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A cochlear implant may be used to electrically stimulate 
spiral ganglion neurons (SGNs) in people with severe 
sensorineural hearing loss (SNHL). However, these neu-
rons progressively degenerate after SNHL due to loss of 
neurotrophins normally supplied by sensory hair cells 
(HCs). Experimentally, exogenous neurotrophin admin-
istration prevents SGN degeneration but can also result 
in abnormal resprouting of their peripheral fibers. This 
study aimed to create a target-derived neurotrophin 
source to increase neuron survival and redirect fiber 
resprouting following SNHL. Adenoviral (Ad) vectors 
expressing green fluorescent protein (GFP) alone or in 
combination with brain-derived neurotrophic factor 
(BDNF) or neurotrophin-3 (NT3) were injected into the 
cochlear scala tympani or scala media of guinea-pigs 
(GPs) deafened via aminoglycosides for 1 week. After 
3 weeks, cochleae were examined for gene expression, 
neuron survival, and the projection of peripheral fibers 
in response to gene expression. Injection of vectors into 
the scala media resulted in more localized gene expres-
sion than scala tympani injection with gene expression 
consistently observed within the partially degenerated 
organ of Corti. There was also greater neuron survival 
and evidence of localized fiber responses to neurotro-
phin-expressing cells within the organ of Corti from 
scala media injections (P < 0.05), a first step in promo
ting organized resprouting of auditory peripheral fibers 
via gene therapy.

Received 1 September 2009; accepted 30 January 2010; published online 
9 March 2010. doi:10.1038/mt.2010.28

Introduction
Over 278 million people have a disabling hearing impairment, 
with this number predicted to increase in an aging population 
(World Health Organization, 2005). The most common form of 
deafness is the result of damage to or loss of sensory hair cells 
(HCs) in the organ of Corti [sensorineural hearing loss (SNHL)]. 
In severe cases of SNHL, a cochlear implant is the only therapeu-
tic option available, bypassing lost HCs and directly stimulating 

spiral ganglion neurons (SGNs). However, loss of HCs leads to the 
secondary degeneration of SGNs due to the removal of trophic 
support normally provided by the HCs.1 Degeneration of SGNs 
is progressive over time resulting in a reduced population of tar-
get neurons available for electrical stimulation. Human temporal 
bone studies show greater loss of SGNs with longer durations of 
deafness,2,3 although the rate of loss is slower than that observed in 
animal deafness models.4,5

Several neurotrophins, particularly neurotrophin-3 (NT3) 
and brain-derived neurotrophic factor (BDNF), have been shown 
to play an important role in the development and maintenance of 
SGNs. SGNs express receptors for NT3 and BDNF, and these two 
neurotrophins are known to be released by the cochlear sensory 
epithelium, especially HCs in the organ of Corti.6–9 After SNHL 
and loss of this endogenous source of neurotrophins, intraco-
chlear administration of exogenous BDNF and/or NT3 following 
aminoglycoside-induced SNHL in guinea-pigs (GPs) was shown 
to promote survival of SGNs and resprouting of their peripheral 
fibers.10–13 However, the peripheral fibers grew abnormally. Rather 
than projecting radially in a spatially precise orientation toward 
the organ of Corti, the resprouting fibers grew in a disorganized 
manner, for example, doubling back toward the inner spiral sulcus 
or projecting laterally along the length of the organ of Corti.12,14 
As the pitch coding of the cochlear implant relies on stimulation 
of spatially distinct populations of SGNs, extensive and disor-
ganized fiber resprouting may reduce the spatial precision with 
which electrical stimulation can be delivered. Although the inter-
electrode spacing of current cochlear implants is relatively large 
with respect to the degree of lateral deviation of resprouting fibers, 
even a small amount of “neural overlap” may effectively increase 
the spread of activation and thus lead to a deterioration in implant 
performance. Furthermore, such overlap would limit the benefits 
of future advancements to cochlear implant electrode design and 
stimulation strategies aimed at achieving more precise and spa-
tially restricted stimulation. Therefore, strategies that not only 
provide SGN protection but also control fiber resprouting may 
lead to an improved electrode-neural interface.

Control over the direction of resprouting SGN peripheral 
fibers has been achieved with limited success in adult normal-
hearing GPs via gene therapy with the Math1/Atoh1 transcription 
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factor gene. Introduction of this gene to the scala media induced 
supporting cells of the organ of Corti to differentiate into cells 
resembling HCs. SGN peripheral fibers grew toward and made 
connections with the new ectopic HCs15 providing evidence that 
targeted resprouting of SGN fibers can be achieved with gene 
therapy. However, new HCs could not be generated after longer-
term SNHL (1 week) when the degeneration of the organ of Corti 
was more severe.16 The effectiveness of HC replacement appears 
to be restricted to situations in which there is minimal disrup-
tion to the normal architecture of the organ of Corti, limiting the 
practicality of clinical translation of this technique. Although the 
Math1/Atoh1 gene requires healthy organ of Corti supporting 
cells to promote transdifferentiation into HCs, the expression of 
other genes, such as the neurotrophin genes, in a more degener-
ated organ of Corti may be possible. Several studies have detailed 
broad expression of reporter genes in multiple cochlear cell types 
of normal-hearing GPs and rats,17–20 but neither reporter gene 
expression in the deafened cochlea nor neurotrophin gene expres-
sion within the scala media have been examined in detail.

Expression of the BDNF gene via injection of viral vectors into 
the scala tympani led to protection of SGNs,21–23 but gene expres-
sion was extensive and would provide little directional guidance 
to resprouting peripheral fibers. The potential exists to localize 
gene expression to the organ of Corti via injection into the scala 
media24,25 in order to achieve SGN protection and controlled fiber 
regrowth. Because the developmental expression of BDNF and 
NT3 in HCs is critical for fiber guidance during HC innervation,26 
the introduction of these neurotrophins to the scala media via viral 
transduction may also have an important role in the guidance of 
resprouting fibers after damage.

The aim of this study was to use viral transduction to produce 
a localized source of neurotrophins that was effective in promot-
ing SGN survival and redirecting the resprouting of their peripheral 
fibers. Three adenovirus (Ad) vectors containing green fluorescent 
protein (GFP) with or without the genes for BDNF or NT3 were 
used. Ototoxically deafened GPs were unilaterally injected with 
Ad-GFP, or combined Ad-GFP-NT3 and Ad-GFP-BDNF (hereafter 
referred to as Ad-GFP-NT). The vectors were injected into the scala 
tympani or scala media. Cochleae were examined 3 weeks after 
viral injection. A cohort of normal-hearing GPs was included in the 
study to specifically determine the extent of hearing loss associated 
with the delivery of these vectors into the scala tympani and scala 
media, and to examine in detail gene transduction in normal organ 
of Corti (Table 1). The study examined the hypotheses that (i) injec-
tion of viral vectors into the scala media would result in more local-
ized gene expression compared to scala tympani injections; and 
(ii) localized neurotrophin expression in the organ of Corti would 
protect SGNs from degeneration and limit the disorganized periph-
eral fiber resprouting after hearing loss.

