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‘Fig. 1 a Example of cultured spiral ganglion neurons (SGNs) after
12 h in primary growth medium containing serum and a further 72 h in
serum-free maintenance medium. SGNs were then fixed and immu-
nostained with anti-NF200 antibody. Surviving SGNs are identified as

" NF200-positive cells. Cultured neurons either have no neurite (V) or
show monopolar (Mo; with one neurite emanating from the cell body),

v

Effects of NT-3, BDNF and LIF on SGN survival

Figure 3 shows representative photomicrographs of cultured

' SGNs in PO, P5 and P20 groups, with or without neuro-

trophic factor supplementation. As illustrated, increases in

SGN numbers as a result of neurotrophic support are appar-
ent for SGNs harvested at younger ages.

Figure 4 provides a quantitative analysis of SGN

numbers across ages and treatment conditions. Figure 4a

shows the average number of SGNs/well, uncorrected for

initial seed number. In the absence of any neurotrophic
factor treatment, P5 cultures obviously showed the great-
est yield of surviving neurons (8.7+0.7/well), followed by
P20 cultures (7.0+1.5/well) and then by PO cultures (0.6
+0.2/well). Moreover, the greatest sensitivity to neuro-
trophic treatment was observed for P5 SGNG.

Because of the difference in the initial yield of SGNs
among age groups, we normalized the sumber of surviv-
ing SGNs/well by the initial seeding level. These data are
presented in Fig. 4b, which demonstrate that the survival
rate’ of untreated SGNs in culture increases dramatically
with increasing age. In control cultures, surviving SGNs
at 72 h corresponded to 0.027%, 0.98%, or 4.2% of

those seeded initially in the PO, P5 and P20 groups,

respectively. The normalized swrvival rate of SGNs in
each freatment group also fended to increase for older
SGNs (Fig. 4b).

In PO cultures, neurotrophic factors had a significant
effect on the survival of SGNs (P<0.0001; ANOVA) and
this effect was additive/synergistic. When the culture was

treated with N + B, the number of surviving neurons per

culture (10.540.8) increased to 17-fold that of untreated
cultures (0.6+0.2). This number almost corresponded to
that of the sum of the number of surviving neurons in

bipolar (B; with two neurites emanating from the cell body), or multi-
polar (Mu; with three or more newrites emanating from the cell body)
morphologies. High magnification views of the N, Mo, B and Mu
SGNs shown in a are presented in b—e, respectively. Bary 0.5 mm
(a), 50 pm (b-e) »

NT-3 (0.9+0.2) and BDNF cultures (5.3+0.5). When the
culture was treated with ALL factors, the number of
surviving neurons further increased to 74-fold that of
untreated cultures (74.0+6.7), which is approximately 9.1-
fold that of the sum of the Aumber of surviving SGNs in NT-
3-treated (0.9£0.2), BDNF-treated (5.3%0.5) and LIF-
treated (1.9+0.4) cultures. The post-hoc test revealed that
the treatment with N + B and ALL factors had statistically
significant survival-promoting effects compared with the
untreated control (P<0.05, P<0.001, respectively).

In P5 cultures, SGN survival respohded to the widest
range of treatments amongst the age groups; ANOVA
revealed significant effect on. survival (P<0.0001) and
the post-hoc test showed that each of NT-3, BDNF, N +
B and ALL factors significanily enhanced the survival
of SGNs (P<0.001 for each; Fig. 3). In this age group,
the additive/synergistic effect seen in PO cultures was
decreased under our culture conditions. When the cul-
ture was treated with N + B, the number of surviving
neurons per culture (63.4%7.1), which was 6.3-fold that
of untreated cultures (10.0£1.1), almost corresponded to
the number of swrviving neurons in BDNF cultures (5.9-
fold, 59.0+4.7). When the culture was treated with ALL
factors, the number of surviving neurons (unine-fold,
90.3+6.0) was slightly less than the sum of the number
of SGNs treated with the individual factors: BDNF, NT- -
3 (3.2-fold, 31.5+2.0) and LIF(1.9-fold, 19.4:1.6).

In P20 cultures, the survival-promoting effect of each
treatment was the smallest of any of the age groups
(P=0.0097; ANOVA). The post-hoc test revealed that
only treatment with NT-3 or with BDNF significantly
promoted the survival of SGNs compared with the un-
treated control (P<0.0L, P<0.001, respectively). More-
over, cultures treated with N + B or ALL factors
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Fig. 2 Representative phase-contrast images of postnatal day 0 (PO;
a), P5 (b) and P20 (c) control cultures maintairied for 12 h in serum-
containing primary growth medium and for a further. 72 h in seram-free
maintenance medium (errowheads neurites of SGNs). Non-neuronal
cells in each culture can be morphologically differentiated into two cell
types, i.e., flat-shaped cells with large nuclei and spindle-shaped cells
with small nuclei and prominent processes. This differentiation is most
readily observed in P20 culture (black arrows flat-shaped cells, white
arrows spindle-shaped cells). The density of these non-neuronal cells
decreases with the increasing age of the animals. In PO and P5 cultures,
the non-neuronal cells form a confluent layer on the glass surface,
whereas the glass surface is partially free of cellular covering in P20
culture. Bar 0.1 mm

exhibited survival no greater than that observed in
controls.
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Effects of NT-3, BDNF and LIF on neurite extension

The LNL of untreated SGNs was shortest for neurons har-
vested at PO, slightly longer for P5 neurons and longest for
P20 neurons. N

In PO cultures, the overall effect of treatment on the LNL

-was significant (Fig. 5a; P<0.0001; ANOVA). However,

when - factors were delivered -alone, only LIF elicited an
enhancement of LNL compared with the control group
(P<0.001; Dunnet post hoc test). ALL factors also showed
a significant increase in LNL (P<0.01) but this effect was
lower than that observed with LIF alone. LNL was unaf-
fected by the presence of NT-3, BDNF, or both factors
combined (P>0.05).

