3/BDNF cells without Dox (c), whereas phase contrast transmission light 985 

microscopy revealed normal proliferation of the NIH3T3/BDNF cells in Dox- free 986 

culture medium (d). 987 

 988 

Figure 2: Cell growth on silicone elastomers 989 

(a) Fluorescence microscopic view of lentivirally modified NIH3T3 cells expressing 990 

GFP and BDNF demonstrating strong cell growth on the SE surface following 7 days 991 

of cultivation. Arrows indicate regions of nearly confluent cell growth (40fold 992 

magnification). (b) Comparison of the number of NIH3T3/BDNF cells growing on SE 993 

up to 14 days of cultivation. Each data point is presented as mean and the standard 994 

error of mean (SEM) of NIH3T3/BDNF/SE cells following 4 (n=32), 7 (n=32) and 995 

14 days (n=32) of cultivation. Significance was determined using the repeated 996 

measures ANOVA nonparametric analysis with Newman-Keuls multiple comparison 997 

test (*p  0.05, ***p  0.001). 998 

 999 

Figure 3: BDNF production from cells seeded on silicone elastomers.  1000 
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Quantitative determination of the BDNF concentration secreted from the 1001 

NIH3T3/BDNF cells grown on SE by using ELISA. Data are presented as mean and 1002 

standard error of mean (SEM) of BDNF supernatants collected on days 4 (n=12), 1003 

7 (n=12) and 14 (n=12) of cultivation, respectively. Repeated measures ANOVA with 1004 

Newman-Keuls multiple comparison test was used for statistical assessment 1005 

(**p  0.05, ***p  0.001). 1006 

 1007 

Figure 4: Effects of cell-coated silicone elastomers on survival of spiral 1008 

ganglion cells. 1009 

Determination of the survival rates and after co-cultivation of SGC together with SE 1010 

coated with either BDNF-producing NIH3T3 cells (NIH3T3/BDNF/SE, n=25) or native 1011 

NIH3T3 cells (NIH3T3/SE, n=15) in comparison with SGC cultured in medium 1012 

supplemented with human recombinant BDNF (n=20) and in medium alone (n=10). 1013 

Each data point is presented as mean and SEM of the number of stained SGC soma 1014 

following 72 h of cultivation in relation to those of the seeding control following 4 h of 1015 

cultivation. For the statistical analysis of the SGC survival the “mixed model” with 1016 

repeated measures was used (n.s., not significant, *p  0.01, **p  0.01, 1017 

***p  0.001). 1018 

 1019 

Figure 5: Immunocytochemical determination of the effects of cell-coated 1020 

silicone elastomers on spiral ganglion cells. 1021 

Microscopic view of the SGC and their neuritogenesis following co-cultivation with (a) 1022 

NIH3T3/BDNF/SE, (b) NIH3T3/SE, (c) SGC in medium supplemented with BDNF (50 1023 

ng/ml), (d) SGC in medium alone. 1024 

 1025 
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Figure 6: Cell-coated silicone elastomers with platinum coil (SEpl) prior to 1026 

implantation and after explantation. 1027 

(a) Transmission light microscopic view an cochlea implant designed for animal 1028 

studies (Cochlear Ltd., Lane Cove, Australia) showing the electrode contacts 1029 

(arrows) and the platinum coil embedded in the SE (50fold magnification). (b) 1030 

Transmission light and (c) fluorescence microscopic view of the BDNF-SEpl following 1031 

coating procedure and prior to insertion into deafened guinea pigs. The recombinant 1032 

fibroblasts (arrowheads) were found to migrate into the interface of the silicone 1033 

sheath and the platinum coil (pl) via its protruding ends. (d) As representatively 1034 

shown, NIH3T3/BDNF cells did not only adhere to the surface but also migrated 1035 

inside the SEpl (arrowheads in figure 7e). (e) Focus on recombinant cells adhering to 1036 

and around the platinum coil. (f) Following explantation of the BDNF-SEpl only few 1037 

NIH3T3/BDNF cells were detected on the surface (figure not shown). By contrast, the 1038 

interface of the silicone sheath and the platinum coil was strongly covered with 1039 

recombinant cells. 1040 

 1041 

Figure 7: Bioactivity of BDNF released from cell-coated silicone elastomers 1042 

with platinum coil (SEpl) after implantation in deafened guinea pigs. 1043 

Characterisation of the BDNF bioactivity in vivo via quantitative determination of the 1044 

SGC density in the Rosenthal’s canals of all cochlear turns: Comparison of the SGC 1045 

survival rate in deafened guinea pigs implanted with NIH3T3/BDNFcell-coated SEpl 1046 

(denoted as BDNF-SEpl) and those with SEpl only (denoted as control-SEpl). All 1047 

animals were bilaterally deafened, unilaterally implanted and their contralateral 1048 

untreated sides were used as internal controls (denoted as BDNF-SEpl/contra and 1049 

control-SEpl/contra, respectively). (a) Quantification of the SGC density per 1050 
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10.000 µm2 in the animal groups inserted with BDNF-SEpl and control-SEpl and their 1051 

respective internal controls. SGC density data assessed from the basal, middle and 1052 

apical turns were combined and presented as mean and SEM. One way ANOVA and 1053 

Newman-Keuls multiple comparison test were used for statistical assessment (n.s., 1054 

not significant, **p  0.01, ***p  0.001). (b) Comparison of the SGC densities in the 1055 

Rosenthal’s canals of the basal and middle/apical turns following BDNF-SEpl 1056 

implantation. BDNF-SEpl refers to the implanted and BDNF-SEpl/contra to the 1057 

untreated contralateral side. Data points were presented as mean and SEM. One 1058 

way ANOVA and Newman-Keuls multiple comparison test were used for statistical 1059 

assessment (n.s., not significant, *p  0.05, ***p  0.001). 1060 

 1061 

Figure 8: Sections of paraffin embedded cochleae used for the determination of 1062 

spiral ganglion cell survival in vivo. 1063 

Representative hematoxyline/eosine stained cochlear sections of the basal turn 1064 

following (a) BDNF-SEpl insertion into the cochlea of a deafened guinea pig, (b) its 1065 

contralateral side without further treatment and (c) control-SEpl insertion into 1066 

deafened animals. A significantly increased survival rate of SGC was determined 1067 

following implantation of BDNF-SEpl for three weeks, whereas degenerated SGC 1068 

were mainly found in the contralateral and control-SEpl implanted cochleae. 1069 

arrowheads: intact SGC, arrows: degenerated SGC). 1070 
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