Results
Production of neurotrophins by Ad vectors
Expression and release of neurotrophins were tested in HT1080 
cells transduced with Ad-GFP-NT3 and Ad-GFP-BDNF Ad vec-
tors prior to injection in GPs. The amount of NT3 detected in 
Ad-GFP-NT3-transduced HT1080 conditioned medium and cell 
lysate was 5.2 and 5.6 ng/ml, respectively, and the amount of BDNF 

in Ad-GFP-BDNF-transduced HT1080 conditioned medium and 
cell lysate was 2.4 and 2.7 ng/ml, respectively.

GFP expression in deafened cochleae
To test the hypothesis that injection of viral vectors into the scala 
media would result in more localized gene expression compared 
to scala tympani injections, the GFP reporter gene present in all 
viral vectors was used to study gene expression patterns in mid-
modiolar sections and cochlear half-turns from deafened GPs 
(groups 1–4; Table  1). No difference in GFP distribution was 
observed between Ad-GFP- and Ad-GFP-NT-injected cochleae. 
Therefore, gene expression data were combined to form compos-
ite images of GFP distribution of all cochleae injected into the 
scala tympani (n = 11) or scala media (n = 8) surgical approaches 
(Figure 1a,b).

Using the scala tympani approach, GFP expression was 
widespread throughout all cochlear turns. The majority of GFP 
expression was located in cells proximal to the scala vestibuli 
and scala tympani and, in two GPs, also in cells within the scala 
media (Figure 1a). Expression was most commonly observed in 
the endosteal cells lining the scala vestibuli and/or scala tympani. 
Less frequently, GFP expression was also detected in the spiral 
ligament, osseous spiral lamina, spiral limbus, and very rarely in 
the organ of Corti, partially degenerated from the aminoglycoside 
deafening (Table 2, Figure 1c). Following injection into the scala 
media, expression was detected in the basal turn only (n = 5/8), 
or in the basal and middle turns (n = 3/8), and was most com-
monly observed within the degenerating organ of Corti and in 
the interdental cells of the spiral limbus, particularly those near 
the intersection with Reissner’s membrane (Table 2, Figure 1b,d). 
Only rarely was GFP expression observed in other structures 
such as Reissner’s membrane, osseous spiral lamina, and the stria 
vascularis (Table 2).

Identification of transduced cells in the  
normal organ of Corti
The degeneration of the organ of Corti induced by aminoglyco-
side treatment meant that it was not possible to precisely identify 
cells that expressed GFP by morphology or immunohistochemi-
cal markers. Therefore, normal-hearing GPs were used to iden-
tify the types of cells that could be transduced by Ad vectors in 
the intact organ of Corti after scala media injection of Ad-GFP 

Table 1  GP groups for study

Group Hearing status
Gene transfer 
vector Injection site n

1 Deafened Ad-GFP Scala tympani 4

2 Deafened Ad-GFP-NT Scala tympani 7

3 Deafened Ad-GFP Scala media 4

4 Deafened Ad-GFP-NT Scala media 4

5 Normal Ad-GFP Scala tympani 5

6 Normal Ad-GFP-NT Scala tympani 5

7 Normal Ad-GFP Scala media 5

8 Normal Ad-GFP-NT Scala media 5

Abbreviation: GP, guinea-pig.
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or Ad-GFP-NT (groups 7–8; Table 1). Sections were stained with 
anti-calretinin (expressed in inner and outer HCs, and Deiters’ 
cells) and phalloidin (stains pillar cells, HC stereocilia, and api-
cal and basal planes of supporting cells). GFP expression was 
detected in all cells of the organ of Corti including inner and outer 
HCs, inner and outer pillar cells, Deiters’ cells, and Hensen’s cells 
(Figure 2). Consistent with GFP expression profiles in the deaf-
ened GPs, GFP expression was observed in interdental cells of the 
spiral limbus following injection into the scala media of normal-
hearing GPs. A comparison of GFP expression in the normal-
hearing organ of Corti and in the degenerating 1-week deafened 
organ of Corti is summarized in Figure 2e.

Neurotrophin expression in deafened cochleae
To confirm that GFP expression corresponded to neurotrophin 
gene expression in Ad-GFP-NT-injected GPs, sections were 
stained with anti-BDNF and anti-NT3 antibodies. Anti-BDNF 
staining colocalized with 43.7% GFP+ cells of Ad-GFP-NT-
injected GPs (Figure 3) and was not detected in Ad-GFP-injected 
GPs. However, NT3 expression was not reliably detected using the 
anti-NT3 antibodies on sections from Ad-GFP-NT-injected GPs 

despite the confirmation of NT3 production by enzyme-linked 
immunosorbent assay prior to injection.

SGN survival in deafened cochleae
Degeneration of the organ of Corti induced by SNHL leads to 
secondary degeneration of SGNs. To test the hypothesis that local-
ized neurotrophin expression in the organ of Corti would pro-
tect SGNs from degeneration after hearing loss, SGN density was 
examined in the basal, middle, and apical turns after Ad injections 
in deafened GP groups (groups 1–4; Table 1).