LNL of P5 SGNs responded to the widest range of
treatment with neurotrophic factors among the age groups
(Fig. 5b; P<0.0001; ANOVA). Again, LIF and ALL factors
showed significantly increased LNL (P<0.001), although
ALL factors once more produced a lower increase than
LIF alone. In contrast, treatment with NT-3, BDNF, or N +
B inhibited neurite extension compared with that in the
control group (P<0.05, P<0.001, P<0.001, respectively).
To test whether this inhibitory effect depended on the con-
centration of neurotrophic factors, we also treated P5 SGNs
with BDNF and/or NT-3 at 10 ng/ml. Although a survival-
promoting effect was observed at this lower concentration,
as seen at 50 ng/ml (Fig. 6a), LNL in the treated groups was
not significantly different from that in the untreated controls
(Fig. 6b). However, the addition of LIF (ALL factors) pro-
duced a significant enhancement of both survival and LNL
at this age.

In P20 cultuces, the effect of neurotrophic factors on LNL
was thé smallest among the age groups, although it
remained significant (Fig. 5c; P=0.0008) by ANOVA. The
post-hoc test revealed that treatment with ALL factors
weakly enhanced LNL (P<0.05), whereas N + B had a
strong inhibitory effect (P<0.001).

Effects of NT-3, BDNF and LIF on neuronal morphology

For all age groups, monopolar neurons were the most prev-
alent wdorphological type in untreated cultures (Fig. 7). In
general, neurotrophic factor treatment had modest effects on
neuronal morphology. An exception was ALL factors,
which enhanced the proportion of bipolar and multipolar
neurons, while decreasing the monopolar and espec1a11y the
“no” neurites phenotypes.
To assess these effects statistically, neurons in each

_age group were divided into two calegories, ie., SGN

without neurites or with one neurite versus SGN with
two or more neurites. In all age groups, ALL factors
significantly increased the proportion of >2 neurite SGNg
compared with the control group (Table 2; P<0.05 in PO,
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Fig..3 Representative PO
photomicrographs of cultured
SGNs in each age group.
Neurons at PO (a—f), P5 (g-1)
and P20 (m~x) were cultured v
for 12 h in serum-containing O )
primary growth medium and for

a further 72 h in serum-free

maintenance medium without

any neurotrophic factors (a, g,

m) or supplemented with 50 ng/

ml neurotrophin-3 (NT-3; N, b,

h, n), brain-derived neurotro- =z
phic factor (BDNF; B, ¢, i, 0),

1éukemia inhibitory factor (LTF;
L,d,j,p), a combination of NT-

3 and BDNF (50 ng/ml each; N

+B, e, k, q), or a combination

of NT-3, BDNF and LIF (50 ng/

ml each; ALL, £, 1, r) and then

fixed and immunostained with m
anti-NF200 antibody. Survival

effects of NT-3, BDNF, LIF and

their combinations compared:

with the untreated contro] var-

ied depending upoa the ages of

SGNs. At PO, the additive/syn-

ergistic effect of treatment in -1
the N + B and ALL factors
groups is clearely apparent,
whereas this effect appears to

be decreased in P5 and is not
obvious in P20 cultures. The
length of neurites seems to be
increased by treatment with LIF
or ALL factors in PO and P5
cultures (@rrowheads in d, 1, §,
1). In contrast, neurite length
appears to be decreased by
supplemention with BDNF or
N+ B in P5 cultures (arrowheads
ini, k). Bar 0.5 mm '

N+B

ALL

~ P<0.001 in P5 and P20; chi-square test). In the P20
“group, BDNF alone and LIF alone also more modestly

enhanced the proportion of >2 neurite SGNs compared -

with the control group (Table 2; P<0.05; chi-square test).

Discussion

The present study was designed to extend our knowledge
regarding age-dependent changes in the responsiveness of
SGNs to NT-3, BDNF and LIF by using dissociated cul-
tures. Our study appears to be the first systematic in vitro
study to compare the regulation of survival, neurite exten-
sion and neuronal morphology of rat SGNs among different
age groups under the same culture conditions. The results

P5 | P20

demonstrate that each of these indices of SGN maturation
are differentially regulated by NT-3, BDNF and/or LIF in an
age-dependent manner. Our data further suggest that each of
these neurotrophic factors predominantly support different
ontogenetic events at different developmental stages in the
innervation of the inner ear.

Effects of neurotrophic factors on SGN survival

A striking feature of our results was the dramatic age-
dependent increase in the proportion of neurons that sur-
vived in culture in the absence of neurotrophic factor treat-
ment. This finding suggests that SGNs are highly dependent
for their survival on exogenous neurotrophic factors at early
developmental stages but become more neurotrophic-factor-
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Fig. 4 a Effects of
neurotrophic factors on SGN
survival. Dissociated SG cells
at PO, P5 and P20 were plated at
20,000 cells/culture well and
cultured for 12 h in serum-
containing primary growth me-
dium and for a further 72 h in
serum-free maintenance medi-
um without any neurotrophic
factors (control) or supple-
mented with 50 ng/ml NT-3,
BDNF, LIF, or N+ B at 50 ng/
ml cach or with ALL factors at
50 ng/ml each. The data are
presented as an average number
+ SE of surviving SGNs per
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ences compared with control
cultures are indicated: *P<0.05,
*P<().01, ¥**P<0.001
(ANOVA followed by Dun-
nett’s post-hoc test). The aum- b
ber above each bar indicates
the number of culiures ana-
lyzed. b Percentage of surviv-
ing SGNs divided by initial
number of neurons seeded. Data
are presented as an average
percentage + SE of surviving
SGNs compared with the initial
sced number of SGNs at cach
 developmental stage. The num-
_ ber above each bar indicates
the number of cultures ana-
lyzed. The survival rate of
SGNs in each treatment group
tended to increase with increas-
. ing age of the donor animals
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independent as they approach adulthood. A similar tendency
bas been reported for the trigeminal ganglion (Scott and
Davies 1993) and sympathetic neurons (Easton et al. 1997;
Orike et al. 2001b; Putcha et al. 2000). Because the period
of our PO culture (equivalent to PO-P4 in vivo) corresponds
to a period of naturally occurring SGN cell death (Echteler
et al- 2005; Rueda et al. 1987), we can speculate that the
higher trophic factor dependence of PO and P5 SGNs con-
tributes to the elimination of SGNs that fail to establish
connection with a factor-producing target, as has been sug-
gested for gerbil SGN (Mou et al. 1998).