Basal turn. Following viral injections into the scala tym-
pani of deafened GPs, there was no statistical difference in 
the densities of SGNs between injected and noninjected 
cochleae in the basal turn for Ad-GFP vectors (1553 ± 97 ver-
sus 1411  ± 109 SGNs/mm2, respectively) or for Ad-GFP-NT 
vectors (1680 ± 92 versus 1744 ± 99 SGNs/mm2, respectively). 
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Figure 1 C omposite diagrams and photomicrographs of GFP 
expression from scala tympani and scala media adenoviral vector 
injection in 1-week deaf cochleae. (a) Following injection of Ad-GFP 
or Ad-GFP-NT into the scala tympani, GFP expression (represented by 
black dots on diagram; not drawn to scale) was detected in all turns of 
the cochlea, predominantly in endosteal cells lining the perilymphatic 
spaces (n = 11). (b) Injection of Ad-GFP or Ad-GFP-NT into the scala 
media resulted in GFP expression in the organ of Corti and the spiral 
limbus, mostly in the basal turn (n = 8). Turns are numbered for identi-
fication in Table 2. (c) In this example, injection into the scala tympani 
resulted in GFP expression (green) in endosteal cells (E) in the scala ves-
tibuli (SV) (RM, Reissner’s membrane). (d) Injection into the scala media 
(SM) resulted in GFP expression in the organ of Corti (OC) and inter-
dental cells of the spiral limbus (SL). In both examples, sections are cola-
beled with anti-NF-200 (red) and DAPI (blue). Bar = 50 µm. GFP, green 
fluorescent protein.
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Figure 2 O rgan of Corti gene expression in normal-hearing and 
deafened GP groups. (a–c) Cochlear sections from normal-hearing 
scala media Ad-injected GPs were stained with anti-calretinin (blue) 
and phalloidin (red) to identify cells in the organ of Corti that could be 
transduced with adenoviral vectors. In these examples, GFP expression 
(green) was detected in inner and outer pillar cells (IP; OP), Deiters’ cells 
(D), and outer hair cells (OHC). (d) For comparison, a phalloidin (red) 
and DAPI (blue)-stained cochlear section from a deafened GP injected 
into the scala media with Ad-GFP is also shown, highlighting that expres-
sion of GFP still occurs in supporting cells of the organ of Corti despite 
the partial collapse of the organ of Corti in these animals. Bar = 50 µm. 
(e) Summaries of GFP expression (gray shaded cells) in the normal-
hearing (main picture and inset) and degenerating organ of Corti (inset) 
following adenoviral vector injection into the scala media is shown. 
BM, basilar membrane; GP, guinea-pig; H, Hensen’s cell; IC, interdental 
cell; IHC,  inner hair cell; P, pillar cell; SGNs, spiral ganglion neurons; 
SM, scala media; ST, scala tympani; SV, scala vestibuli.
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Following injections into the scala media, SGN densities were 
significantly lower in cochleae injected with Ad-GFP compared 
to noninjected cochleae (1529  ± 51 versus 1797 ± 51 SGNs/
mm2, respectively) (P < 0.001, t-test). Conversely, SGN densities 
were significantly higher in cochleae injected with Ad-GFP-NT 
into the scala media (1833 ± 89 SGNs/mm2) compared to the 
noninjected cochleae (1177 ± 67 SGNs/mm2) (P < 0.001, t-test). 
Despite the average SGN density in noninjected cochleae of the 
Ad-GFP-NT group being lower than the average SGN densities 
observed in noninjected cochleae of the other groups, analysis 
of the raw data indicated that this difference was largely driven 
by the results from one GP in the Ad-GFP-NT group that exhib-
ited more severe SGN degeneration (in all turns) in comparison 
to the other GPs. On a paired basis (injected versus noninjected 
cochlea), all GPs in the Ad-GFP-NT group had greater SGN 
survival in the basal turn of the injected cochlea compared to 
the noninjected cochlea.

Statistical comparisons of the differences in SGN density 
between injected and noninjected cochleae were made across 
experimental groups. Significantly higher SGN survival (i.e., posi-
tive SGN density differences) was observed in cochleae injected 
with Ad-GFP-NT into the scala media compared to all other 
groups [analysis of variance (ANOVA) P < 0.05 Holm–Sidak]. Loss 
of SGNs (i.e., negative density differences) was also significant in 

cochleae injected with Ad-GFP into the scala media compared to 
cochleae injected with Ad-GFP into the scala tympani (ANOVA 
P < 0.05 Holm–Sidak) (Figure 4).

Middle and apical turns. SGN densities were significantly lower 
in cochleae injected with Ad-GFP-NT into the scala media com-
pared to the contralateral cochlea for the middle turn (1545 ± 113 
versus 2186 ± 151 SGNs/mm2) (P < 0.005, t-test), and for the api-
cal turn (1366 ± 158 versus 2041 ± 117 SGNs/mm2) (P < 0.005, 
t-test). Statistical comparisons across groups indicated that there 
was a significant difference in the extent of SGN loss in both mid-
dle and apical turns in the Ad-GFP-NT scala media group com-
pared to the Ad-GFP-NT scala tympani group (P < 0.05, one-way 
ANOVAs) (Figure 4).

Peripheral fiber responses to gene expression 
in deafened cochleae
To test the hypothesis that localized neurotrophin expression 
in the organ of Corti would limit the disorganized resprouting 
of peripheral fibers after hearing loss, peripheral fiber trajec-
tories and densities were examined in cochlear half-turns from 
deafened GPs (groups 1–4; Table  1). There were fewer periph-
eral fibers projecting onto the basilar membrane in the deafened 
groups compared to normal-hearing GPs (normal-hearing data 

Table 2 S ummary of GFP expression in injected cochlea of each GP in deafened groups

Group Cochlear turna Scala Location
Expression  

(mid-modiolar section)b
Expression  
(half-turn)c

Group 1: Ad-GFP  
scala tympani

1, 2, 3, 4, 5, 6, 7 ST, SV E, OSL, SL, OC, ISS + +

2, 3, 4, 5, 7 ST, SV E, OSL, SL + −

1, 2, 3 SM, SV OC, SL, E ++ +++

1, 2, 3, 5, 6, 7 ST, SV, SM E, OC, SL ++ ++

Group 2: Ad-GFP-NT 
scala tympani

1, 2, 3 ST, SV E, S.Lig, SL ++ −

1, 3, 5, 7 ST, SV E, S.Lig ++ −

1, 2, 3, 4, 5, 6, 7 ST, SV E, SL + +

1, 2, 3, 4, 5, 6, 7 ST, SV E, S.Lig, RM, SL +++ ++

1, 3, 4, 4, 6, 7 ST, SV E, S.Lig +++ +

2, 3, 4, 5, 6, 7 ST, SV E, RM, S.Lig +++ +

1, 2, 3, 4, 5, 6, 7 ST, SV E, S.Lig, SL +++ ++

Group 3: Ad-GFP  
scala media

1, 2, 3 SM OC, SL, ISS + +

1,2,4 SM, ST SL, E, S.Vas + +

1, 2 SM OC, SL, S.Vas ++ +++

1, 2 SM OC, S.Vas, RM, E + +

Group 4: Ad-GFP-NT 
scala media

1, 2, 3, 4 SM OC, SL ++ +++

1, 2 SM OC, S.Lig + ++

1 (half-turn only) SM − − +

1, 2 SM OC + +

Abbreviations: E, endoseal; GFP, green fluorescent protein; ISS, inner spiral sulcus; OC, organ of Corti; OSL, osseous spiral lamina; RM, Reissner’s membrane; SL, spiral 
limbus; S.Lig, spiral ligament; SM, scala media; ST, scala tympani; SV, scala vestibuli; S.Vas, stria vascularis.
aSee Figure 1 for turn labeling. b+ indicates <10 cells per turn, ++ indicates >10 cells per turn in 1–2 turns, +++ indicates >10 cells per turn in >3 turns. c+ indicates <10 
cells, ++ indicates 10–30 cells, +++ indicates >30 cells with regions of continuous GFP expression along spiral (based on basal and middle turns).
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not shown). Resprouting fibers were distinguishable from normal 
fibers by their branching, indirect and ectopic growth. In all deaf-
ened groups, sporadic regions of resprouting fibers were appar-
ent; as the fibers exited the habenulae perforata, the fibers either 
projected toward the degenerating organ of Corti or doubled 
back and grew between cells of the inner spiral sulcus toward the 
vestibular lip of the spiral limbus.

The trajectory of fiber regrowth in the vicinity of transduced 
cells in the organ of Corti was examined. In Ad-GFP-NT groups, 
fibers tended to project toward transduced cells in the organ of 
Corti compared to the trajectory of fibers in Ad-GFP groups that 
were more random and wandering (Figure 5). Morphologically, 
peripheral fibers did not appear to synapse with neurotrophin-
expressing cells, although synaptic markers were not used in the 

Figure 3  BDNF expression in deafened GPs injected into the scala media with Ad-GFP-NT. Two examples of anti-BDNF antibody staining (red) 
colocalized with regions of GFP expression (green) in some (arrows), but not all cases (arrowheads). Because GPs were injected with combined 
BDNF and NT3 vectors, not every GFP+ cell would be expected to colocalize with BDNF staining. Bar = 50 µm. GFP, green fluorescent protein; 
GP, guinea-pig.
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Figure 4  Average differences in SGN densities between injected and noninjected cochleae for the basal, middle, and apical turns of 1-week 
deafened GPs. SGN survival with respect to the contralateral cochlea (positive difference) or loss (negative difference) was determined for each 
deafened experimental group (groups 1–4). In the basal turn, there was significantly greater SGN survival in cochleae injected with Ad-GFP-NT in 
the scala media compared to all other groups. There was also significant loss of SGNs in cochleae injected with Ad-GFP in the scala media compared 
to the scala tympani. In the middle and apical turns, there were significant losses of SGN in cochleae injected with Ad-GFP-NT into the scala media 
compared to the scala tympani (†P < 0.05 for one-way analysis of variance group comparisons; *P < 0.05 for injected versus noninjected cochlea t-test 
comparisons). Error bars indicate the standard error of the mean (n = 4–7 GPs per point). GFP, green fluorescent protein; GP, guinea-pig; SGN, spiral 
ganglion neuron; SM, scala media; ST, scala tympani.
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present study. Peripheral fiber resprouting in the region of the 
inner spiral sulcus was unaffected by either GFP or neurotrophin 
gene expression in the organ of Corti.

To quantify the peripheral fiber response to GFP or neurotro-
phin expression in Ad-GFP or Ad-GFP-NT groups, peripheral 
fiber density was examined within 10 µm regions surrounding 
transduced cells located in the organ of Corti in the basal turn. 
Based on their morphology and location, the GFP+ cells used in 
analysis were identified as pillar cells or other supporting cells 
(Deiters’ or Hensen’s cells). The number of NF-200 positive pix-
els surrounding transduced cells from Ad-GFP-NT-injected GPs 
(171.3 ± 27.1, n = 13 cells) was significantly higher compared to 
transduced cells from Ad-GFP-injected GPs (71.8 ± 24.9, n = 7 
cells) (P < 0.05, t-test).

Peripheral fiber resprouting was also observed in regions 
where there was no gene transfer in Ad-GFP-NT groups (sponta-
neous resprouting). There were also a few examples of neurotro-
phin-expressing cells without evidence of proximal peripheral 
fibers (e.g., Figure  5d) and examples of transduced cells from 
Ad-GFP groups with proximal resprouting fibers, although 

these fibers were fewer in number than neurotrophin-expressing 
cells, and these fibers did not appear to grow as directly toward 
GFP-expressing cells compared to neurotrophin-expressing cells 
(Figure 5).

Viral injections and hearing thresholds  
in normal-hearing animals
Hearing thresholds were measured prior to and 21 days follow-
ing injection of the viral vectors in normal-hearing GPs (groups 
5–8). There was a significant shift in frequency-specific auditory 
brainstem response (ABR) thresholds over the treatment period 
(pre- to postinjection period) indicating a significant decrease in 
ABR sensitivity for all of the four experimental groups (two-way 
repeated measures ANOVA, P < 0.05). Post hoc analysis (Holm–
Sidak method) indicated that threshold shifts were primarily 
observed in the high-frequency basal turn region (8–32 kHz) with 
no changes in ABR thresholds observed in the low-frequency 
middle turn region (1–2 kHz) (Figure 6). There was no change in 
ABR thresholds for the contralateral untreated cochleae over the 
treatment period.

Figure 5  Projected confocal images of peripheral fibers growing proximal to transduced cells in 1-week deafened GPs. Cochlear half-turns 
were stained with anti-NF-200 (red) and DAPI (blue) to visualize peripheral fiber trajectories onto the organ of Corti. Three-dimensional projections 
of serial Z-sections from confocal microscopy are shown here. (a) Peripheral fiber response to GFP-expressing cells (green) in the organ of Corti of 
1-week deafened GP injected with Ad-GFP into the scala media. (b–f) Peripheral fiber response to neurotrophin-expressing cells in the organ of Corti 
of 1-week deafened GPs injected with Ad-GFP-NT into the scala media. Dotted lines indicate the position of the habenulae perforata. OC, organ of 
Corti; P, pillar cell; S, supporting cell (e.g., Deiters’ cell or Hensen’s cell); SL, spiral limbus. Bar = 50 µm and applies to all images. GFP, green fluorescent 
protein; GP, guinea-pig.
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There was no difference in the ABR threshold shifts between 
the scala media surgical approach and the scala tympani approach 
when Ad-GFP-NT vectors were injected (two-way ANOVA, 
P  = 0.475). Following the injection of the Ad-GFP vector, sig-
nificantly greater threshold shifts were observed with the scala 
media approach than with the scala tympani approach (two-way 
ANOVA, P < 0.05). However, the difference between threshold 
shifts following scala media Ad-GFP injections and scala media 
Ad-GFP-NT injections just failed to reach significance (main effect 
two-way ANOVA, P = 0.066) (Figure  6). Taken together, these 
findings indicated that hearing loss associated with scala media 
injections were not more severe than hearing loss associated with 
scala tympani injections.

Discussion
This study has demonstrated that neurotrophin gene expression 
can be localized to the organ of Corti by injecting into the scala 
media of deafened or normal-hearing GPs. Furthermore, localized 
neurotrophin gene expression in a partially degenerated organ of 
Corti of deafened GPs resulted in significant SGN survival in the 
basal turn and promoted local peripheral fiber regrowth toward 
cells expressing neurotrophins.

GFP expression
The basal to apical gene expression profile of the transduced cells 
was dependent on the route of administration of the viral injec-
tions. GFP expression following injections into the scala media 
was restricted to basal and middle turns. In contrast, scala tym-
pani injection of the vectors resulted in GFP expression through-
out all turns of the cochlea. High GFP expression in the organ of 

Corti throughout all cochlear turns has previously been achieved 
from a scala media surgical approach using a perfusion technique 
in which an Ad vector was injected into the endolymph through 
a cochleostomy in the basal turn and allowed to flow through the 
endolymph via a second cochleostomy in the apex.27 Cochlea-wide 
gene expression would be preferential for repairing genetic defects. 
However, for applications such as promoting SGN survival and 
peripheral fiber resprouting for improving cochlear implant per-
formance, gene expression localized to the basal and middle turns 
(i.e., proximal to the electrode array) would be advantageous.