Arguing against this interpretation is the limited survival
response of PO SGN to neurotrophin treatment, since none
of the factors tested were effective in promoting the survival
of SGN when applied individually. However, combinations

- of factors were highly effective, especially when LIF was
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added to BDNF plus NT-3. BDNF or NT-3 alone only
became effective at older ages, whereas the synergistic
effects observed at PO declined at P5 and disappeared at
P20. These data suggest that more than one factor is re-
quired to rescue SGN from apoptosis during early develop-
mental target cell interactions, thereby serving to promote
the survival of neurons that make contacts with separate
sources of trophic factors, such as the peripheral and central
contacts of SGN. This possibility is supported by the finding
that both NT-3 and BDNF are expressed in the developing
cochlea and cochlear nucleus (Sugawara et al. 2007; Tierney
el al. 2001; Wiechers et al. 1999). The elements of the LIF
receptor-gpl30 heterodimer (Auernhammer and Melmed
2000} are expressed in the P1 mouse spiral ganglion (Oshima
etal. 2007) and LIF is strongly expressed in the adult cochlear
sensory epithelium after noise injury (Cho et al. 2004).
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a ‘ b

Fig. 5 Effects of neurotrophic factors on the longest neurite length
(LNL) in PO (a), P5 (b) and P20 (¢) cultures. Data are presented as an
average length + SE of the longest neurite of each neuron at each
developmental age. Significant differences compared with control cul-
tares (CONTROL) are indicated: *P<0.05, *¥P<0.01, ***P<0.001
(ANOVA followed by Dumnett’s post-hoc test). The number above

Although we could locate no published information regarding
LIF expression in developing cochlear nucleus, LIF is
expressed by many neurons in the brain (Lemke et al. 1996).

Notably, the initial seeding number of SGNs/well de-
creased dramatically with increasing age. Since the number
of cells seeded/well was constant, this means that a greater
proportion of the culture consisted in non-neuronal cochlear
cells in older cultures. Therefore, we cannot exclude the
possibility that the neurotrophic factor independence of older
SGN retlects trophic support from these non-neuronal cells.
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Fig. 6 Effects of NT-3 and BDNF at 10 ng/ml on survival (a) and LNL
(b) in P5 cultures. Significant differences compared with control cul-
tures are indicated: *P<0.05, *¥P<0.01, ***P<0.001 (ANOVA fol-
lowed by Dunnett’s post-hoc test). The number above each bar
indicates the number of cultures (a) and peurons (b) analyzed. At
10 ng/ml, NT-3, BDNF, or N + B enhanced SGN survival, as also seen
at 50 ng/ml, whereas inhibitory effects on neurite extension were not
observed at this concentration
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each bar indicates the number of neurons analyzed. LIF supplementa-
tion of PO and P5 cultures and ALL factors added to PO, P5 and P20
cultures significantly increased LNL compared with control SGNs. In
contrast, treatment with NT-3, BDNF, or N + B in P5 cultures and with
N + B'in P20 cultures inhibited neurite extension

Although the density of non-neuronal cells decreased with the

* increasing age of the animals at the endpoint of culture period,
probably reflecting the high proliferation rate of younger non-

neuronal cells, the possibility that the initial support of non-
neuronal cells at the eatly culture periods might have been
associated with the higher survivial rate of SGNs at P20
cannot be excluded. The mature glial cells in P20 cultures
might also have provided stronger trophic support than those
in younger animals. '

AtP5 and P20, BDNF was more potent than NT-3 or LIF for
survival. This observation is in good agreement with previous
studies of dissociated early postnatal rat SGNs (Hegarty et al.
1997; Marzella et al. 1999; Zheng et al. 1995) and with the
enhancement of the survival of adult SGNs by BDNF in vivo
(Leake et al. 2011; Miller et al. 2007; Wise et al. 2005) and in
vitro (Vieira et al. 2007; Wei et al. 2007). Although BDNF
expression is almost absent in the peripheral target field of the
SGNs at the later stages of development (Wheeler et al.
1994; Wiechers et al. 1999; Ylikoski et al. 1993), it is
expressed by neurons in the ventral cochlear nucleus begin-
ning on P3 (Tiemney et al. 2001). BDNF is also observed in
SGNs themselves until the adult stage (Ruttiger et al. 2007;
Schimmang et al. 2003; Singer et al. 2008), raising the possi-
bility of an autocrine mechanism (Schimmang et al. 2003).