The cellular expression profile was also dependent on the 
route of administration of the viral vectors as well as the surface 
receptors expressed by each cell type. Ad infection requires a cell 
to express both αv-integrins and coxsackie Ad receptors. In the 
cochlea, integrins and coxsackie Ad receptors are reported to be 
coexpressed in inner and outer HCs, supporting cells (pillar cells, 
Deiters’ cells, and Hensen’s cells), endosteal cells lining the scala 
tympani and scala vestibule, and cells in the stria vascularis.28 
In the present study, GFP expression was detected in all of these 
cell types (depending on the route of administration), although 
expression in stria vascularis was rare for all groups. GFP expres-
sion was never detected in SGNs or in any other cell type within 
Rosenthal’s canal after injections into either the scala tympani or 
scala media, consistent with previous reports of the absence of 
coxsackie Ad receptor expression in SGNs.28

In normal-hearing GPs that received scala media injection of 
viral vectors, gene expression was consistently observed in all cell 
types of the organ of Corti and interdental cells of the spiral limbus, 
particularly those near the junction with Reissner’s membrane. 
There is not a particularly prominent expression of coxsackie Ad 
receptors or αv-integrins in interdental cells,28 so the reason for 
this expression pattern is unclear. A similar expression pattern of 
the Math1 gene was reported following scala media injection of 
the Ad-Math1 vector.15 Following aminoglycoside-induced SNHL 
in GPs, loss of HCs occurs rapidly within 7 days,13,29 whereas loss 
of supporting cells in the organ of Corti occurs more gradually 
giving a wider window of opportunity for neurotrophin gene 
expression within supporting cells. Although the partial degen-
eration of the organ of Corti made it more difficult to identify 
GFP-expressing cells in the organ of Corti of deafened GP groups, 
in some deafened GPs, it was possible to identify pillar cells and 
Deiters’ cells expressing GFP. To exclusively localize gene expres-
sion to supporting cells of the organ of Corti, promoters specific to 
these supporting cells could be used. For example, glial cell fibril-
lary acidic protein promoter is one such promoter that directs 
gene expression predominantly to supporting cells of the organ of 
Corti, at least in early development.30

Given that GFP expression in scala tympani–injected GPs was 
predominantly observed in the endosteal cells lining the scala tym-
pani or the scala vestibuli, gene expression was rarely located in 
close proximity to SGNs or their peripheral fibers. Therefore, neu-
rotrophin release from these cells would first enter the perilymph 
before it could affect SGNs. Even when expression was proximal 
to the basilar membrane, the cellular architecture of the basilar 
membrane and the existence of tight junctions along the  apical 
surface of the normal organ of Corti are likely to restrict the move-
ment of neurotrophins from the scala tympani to the scala media 

A
B

R
 th

re
sh

ol
d 

sh
ift

 (
pr

e–
po

st
 in

je
ct

io
n 

dB
)

1 2 8 16 24 32

Frequency (kHz)

1 2 8 16 24 32

* * * *
*

*
*

*

* *

* *
* *

ST Ad-GFP ST Ad-GFP-NT

SM Ad-GFP SM Ad-GFP-NT

–60

–40

–20

0

–60

–40

–20

0

Figure 6 S hifts in ABR threshold 1-week preinjection to 3-week 
postinjection in normal-hearing GPs. Shifts in ABR thresholds were 
observed in normal-hearing GPs following viral vector injections. 
Significant threshold shifts were primarily observed for high frequen-
cies (8–32 kHz) for both scala tympani and scala media injections using 
either Ad-GFP-NT or Ad-GFP vectors. Threshold shifts were greater when 
Ad-GFP was injected into the scala media compared to the scala tym-
pani, whereas there was no difference in threshold shifts for Ad-GFP-NT 
injections between the scala media and scala tympani approaches. 
*P < 0.05 two-way RM analysis of variance. Error bars represent stan-
dard error of the mean (n = 5 GPs per point). ABR, auditory brainstem 
response; GFP,  green fluorescent protein; GP, guinea-pig; SM, scala 
media; ST, scala tympani.
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and limit the amount of neurotrophin to which peripheral fibers 
were exposed. Viral injections into the scala media meant  that 
route of entry into the transduced cells was likely to be from the 
endolymphatic surface of the organ of Corti. However, the route 
of neurotrophins released by the Ad-GFP-NT transduced cells 
is not known. Some neurotrophin may be released back into the 
endolymph, but resprouting fibers are not directly exposed to 
the endolymphatic fluids (A.K. Wise, R. Pujol, J.B. Fallon and 
R.K. Shepherd unpublished results). Rather, fibers typically proj-
ect between and under the overlying epithelial cells on the basilar 
membrane or the cells lining the inner sulcus. Neurotrophins may 
also be released through basolateral membranes of transduced 
cells. The observation that the density of resprouting fibers was 
greater around Ad-GFP-NT-transduced cells suggests that the 
released neurotrophin was localized to the intercellular spaces 
around the transduced cells and not widely dispersed.

SGN survival in deafened cochleae
An increase in SGN survival compared to the paired contral-
ateral cochlea was limited to the basal turn of the Ad-GFP-NT 
scala media–injected GPs is consistent with the basal turn gene 
expression profile. Although there were differences in the sever-
ity of SGN degeneration between GPs, the effects of aminoglyco-
side deafening on SGN survival are consistent between the two 
cochleae of the same animal.5 Therefore, results were analyzed on a 
paired basis (injected side versus noninjected side). The data show 
a consistent finding across all GPs: that is, all injected cochleae in 
the Ad-GFP-NT scala media group have higher SGN densities in 
the basal turn than noninjected cochleae, and all injected cochleae 
in this group have lower SGN densities in the middle and apical 
turns than noninjected cochleae.

An effect on SGN survival was not observed following injec-
tions of Ad-GFP-NT into the scala tympani. Previous studies have 
demonstrated improved SGN survival using the scala tympani 
approach following continuous infusion of high concentrations 
of neurotrophins10–12 or neurotrophin gene therapy using high 
viral titers.21–23,31 Of the gene therapy studies, one group injected 
Ad-BDNF vectors of similar viral titers to this study into the scala 
tympani (1010 Ad particles/ml),23 whereas another used Ad-BDNF 
viral titers of 1012 Ad particles/ml (along with concurrent elec-
trical stimulation from a cochlear implant).31 Increased SGN 
survival after hearing loss has also been reported with adeno-
associated virus–mediated expression of BDNF using much lower 
viral titers (106 viral particles/ml) but delivered over many days,22 
as well as with herpes simplex virus–mediated BDNF expression 
(using 105 infectious particles/ml).21 SGN cell bodies were specifi-
cally transduced in both of these studies, suggesting that an auto-
crine mechanism may account for increased SGN survival. The 
differences in the effects on SGN survival using the scala tympani 
approach between this and other studies are likely to be due to 
differences in the level and location of gene expression. Injection 
of neurotrophin gene transfer vectors into the scala media may 
concentrate the neurotrophins released by transduced cells as a 
result of the localized expression pattern or improve the acces-
sibility of SGNs or their peripheral fibers to neurotrophins when 
they are expressed in the organ of Corti. Furthermore, an addi-
tional factor that is a potential contributor to SGN survival may 

arise indirectly from the initiation of cellular processes involved 
in fiber regrowth. The fiber resprouting mechanisms may potenti-
ate or provide novel pro-survival signals to the SGNs and thus 
lead to an overall increase in SGN survival. However, as sponta-
neous resprouting was also observed in the deafened, untreated 
cochleae, these mechanisms themselves are unlikely to provide 
long-term SGN survival.

A small but significant loss of SGNs in the basal turn was 
observed when Ad-GFP was injected into the scala media, which 
may reflect the greater surgical trauma associated with access-
ing the scala media compared with the scala tympani. In sup-
port of this, greater hearing loss was recorded in GPs injected 
with Ad-GFP into the scala media in frequencies corresponding 
to the upper basal turn (8–16 kHz) compared to GPs injected 
with Ad-GFP into the scala tympani. It cannot be determined 
whether this significant loss of SGN density was also associated 
with injection of Ad-GFP-NT into the scala media as the SGN 
survival benefit of neurotrophin expression overrode any loss that 
may have occurred. There was no observable difference in hear-
ing loss between the scala media and scala tympani approaches 
when using the Ad-GFP-NT vector. A significant loss of SGNs 
was observed in middle and apical turns of cochleae injected with 
Ad-GFP-NT into the scala media. This cannot be due to the surgi-
cal technique alone as no loss was observed in the Ad-GFP scala 
media group. Infection, inflammation, and unusual morphology 
were not present in these cochleae, so the reason for this finding 
remains obscure.

Peripheral fiber resprouting
A previous study has shown that in deafened GPs, peripheral fibers 
retract to the inner spiral bundle, but some fibers can be observed 
resprouting spontaneously onto the organ of Corti or reversing 
direction and growing within the inner spiral sulcus.12 In the present 
study, both of these patterns of fiber resprouting were observed in 
all deafened groups. However, when neurotrophins were expressed 
in supporting cells of the organ of Corti, significantly more fibers 
were present near cells expressing neurotrophins as indicated by 
NF-200 pixel analysis. Fiber resprouting in response to neurotro-
phin gene expression was less direct and exhibited more branching 
than fiber resprouting reported in response to Math1/Atoh1 gene 
therapy by other studies.15,32 In the latter studies, synapse formation 
was also confirmed in some cases.

Resprouting of peripheral fibers may lead to clinical improve-
ments in cochlear implant functioning. Regrowth of fibers toward 
a cochlear implant electrode array may enable a closer interface 
between the electrodes and the neural population, leading to a 
decrease in excitation thresholds and thus a decrease in power 
consumption. Furthermore, controlled resprouting may also 
enable the development of new electrode arrays and stimulation 
strategies to achieve more spatially restricted neural activation on 
independent intracochlear electrodes, providing a means to deliver 
fine spatiotemporal information from the acoustic environment.

ABR thresholds
An increasing number of cochlear implant users have some 
residual hearing at the time of implantation. Just as it is impor-
tant to protect residual hearing during electrode insertion for 



Molecular Therapy  vol. 18 no. 6 june 2010� 1119

© The American Society of Gene & Cell Therapy
Localized Neurotrophin Gene Therapy in the Cochlea

optimal speech perception outcomes, any adjunctive therapy for 
enhancing SGN survival or peripheral fiber resprouting used 
with cochlear implantation should also have minimal impact on 
residual hearing. The effects of viral vector delivery to the scala 
tympani and scala media on ABR thresholds were examined in 
normal-hearing GPs. The site of the basal turn injection corre-
sponds approximately to the 24–32 kHz region of the cochlea. 
Hearing loss was greatest in the 8–32 kHz region (basal turn) for 
all groups and could be caused by the noise or vibrations of the 
surgical drill, opening of the cochlea, injection, gene expression, 
or a combination of these factors. It has been reported that hear-
ing loss as a result of drilling and opening of the cochlea occurs in 
the 24–32 kHz region.33,34

When Ad-GFP was injected into the scala media, there was 
significantly more hearing loss in comparison to the Ad-GFP scala 
tympani group. This was not the case for the Ad-GFP-NT scala 
media and scala tympani groups in which no difference was found. 
Furthermore, there was no significant difference in ABR thresh-
old shifts between injection of Ad-GFP into the scala media and 
injection of Ad-GFP-NT into the scala media. Larger group sizes 
may be required to elucidate whether injection into the scala media 
using the surgical approach described here results in greater hear-
ing loss than injection into the scala tympani. Threshold shifts of 
30–40 dB resulting from scala media injection of adeno-associated 
virus, Ad and Sendai virus have been reported previously, com-
pared to 10–15 dB threshold shifts recorded for scala tympani 
injections.35–37 Furthermore, these studies indicated that there was 
no difference in threshold shifts between injections of the viral 
samples compared to carrier alone, suggesting that the hearing 
loss was not the result of viral transduction of cells in the organ of 
Corti or reporter gene expression. In all cases, the scala media was 
approached via a cochleostomy in the lateral wall that may cause 
greater or more consistent hearing losses than injection through 
the basilar membrane as performed in this study. With the basilar 
membrane approach, any physical damage to the organ of Corti 
caused by piercing the basilar membrane would be localized.

It is important to ensure that Ad-mediated gene expression 
in the cochlea does not result in damage to residual HCs. Studies 
using early-generation E1/E3 deleted Ad in vitro showed evidence 
of Ad-related damage to HC stereocilia and loss of hearing.38,39 
More extensively deleted Ad vectors lacking either the E4 region or 
viral polymerase (such as the vectors used in this study40) appear 
to be less toxic to the inner ear.25,41,42 This suggests that residual Ad 
gene expression may be directly or indirectly (through an immune 
response) responsible for toxicity or hearing loss observed in 
earlier studies. Furthermore, protective effects of neurotrophins 
on HCs have been reported.43,44 The difference in ABR threshold 
shifts between the Ad-GFP and Ad-GFP-NT scala media groups 
was not significant, but was close to being significant. More data 
would be required to fully examine the possibility of HC protec-
tion in relation to gene transfer of NT3 or BDNF.