With regard to the survival-promoting effects of LIF,
previous in vitro studies have documented that LIF has
survival-promoting effects on early postnatal rat and mouse
SGNs (Gillespie et al. 2001; Whitlon et al. 2006) and adult
mouse SGNs (Vieira et al. 2007). Our results suggest that
the survival-promoting effects of LIF alone are not as strong
as those of BDNF and NT-3. It is more potent as a syner-
gistic enhancer of neurotrophins for the survival of PO and,
to a lesser extent, P5 rat SGNs.
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Fig. 7 Effects of NT-3, BDNF, g

LIF, N + B, or ALL factors on

neuronal morphology. The PO
fraction of SGNs that were
without a neurite or that were
monopolar, bipolar and multi-
polar under each culture condi-
tion are indicated. ALL factors
enhanced the proportion of bi-
polar neurons and reduced the
number of neurons without
neurites at all ages. The number
" above each bar indicates the
mumber of ncurons analyzed

fraction (%)

Effects of neurotrophic factors on neurite extension

The effect of neurotrophic factors on neurite extension in
SGNs in vitro has been less extensively studied compared with
neuronal survival or neurite number from explants and remains
a relatively controversial issue. We have demonstrated that,
although LNL in untreated SGNs is maximal at P20, the effect
of neurotrophic factors on newrite length is greatest at P5. The
period of our P5 culture (equivalent to P5-P9 in vivo) corre-
sponds to a stage of late remodeling of afferent projections to
the sensory epithelitm (Echteler 1992; Wiechers et al. 1999)
and cochlear nucleus (Limb and Ryugo 2000). The strong
regulation of neurite extension by neurotrophic. factors at P5
might be necessary to achieve the rearrangement of afferent
innervation mediated by target-derived neurotrophic factors in
the organ of Corti and/or brainstem. -

Our study lias revealed that LIF has a shong effect on
newrite extension on PO and P5 SGNs. AtP0 and PS5, treatment
with LIF alone or with ALL factors enhanced neurite exten-
sion, whereas treatment with NT-3 and/or BDNF showed no
significant effect at PO and an inhibitory effect at P5. We can
reasonably conclude that the effect of treatment with ALL
factors is primarily attributable to the effect of LIF at these
ages. LIF has been reported to enhance neurite extension in a

fraction (%)

b c
P5 P20

o0 134 214 231 93 151 130

multipotar
I bipotar

EX3 monopolar
no neurite

variety of other neuronal types (Cafferty et al. 2001; Leibinger
et al. 2009). In particular, recent studies have demonstrated
that LIF mediates the enhanced intrinsic growth status after a
conditioning lesion (Cafferty et al. 2001; Hyatt Sachs et al.
2010) suggesting that LIF plays a role in the regeneration of
injured neurites. Therefore, our results, together with those of
previous reports (Gillespie et al. 2001; Vieira et al. 2007;
Whitlon et al. 2007) indicate that the application of exogenous
LIF, alone or together with neurotrophins, should be clinically
valuable as a treatment for central axon injury from trauma or
the surgical removal of acoustic tumors and for peripheral
dendrites to improve the efficacy of cochlear implants.

In contrast to LIF, NT-3 and BDNF at 50 ng/ml showed
inhibitory effects for neurite extension ot P5 SGNs. NT-3 and
BDNF showed a survival-promoting effect on the same neu-
ronal population at this concentration, whereas NT-3 and
BDNF at 10 ng/ml did not show this inhibitory effect, sug-
gesting that this is not a toxic effect but a specific suppression
of neuritogenesis by high concentrations of NT-3 and BDNF.
This finding contrasts with the extension-promoting effects of
NT-3 and BDNF during in vivo and in vitro studies (Brors et
al. 2008; Leake et al. 2011; Miller et al. 2007; Wise et al.
2005). The reason underlying this discrepancy is unclear but -
several possibilities can be proposed.

Table 2 Fraction of SGN with-

out or with one neurite (referred Group Control NT-3 BDNF LIF " NT-3 + BDNF ALL
to as the 0-1 neurite group) and )
SGN with two or more neutitis ro ,
(referred to as the 22 neutite 0-1 neurite group 24 115 205 61 296 100
group). Significant differences In - 06 group 12 46 70 44 165 106*
the fraction of >2 neurite group. i
compared with control culture P5 / .
are indicated: *P<0.05, 0-1 neurite group 66 154 193 96 170 161
*2P<0.01, **¥P<0.001 (chi- >2 neurite group 25 52 73 48 97 219%%
square test) P20 .
0-1 neurite group 89 129 127 49 92 45
>2 neurite group 45 85 . lo4* 44% 59 g7HAE
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One possibility is that the production of other growth
factors such as LIF by SGNs themselves ot by adjacent tissue
is higher in explants or in vivo situations. Alternatively, the

 discrepancy could be attributable to the difference in the mode
of exposure of SGNs to the factors: in vivo administration of

neuwrotrophic factors by osmotic pump through the scala tym-~

pani (Leake et al. 2011; Miller et al. 2007; Wise et al. 2005)
might primarily expose the SGN neurites. In contrast, in our
dissociated culture system, the entire surface of the SGNs is

presumably exposed to the factors and so the factors might not

drive the neurites to extend. Indeed, a study of rat DRG
neurons in compartmented cultures has revealed that NGF
promotes neurite extension when applied to the neurite alone
but suppresses neurite elongation when the cell body is ex-
posed (Kimpinski et al. 1997). Another study of rat DRG
" neurons has demonstrated a dose-dependent inhibitory effect
on neurite extention for NGF (=50 ng/ml; Conti et al. 1997,
2004). The authors (Conti et al. 2004) speculate that this might
be necessary to terminate axon growth when the growth cone

reaches its target. Therefore, the finding that 50 ng/ml NT-3

-and BDNF show greater inhibitory effects on P5 SGNs than
other age groups might be associated with the observation that
the period of P5 culture corresponds to the stage of afferent
rearrangement. The molecular mechanisms underlying this
inhibition are unknown but a higher concentration of neuro-
trophins might change the balance of signaling mediated
through Trks and p75, the latter of which has been shown to
suppress neurite extension in SGNs (Brors et al. 2008).

Effects of neurotrophic factors on neuronal morphology

SGNs are bipolar neurons possessing two neuronal process-
s (an axon and a dendrite), which are anatomically and
finctionally distinct. Previous studies have indicated that
not all SGNs show this in vivo morphology in culture
(Vieira et al. 2007; Whitlon et al. 2007) suggesting that the
initiation of neuritogenesis is regulated differentially for
SGN axons and dendrites.