Neurotrophin expression
Neurotrophins were detected by enzyme-linked immunosorbent 
assay both in cell lysate and in cell culture media following trans-
duction of HT1080 cells with Ad-GFP-NT3 or Ad-GFP-BDNF. 
After transduction of cells in GP cochleae with a combination 

of these vectors, BDNF expression was detected via anti-BDNF 
antibodies, but unfortunately, NT3 expression could not be con-
firmed by antibodies in vivo. Possible explanations for this are 
that NT3 expression may be shorter-lived than BDNF expression, 
NT3 expression was too low to detect by immunohistochemistry, 
or that Ad-GFP-NT3 did not enter cochlear cells.

Clinical considerations
The viability and safety of viral therapy as a potential clinical 
treatment remain to be established. There are a number of issues 
requiring further research. First, in a profoundly deaf cochlea, 
degeneration of the sensory epithelium may be so severe that very 
few cells remain on the basilar membrane for viral transduction. 
In this situation, it may not be possible to transduce suitable cel-
lular targets meaning that viral therapy to attract and support 
remaining peripheral fibers might be limited. Furthermore, in 
cases where a successful transduction has been achieved, the lon-
ger-term fate of the transduced cells needs to be determined: do 
the transduced cells continue to produce neurotrophins and are 
the transduced cells protected from degeneration over long dura-
tions? The overall safety of viral gene therapy and neurotrophin 
gene transfer in humans needs to be elucidated. There are numer-
ous clinical trials underway into the safety and toxicity of viral 
gene transfer vectors as well as trials that involve gene transfer 
of BDNF, for example, for the treatment of amyotrophic lateral 
sclerosis. Finally, the viability of the surgical access also needs to 
be established. During cochlear implant surgery in humans, the 
endolymphatic space can potentially be accessed by passing a 
micropipette apically through the round window, or alternatively 
by creating a cochleostomy anterior to the round window. Neither 
approach is trivial. The round window approach is constrained 
by the posterior tympanostomy, namely the access from the mas-
toid to the middle ear between the facial nerve and the chorda 
tympani. A hooked electrode would be needed to access the scala 
media via the posterior tympanostomy. Once the endolymphatic 
space has been accessed, the injection procedure would be quick 
and potentially provide long-term neurotrophin expression with-
out implantation of slow-release devices.

Conclusions
This study examined gene therapy in the cochlea and demonstrated 
that localized sources of neurotrophins protected SGNs from 
degeneration after hearing loss and could redirect the regrowth 
of their peripheral fibers. Injection of viral vectors into the scala 
media resulted in more localized gene expression in the organ of 
Corti compared to scala tympani injections. This work provides a 
strong basis for establishing the effectiveness of neurotrophin gene 
transfer to the deafened cochlea and improving our understand-
ing of how cochlear cells respond to neurotrophin treatment. Our 
study suggests that gene therapies that target cells of the organ of 
Corti utilizing the scala media approach are likely to be more effec-
tive in providing protective or regenerative factors to the cochlear 
nerves. The next step toward translating this research into the clinic 
is to determine the overall safety and long-term effectiveness of the 
technique in achieving SGN survival and targeted fiber regrowth. 
Furthermore, additional studies need to establish whether by 
controlling SGN fiber regrowth we can actually improve the 
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nerve-electrode interface, thus enabling the implementation of 
new strategies to improve outcomes with cochlear implantation. 
Although there is a long way to go before we can achieve targeted 
fiber regrowth, this study presents a first step in a new approach 
toward improving outcomes after hearing loss.

Materials and Methods
Ad production. E1/E3/polymerase/terminal protein-deleted Ad type 5 
vectors containing GFP under the control of a cytomegalovirus promoter 
with or without mouse NT3 or BDNF expressed via an IRES sequence 
(Ad-GFP, Ad-GFP-NT3, and Ad-GFP-BDNF) were generated using the 
AdEasy system (Stratagene, La Jolla, CA). Appropriately recombined 
vectors were transfected into C7-HEK 293 cells that stably expressed Ad 
polymerase and preterminal protein.40 Crude virus was amplified through 
several rounds to produce a high titer, purified using commercially avail-
able ion exchange chromatography membranes (Vivascience, Littleton, 
MA), and stored in Ad storage buffer (25% glycerol, 10 mmol/l Tris pH 8.0, 
and 2 mmol/l MgCl2) at −80 °C. The purified virus was titered on HT1080 
cells and by spectrophotometry [>1011 optical particle units (OPU)/ml by 
OD260].45 All viral stocks were verified to be free of replication-competent 
Ad using a semiquantitative PCR assay for E1a and E1b.46,47 Prior to injec-
tion, Ad vectors were diluted 1:5 in artificial perilymph (125 mmol/l NaCl, 
3.5 mmol/l KCl, 1.3 mmol/l CaCl2, 25 mmol/l NaHCO3, 1.2 mmol/l MgCl2, 
0.75 mmol/l NaH2PO4, 5 mmol/l glucose, pH 7.4) to final concentrations 
of 1.32 × 1011 OPU/ml (Ad-GFP), 7.48 × 1010 OPU/ml (Ad-GFP-NT3), 
and 5.28 × 1010 OPU/ml (Ad-GFP-BDNF).

Ad samples were tested to ensure production of neurotrophins by 
infected cells. HT1080 cells seeded at 1 × 105 cells per well in a 6-well plate 
were infected after 24 hours with 3.74 × 108 OPU Ad-GFP-NT3 or 1.32 
× 108 OPU Ad-GFP-BDNF. The conditioned media and cell lysate were 
harvested after 72 hours, and the amounts of NT3 and BDNF were analyzed 
by enzyme-linked immunosorbent assay (Promega, Sydney, Australia). 

Animals. Male or female adult pigmented Dunkin–Hartley GPs were used 
(average weight 336 g). National Institutes of Health (NIH) Guidelines for 
the Care and Use of Laboratory Animals were observed (NIH publication 
no. 85-23 Rev. 1985). The Animal Research Ethics Committee of the Royal 
Victorian Eye and Ear Hospital approved the care and use of the animals 
in this study (ethics #06/126AB and #09/180AB). GPs were randomly 
assigned to groups (Table 1).

ABR recordings
Deafened groups: The hearing status of each GP in deafened groups (groups 
1–4 from Table  1) was assessed prior to deafening using computer-
generated click stimuli and ABR recordings.48,49 For inclusion in the study, 
GPs were required to have normal hearing prior to deafening (defined as 
having an ABR threshold <43 dB peak-equivalent sound pressure level). 
Postdeafening ABRs prior to the viral injections could not be performed 
due to the short timeline between deafening and injection, and the 
detrimental effects of additional anesthesia on the health of the GPs. 
However, previous experience indicates that this deafening technique 
produces reliable threshold shifts of >50 dB.12,49 Threshold shifts of >50 dB 
result in loss of 80–100% HCs within 7 days. Any remaining HCs are most 
commonly in the apical turns of the cochlea.13,29

Normal-hearing groups: ABR thresholds from normal-hearing GPs 
(groups 5–8 from Table 1) were assessed to determine the effects of viral 
injection on hearing thresholds. Tone-pip ABR thresholds (at frequencies 
of 1, 2, 8, 16, 24, and 32 kHz) were determined 1 week prior to injection 
and 3 week postinjection.33

GP deafening. Normal-hearing GPs were deafened under anesthesia 
via an intravenous 100 mg/kg frusemide (Troy Laboratories, Smithfield, 
Australia) and subcutaneous 400 mg/kg kanamycin sulfate (Sigma-Aldrich, 
Castle Hill, Australia) injections.49

Cochlear injection of viral samples. Viral vectors were unilaterally injected 
into cochleae using aseptic techniques 1 week after deafening. The head of 
the GP was secured using a nontraumatic head holder under anesthesia. A 
retroauricular incision was made to expose the bulla. After drilling through 
the bulla, the cochlea was located and a small cochleostomy made into the 
otic capsule of the basal turn using a 2-mm diamond drill bit, gaining access 
to the scala tympani. Perilymph was removed using gentle suction until 
the basilar membrane could be visualized. A glass recording micropipette 
(World Precision Instruments, Sarasota, FL) with a 5–10 µm tip diameter 
was inserted and 5 µl of the viral preparation was injected into the scala 
tympani over 2 minutes. For scala media injections, the same approach was 
used, but after accessing the scala tympani, the recording micropipette was 
advanced via a stepper motor through the basilar membrane until an endo-
cochlear potential was recorded (average 83.2 ± 3.4 mV; n = 8), indicating 
that the scala media had been accessed.50 Two microliters of the viral prepa-
ration was injected into the scala media (due to the smaller volume of this 
compartment) over 5 minutes and the micropipette was retracted 2 minutes 
later. The cochleostomy was sealed with connective tissue, the bulla sealed 
with dental cement, and the wound closed with sutures. Viral samples were 
diluted in artificial perilymph for both scala tympani and scala media injec-
tions in this study. Similar studies have been performed with viral samples 
diluted in artificial endolymph for scala media injections with no difference 
observed with regard to the endocochlear potential recordings, distribution 
of GFP expression, or effects on SGNs (data not shown).

Perfusion, cochlea processing, sectioning, and immunohistochemistry. 
Three weeks postinjection, GPs were euthanized with 1.5 ml pentobarbi-
tone and intracardially perfused with 0.9% (wt/vol) saline containing 0.1% 
(vol/vol) heparin sodium and 0.025% (wt/vol) sodium nitrite, followed by 
10% (vol/vol) neutral buffered formalin. The bullae were removed and the 
cochleae dissected out. Cochleae were placed in 10% (vol/vol) neutral buff-
ered formalin for a further 24 hours and then decalcified over 14 days in 
10% (wt/vol) EDTA in 0.1 mol/l phosphate buffer. Cochleae were embed-
ded in OCT (Tissue-Tek, Torrance, CA) and sectioned on a cryostat at 
12 µm through pre-modiolar and mid-modiolar planes and mounted onto 
SuperFrost Plus slides (Menzel-Gläser, Braunschweig, Germany), leaving the 
final half of the cochleae intact. This remaining half-cochlea that contained 
the viral injection site was cut into half-turn surface preparations.12 The 
Reissner’s and tectorial membranes were removed for better visualization 
of the organ of Corti. Standard immunofluorescent protocols were followed 
using antibodies to neurofilament-200 (NF-200; Chemicon International, 
Boronia, Australia) for staining SGNs and peripheral fibers, anti-calretinin 
(Chemicon International) and phalloidin (Molecular Probes, Eugene, OR) 
for cells in the organ of Corti, antibodies to NT3 and BDNF (Santa Cruz 
Biotechnology, Santa Cruz, CA), and AlexaFluor secondary antibodies 
(Molecular Probes). Sections were examined on a Zeiss Axioplan fluores-
cence microscope (Carl Zeiss, Jena, Germany). Cochlear half-turn surface 
preparations were viewed on a Zeiss confocal microscope.

Data analysis. All results are presented as the mean ± s.e.m.
GFP expression: The GFP reporter gene was used to assess gene 

expression in mid-modiolar sections and cochlear half-turns. The location 
of GFP expression from nine nonconsecutive mid-modiolar sections 
(over 324 µm) was positioned on a representative mid-modiolar image of 
a GP cochlea to form a composite image.

SGN survival: SGN density was analyzed from nine nonconsecutive 
mid-modiolar sections from each cochlea in a blinded manner. Density 
was determined by counting NF-200-positive SGN cell bodies within 
Rosenthal’s canal and by measuring the area formed by the perimeter 
around the outermost SGNs using a Zeiss Axioplan II microscope and 
AxioVision software. Lower basal and upper basal SGN densities were 
averaged to represent SGN density in the basal turn. The same was done 
for middle and apical turns. Injected and noninjected (contralateral) 
cochleae were compared using t-tests. The difference in SGN density 
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between the injected and noninjected cochleae of each GP was calculated 
(termed SGN survival when positive or SGN loss when negative) thus 
allowing normalized comparisons between groups, analyzed by one-way 
ANOVA with Holm–Sidak post hoc analysis.

Peripheral fiber response: SGN peripheral fibers were analyzed from 
confocal images that contained GFP

+
 cells. Only cells in the basilar membrane 

that were distal to the inner spiral bundle were used, to avoid counting 
fibers that normally occur within the inner spiral bundle. A subset of GFP-
expressing cells were selected for detailed analysis: only GFP-expressing 
cells within the organ of Corti region were selected as colocalization of 
GFP-expressing cells and resprouting fibers was not observed elsewhere. 
Furthermore, due to the expression pattern summarized in Figure 1 and 
Table 2, analysis was restricted to GPs in scala media groups and one GP 
from a scala tympani group with organ of Corti gene expression (n = 2 GPs 
for Ad-GFP and n = 3 GPs for Ad-GFP-NT). Pixel density occupied by 
NF-200 labeling was measured within a boundary 10 µm from the edge of 
GFP

+
 cells. Four consecutive Z-planes with the highest pixel density were 

averaged. Measurements from Ad-GFP-injected GPs and Ad-GFP-NT-
injected GPs were compared using a t-test.

ABR thresholds: Statistical analysis of the tone-pip ABR threshold data 
within each normal-hearing group (comparison of pre- and postinjection 
thresholds) was performed using two-way repeated measures ANOVA. 
To compare between experimental groups’ threshold shifts, pre- and 
postinjection threshold differences were calculated, and a two-way 
ANOVA was used to evaluate statistical significance with Holm–Sidak 
post hoc comparisons.
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