In the current study, the fraction of monopolar neurons
was highest for PO SGNs, whereas the fraction showing
bipolar morphology was highest at P20, especially after
treatment with ALL factors. These findings suggest that
the capacity of SGNs to initiate regrowth of neurites
changes in an age-dependent manner and that the SGNs
retain the capacity to respond to exogenous neurotrophic
factors for neurite regrowth, even when the neurons are
functionally mature. :

A few studies have addressed the regulauon of neurite
morphology as modulated by growth factors. When disso-
ciated DRG neurons are cultured in the absence of NGF,
most of the neurons exhibit unipolar morphology, whereas
NGF or NT-3 treatment dramatically increases the percent-
age of bipolar neurons (Lentz et al. 1999). NGF and NT-3

have also been demsonstrated to produce differential effects
on central and peripheral neurite growth patterns of trigem-
inal ganglion neurons in whole-mount explant cultures (Ulu-
pinar et al. 2000). Neonatal mouse SGNs tend to show
increased bipolar morphology after LIF, ciliary neurotrophic
factor, or oncostatin treatment (Whitlon et al. 2007). These
observations clearly show that neurotrophic factors are in-
volved in the initiation of neuritogenesis, although molecular
mechanisms regulating this morphology remain largely un-
known. The findings in our study suggest that our cocktail of
neurotrophic factors should be useful in studies of the trans-
plantation of neural stem cells into spiral ganglia, in 'which
the development of neurons with bipolar morphology is
necessary to restore the functional connection between the

.. organ of Corti and the brainstem.

Potential limitations of the study

Several limitations need to be acknowledged with regard to
the present study. First, we harvested and dissociated SGNs
from along the entire length of the cochlea. Therefore, our
results reflect the average response of SGNs from all co-"
chlear turns at each developmental age. Recent studies have
demonstrated that SGNs present at different cochlear posi-

tions can vary in their physiological properties in response

to neurotrophins (Adamson et al. 2002; Davis and Liu
2011). SGNs located in the apex show NT-3-specific pat-
terns in terms of their electrophysiological properties and
their molecular expression in response to the higher expres-
sion of NT-3 in the apical region, wheréas SGNs ‘in the base
show BDNF-specific patterns in response to the higher
expression of BDNF in the basal region. This finding raises
the possibility that the SGNs of different turn origin might
respond to neurotrophins dlffetenﬂy with respect to survival
and neuritogenesis.
A second limitation is that our study did not dlfferennate ~

the responses of type I versus type Il SGNs, since the

_ reliable differentiation of these two newronal types is diffi-

cult based purely on their morphology in culture. Moreover,
rat type | SGNs unfortunately up-regulate the type IT marker
peripherin in culture. Although the majority of SGNs har-
vested should have been type 1, a recent study has demon-
strated that the proportion of type Il/type I in mice decreases
with age (Barclay et al. 2011). In addition, BDNF more
strongly supports the survival and neuritogenesis of type 1T
SGNs in explants (Barclay et al. 2011). Therefore, similar
neuronal-type-specific differences in trophic dependence
might have influenced the data of our study.

A third limitation concerns the possible influence of other
experimental factors that could affect the survival and neu-
ritogenesis of SGNs in dissociated cell culture. Qur data
could have been influenced by mechanical and chemical
stresses during dissociation, the specific coating of the glass
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culture surface and the type of culture media, in addition to
the supplemention of neurotrophic factors. The response of
SGNs to these factors might also be age-dependent and
might have influenced our results. These issues need to be
addressed in firther investigations.

Concluding rcmarks

The present study demonstrates that the responsiveness of
rat postnatal SGNs to neurotrophic factors with regard to
several indices of growth changes in an age-dependent
manner, that various factors can exert intluences that are
quite distinct from one another and that strong synergistic
effects are observable between factors. Improved knowl-
edge of the processes that occur during the development of
SGNs should be valuable to facilitate the maintenance of
SGNs and their dendrites and also the development of
regenerative therapies to improve the efficacy of cochlear
implants. :
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ARTICLE INFO ABSTRACT

Osteogenesis imperfecta (O1) is a connective tissue disorder characterized by a deficit in the synthesis of
type I collagen. Hearing loss affects 42-58% of Ol patients and progresses to deafiiess in 35-60% of these
patients. For Ol patients, cochlear implantation (CI) is the only promising treatment option. However,
literature on C1 in patients with Ol is relatively rare. After CI, speech perception is generally good.
However, among patients with severe demineralization of the cochlea, most patients are reported to
have complications of facial nerve stimulation (FNS), preventing some patients from using the cochlear
implant on a daily basis. Here we report a successful CI using a Nucleus CI24 Contour Advance cochlear
implant in a patient with OL Although high-resolution computed tomography (HRCT) showed extensive
demineralization of the cochlea, intracochlear electrodes were inserted properly. The use of a modiolus-
hugging device and the advance off-stylet technique contributed to the successful implantation, with no
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complications such as FNS or misplacement of electrodes. Therefore, CI can be used for treating deaf .

patients with OL

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Osteogenesis imperfecta (OI) is a connective tissue disorder
characterized by a deficit in the synthesis of type I collagen [1]. O1
was first described by van der Hoeve and de Kleyn in 1917 [2] and,
therefore, is also known as van der Hoeve-de Kleyn syndrome. The
disease is characterized by brittle bones, blue sclerae, defective
dentition and hearing loss [3]. Progressive hearing loss has been
reported, including conductive, sensorineural, or mixed types [4].
Conductive hearing loss may be the result of a fracture or localized
dehiscence of the stapedial arch, distal atrophy of the long process
of the incus, or fixation of the stapedial footplate [1]. Sensorineural
hearing loss is caused by microfractures, hemorrhage, and
encroachment of reparative vascular and fibrous tissue in and
around the cochlea [1]. Previous studies have reported hearing loss
in 42-58% of Ol patients and profound deafness in 35-60% of OI
patients [5~9]. Hearing loss usually begins in the late teens in Ol
patients. The sensorineural component appears and progresses
gradually in the third decade, resulting in profound deafniess by the
end of the fourth to fifth decade [7]. Cochlear implantation (CI) is
the only treatment option for profound sensorineural hearing loss.

However, the scientific and medical literature on CI in patients .
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with Ol is relatively rare [5-10)]. After CI, speech perception is
generally good. However, most patients with severe deminerali-
zation of the cochlea are reported to have commplications of facial
nerve stimulation (FNS). Several cases of electrode mis-insertion '
have also been reported. Some patients with such complications
give up daily use of the cochlear implant [7,11].

Here, we report a successful Cl using a Nucleus CI124 Contour
Advance (CA) cochlear implant in a patient with Ol. Although high-
resolution computed tomography (HRCT) showed extensive
demineralization of the cochlea, intracochlear electrodes were
properly inserted without any of the common complications.

2. Case presentation

A female patient had several episodes of bone fractures due to
minor trauma from childhood. At 18-years of age, she began to
complain of bilateral hearing loss. A clinical examination revealed -
blue sclerae with hearing loss, and the patient was diagnosed as O]
based on the clinical criteria [12] at the age of 21 years, The patient
had no family history of Ol or hearing loss, except for her
grandfather who had presbycusis. At the age of 27 years, the
patient underwent an ossiculoplasty of the left ear that unfortu-
nately resulted in deafness. Subsequently, she began to wear a

- hearing aid in the right ear. At the age of 52 years, the patient

consulted our department when her hearing acuity in the right ear
worsened. An otoscopy examination revealed normal tympanic
membranes in both ears. A pure-tone audiogram demonstrated




2 Y. Makizumi et al./Auris Nasus Larynx xxx (2012) xxx-xxx

Frequeney (Hz)
125 250 500 1,000 2,000 4,000 8,000

Hearing Level (dB)
Lo
=3

210‘ '/@i\'

120 - “ e
130 ’ B

i
H
i
i
i
i
i

N A"

Fig. 1. Preoperative audiogram. A pure-tone audiogram demenstrated pmfound
sensormeural hearing loss in both ears.

profound sensorineural hearing loss in both ears (Fig. 1). A speech
discrimination test revealed nao identification ability in both ears.
Speech recognition scores with a hearing aid showed that only 10%
of phonemes were recognized in the open set condition and 24%

were recognized with verbal cues. The vestibular evoked myogenic
potential (VEMP) was absent in both sides. A caloric test did not
evoke nystagmus in either ear. A promontory stimulation test
produced good auditoty perception in both ears. HRCT revealed
severe demineralization of the pericochlear and vestibular dreas in
both sides, and the outline of the cochlea was almost unrecogniz~
able (Fig. 2). Magnetic resonance imaging (MRI) showed fluid

" intensity in the entire cavity of the right cochlea. However, fluid

intensity in the scala tympani of the basal turn was decreased in
the left cochlea (Fig. 3). The right and left cochlear nerves were well
recognized on MRI

Because there was along period of auditory deprivation of theleft
ear and the MRI suggested partial occlusion in the basal turn, we
decided to perform CI for the right ear. At the age of 54 years, the
patient underwent surgery in the right ear to implant the Nucleus

. CI24R Contour Advance device. A mastoidectomy and a posterior

tympanotomy were performed uneventfully. The foramen obtur-
atum and the oval window were obliterated, and the round window
was barely identified by the new bone formation of the promontory.
We performed chocleostomy using the location of stapes as a
landmark. The bone of the cochlear capsule was spongiotic and
fragile; however, a cochleostomy was easily performed and the scala
tympani was identified. All of the 22 electrodes were inserted

_ successfully using the advanced off-stylet (AOS) technique. Postop-

erative neural response telemetry (NRT) showed good responses in
all electrodes without FNS. Postoperative radiography and HRCT
revealed the fully inserted electrodes inside the cochlea (Fig. 4). All of
the electrodes showed normal impedance at first stimulation, and

Fig. 2. Preoperatlve CT image of the cochlea. High resolution camputed tomography (HRCT) revealed significant demmerahzatlon of the right and left pencochlear and .

vestibular areas, and the structures of the cachleae were almost unrecognizable.
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Fig. 3. Preoperative MRI image of the cochlea. Mm demonstrated fluid content in
the entire right cochlea. However, in the left cochleg, the fluid content in the scala
tympani of the basal turn showed a defect, which suggested a partial occlusion.

no FNS was found during the stimulation. At the 6-month
pastoperative evaluation, the perception scores of monosyllables,
words, and sentences using the CI and without any other cues were
62%, 70%, and 91%, respectively. These results indicated that the
patient had good speech perception.

Fig. 4. Intraoperative radiograph and postoperative HRCT images of the cochlea,
Intraoperative radiograph (a) and postoperative HRCT images (b and ¢) showed
fully inserted electrodes.

3. Discussion

‘We have reported the case of an Ol patient with a severely
demineralized cochilea who underwent a successful operation for
(], resulting in good speech perception. No complications such as
FNS and misplacement of electrodes were observed following the
operation. )

Ol is a heterogeneous disease of the connective tissue caused
by defective genes (COL1A1 and COL1A2). COL1A1 and COL1A2

are responsible for the pi‘oduction of collagen type I, and.

mutations lead to defects in the bone’ matrix and connective
tissue {7]. Recent studies have shown that reduced bone mineral
density as-a feature of OI and examining bone mineral density
using the devices such as X-ray absorptiometry and peripheral
quanitative computed tomography as well as genetic screening
are becoming another powerful tool for the diagnosis of 01 [13].
In this case, however, we made the diagnosis of Ol based on the
traditional criteria introduced by Sillence et al. [12]. Previous
studies have reported various results for the prevalence of OI,
ranging from 1/10,000 to 1/30,000 [6,14]. it has been reported
that 2-35% of Ol patients progress to deafness, with CI being the
only promising treatment option [7-9]. To date, only 10 cases of
CI with OI have been reported, including the present case. The
HRCT findings of OI are as follows: (1) extensive dematerialized

‘bone involving all or part of the otic capsule and extending as

high as the upper margin of the superior semicircular canal; (2)
fenestral manifestations caused by proliferation of bone, such as
a narrow middle ear cavity, an enveloped stapes footplate, and
obliterated windows with irregular and indistinct margins; and
(3) involvement of the facial nerve canal in the dysplastic
process [15]. These clear findings can lead surgeons to
underestimate the remaining cochlear structure and space for
electrodes thus improperly limiting the scope of CL This may be
the reason for the relatively small number of Cls reported for Ol
In the present case, HRCT demonstrated extensive deminerali-
zation of the bony labyrinth, and the strutture of cochlea was
barely distinguishable. In contrast, a T2-weighted fast spin-echo
(3D-FSE) MRI revealed a distinct fluid signal in the right cochlea.
Based on this additional information provided by the MRI, we
confidently decided to carry out CL ‘

In the present case, MRI showed a partial occlusion of the basal
turn in the left ear. The previous ossiculoplasty might have elicited
the occlusion, but we cannot deny the possibility that this
occlusion was the result of ossification due to Ol Occlusion of

the cochlea has also been reported in patients with otosclerosis,

who have shown a similar proliferation of bones around the
cochlea [16]. The genetic association with COL1A1 has been
reported also in otosclerosis. Chen et al. suggested that otosclerosis
has an asscciation with single nucleotide polymorphisms in the
regulatory regions of COL1A1, whereas Ol is caused by a reduction

.in total COL1A1 mRNA secondary to mutations in COL1A1 [17].Itis

possible that the association with COL1AT in both of two diseases
may cause the similar demineralization of the cochlea and that the
difference in the mechanisms of COL1A1 disorder may determine
the characteristics of each disease. As the present report shows,
the condition of the cochlea should be carefully examined
preoperatively by both HRCT and MRI. Otherwise, an evaluation
by CT alone may lead to a misunderstanding of the operative
indication for CI.

Because of severe demineralization of the otic capsule, Cl in
0Ol is challenging and is often accompanied by several
complications. One such complication is FNS, and another is
the misplacement of electrodes. Six patients with severe
demineralization of the otic capsule have been reported to
experience FNS as a complication after Cl [5-8]. Most of the

patients continued using the implant after switching off several

-
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electrodes that caused the FNS. However, 2 patients discon-
" tinued use of the cochlear implant due to severe discomfort. It
has been postulated that FNS is induced by deviant current
spread throughout dehiscent or otospongiotic bone, where
impedance is low; resulting in an electrical field in the proximity
of the facial nerve [18]. Perimodiolar electrodes of the Nucleus
CI24R CA device are tightly shielded against the lateral spread of
current and theoretically are less likely to elicit FNS [19]. A C1
study of patients with otosclerosis who had histopathologically
similar demineralization of the cochlea showed a higher
incidence (44%) of FNS in patients implanted with non
modiolus-hugging devices than in those implanted with
modiolus-hugging devices (10%) [20]. In the present case, no
. FNS occurred despite severe demineralization of the otic
capsule. This is the first report of a successful C1 with a
perimodiolar designed electrode in an OI patient with severe
demineralization of the cochlea. Additional cases are needed to
establish the efficacy of the perimodiolar electrode for prevent-
ing FNS. However, perimodiolar designed electrodes may be
preferable for Ol patients to prevent FNS complications.

Another significant complication of CI in Ol patients is
misplacement of the electrodes. Two cases of misplacement have
been reported. The risk of misplacement of the electrode array in a
spongiotic otic capsule has also been described in patients with
otosclerosis {20]. Cochlear otosclerosis is similar to Ol because
otaspongiotic changes of the otic capsule and abnormal bone
proliferation around a promontory of the otic capsule are observed

" in both conditions. In an Ol patient, it is difficult to identify the
round window niche or oval window [5]. Therefore, cochleostomy
is challenging due to a lack of anatomical landmarks. Even when
cochleostomy is performed in the proper place, the electrode can
easily destroy the capsule and penetrate into the surrounding
structures during insertion due to the soft and brittle nature of the
cochlear bone. Recently, €I devices have been developed to
minimize insertion trauma. The CA electrode may be used as an
alternative to the traditional straight electrade, applying the AOS
insertion technique so that the electrode does not touch the outer
wall of the cochlea, thus reducing the risk of trauma to the cochlea
[21]. With this technique, the slower insertion speed of the
electrodes is also reported to impact the insertion force and reduce
the risk of trauma {22]. Therefore, using this new, less traumatic
device with a slower electrode insertion speed can prevent
misplacement.

Our patient could recognize of 62% of phonemes, 70% of words,
and 91% of sentences. Therefore, we concluded that the CI was
successful. Berger et al. [23] reviewed the histopathology of the
temporal bone in Ol and suggested that progressive sensorineural
hearing loss results from hemorrhage into the inner ear spaces.
Subsequently, the accumulated cells and plasma proteins may
disturb the inner ear dynamics and alter the electrolyte gradients.
In this pathological condition, the spiral ganglion cells are
assumied to be well preserved; therefore, good performance can

be expected after Cl. Nevertheless, 3 patients had an unsuccessful

result in previous report. Two of these unsuccessful results were
attributed to misplacement of the electrodes and severe FNS [7].
Another case involved a 6-year-old child who had profound
sensorineural hearing loss from 6 months of age [8]. The poor
result observed in this case can be attributed to the late age of
implantation. These results show that if the electrodes are
inserted properly within the appropriate period, sufficient speech
perception can be expected and that Cl surgery is a promising
choice of treatment for Ol.

4. Conclusion

We reported. the case of an Ol patient showing severe
demineralization of the cochlea on HRCT. Preoperative MRI
showed sufficient space for the Cl in the basal turn of the right
cochlea. All 22 intracochlear electrodes were successfully inserted,
and no complications, such as FNS and mis-insertion, occurred. We
attribute this success to the use of modiolus-hugging electrodes.
The results of postoperative speech perception were good and
consistent with those of previous reports.
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,Abstract

‘Screenmg for. gene mutatlons in CDH23 wh|ch has many exons, has Iagged even though itis hkely to be an 1mportant cause'
~for hearing loss patients. To assess the importance of CDH23 mutations.in non—syndromlc hearing loss, two-step screening
“was apphed and’ clinical, charactenstlcs of the. patients ‘with: CDH23 mutations were . examinéd. in ‘this” study. As afirst
~.screening, we performed Sanger sequencmg ‘using- 304 probands compatlble thh recessive mherltance to. find: the.

pathologic: mutations. Twenty-six possible rmutations’ were.detected to be’ pathologlc in'the first screening: For the second
* screening, using ‘the probes for these 26 mutatlons, a large cohort of: probands {(n=1396) was :scréened: using Tagman"

‘amplification-based. mutation’ analysis followed by Sanger sequencing.’ “The- hearlng loss in. a total of 52 families (10’
“homozygous; 13. compound heterogygous, and 29 heterozygous) was found to be caused by the CDH23‘mutations. The

‘majority ‘of the patients showed congenital, high frequency involved, progressive. hearmg loss. lnterestmgly, some particular
--mutations cause late onset moderate hearing loss, The present study is. the first to demonstrate the prevalence of CDH23
. ,mutatlons ~among non- syndromtc heanng loss patlents and mdlcated tha’c mutatlons of the" CDH23 gene are an |mportant
" cause of non- syndromlc hearmg loss : . .

Citation: Miyagawa M, Nishio Siy,‘ Usami S-i (2012) Prevalence and Clinical Features of Hearing Loss Patients with CDH23 Mutations: A Large Cohort Study. PLaS
ONE 7(8): @40366. doi:10.1371/journal.pone.0040366

Editot: Iris Schrijver, Stanford University School of Medicine, United States of America
Raceived Jahuary 22, 2012; Accepted june 4, 2012; Published August 10, 2012

Copyright: © 2012 Miyagawa et al. This is an open-access article distributed under the terms of thé Creative Comimons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the otiginal author and source are credited.

Funding: This study was supported by a Health and Labaur Sciences Research Grant for Comprehensive Research on Disability Health and Welfare from the
Ministry of Health, Labour and Welfare of Japan (http://www.mhlw.go jp/english/) (SU), by the Acute Profound Deafness Research Committee of the Ministry of
| Health, Labour and Welfare of Japan (http://www.mhlw.go.jp/english/) {SU), by a Health and Labour Sciences Research Grant for Research on Specific Diseases
(Vestibular Disorders) from the Japanese Ministty of Health, Labour and Welfare (http://www.mhlw.go.jp/english/) (SU), and by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science and Culture of Japan (http//www.mext.go jp/english/) (SU). The funders had no role in study design, data

collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: usami@shinshu-u.acjp

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Mutations in the CDH25 (NM_22124) gene are known o be
responsible for both Usher syndrome type ID (USHID) and non-
syndromic hearing Joss (DFNB12) [1,2]. Molecular confirmation
of GDFI23 mutations has become important in the diagnosis of
these conditions.

This gexic encodes cadherin 23, a protein of 3334 amino acids
with 27 extracellular (EC) domains, a single transmembrane
domain and a short cytoplasmic domain, Cadherin-specific amine
acid motifs such as DRE, DXNDN, and DXD, that arc highly
conserved in sequence and spacing and required for cadherin
dirnerization and calcium binding were found in each extracelluar
domain [3]. .

The cadherin 23 protein is known to be an important’
composition of the tip link that maintains the arvangement of
streocilia [4].

More than 50 mutations have heen repnrtcd for the Usher
phenotype (USHID) and 24 mutations reported for the non-
syndromic hearing loss phenotype (DFNB12) [1,25-7]. As
suggested by genotype—phenotype correlation study, Usher 1D,
which has congenital profound hearing impairment, vestibular
dysfunction, and retinitis pigmentosa, is usually associated. with
nonsense  mutations, whereas DFNB12, which has a milder
phenotype, is associated with missense mulations [1,2,5-8].

PLOS ONE | www.plosone.org

We previously reported that four pathologic mutations were
identificd in 5 out of 64 Japancsc familics compatible with
autosomal recessive inheritance, suggesting that GDF23-cansed
deafness may be commonly found among non-syndromic hearing
loss patients [6]. GFB2 has been shown to be a common genc
involved in congenital hearing impairment. SLC2644 is also
frequently involved among those patients. G¥B2 and SLC2644 are
comparatively small making Sanger scquencing rclatively casy.
The latter is also associated with the typical inmer ear anomaly,
enlarged vestibular aqueduct. Therefore, screening is relatively
casy and many studies have focused on just these two genes.
Clinical molecular diagnosis has been dramadcally improved for
these genes. However, screening strategy of other hearing loss
genes is ditticult and Sanger sequencing of the candidate genes,
such as  CDH23, with many exons is time consuming. Conse-
quently, only a few reports arc available for the mutation spectrum
of CDH23.

In the present study, we performed Sanger sequencing using
304 patients whose pedigrees are compatible with recessive
inheritance to find additional pathologic mutations. Also, to find
the novel pathologic mutations and to clarify the frequency and
clinical characteristics of patients with CDH23 muvations, a large
cohort of probands from unrelated families (n=1396) was
screened using TagMan amplification-based mutation aualysls of
the variants obscrved in the initial 304 paticnts.
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