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Functional Reorganization of Cortical Language Networks in
Individuals with Profound Deafness

Yasushi Naito
(Kobe City Medical Center General Hospital)

First, we compared cortical activation by speech in postlingually deafened cochlear implant (CI) users
with that in normal hearing subjects using positron emission tomography (PET). Increased activation was
observed in CI users not only in the temporal cortices but also in Broca’s area and its right hemisphere
homologue, supplementary motor area (SMA) and anterior cingulate gyrus. These regions are thought to
be establishing ‘working memory for language decoding and encoding, enabling the brain to maintain an
internal copy of the original auditory message, which might be activated more in CI users than in normal
subjects. Next, we used 18F-fluorodeoxyglucose (FDG)-PET to measure the cortical glucose metabolism
in profoundly deaf children with visual language stimuli and observed significantly higher cortical
metabolism in the pre-central gyrus, middle temporal gyrus in the right hemisphere, and superior
temporal gyrus and superior parietal lobule. Individual analysis revealed a strong cortical activation in a
child who was the worst user of spoken language, while there was no significant increase in the overall
cortical metabolism in the child who was the best user of spoken language. Our recent study also revealed
a correlation between the functional reorganization pattern of language networks and the genetic cause
of deafness in profoundly deaf individuals. Our results confirmed that the temporal auditory cortices of
deaf children develop to process visual aspects of language if they do not receive sufficient auditory
signals and depends on visual cues. FDG-PET with a visual language task provided objective information
on the development and plasticity of cortical language networks. Functional brain imaging may be of help
for both the parents of hearing-impaired children and the professionals involved in their habilitation and
education decide upon the appropriate mode of communication for each child.
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ABSTRACT

Neurotrophins participate in regulating the survival, differentiation, and target innervation
of many neurons, mediated by high-affinity Trk and low-affinity p75 receptors. In the co-
chlea, spiral ganglion (SG) neuron survival is strongly dependent upon neurotrophic
input, including brain-derived neurotrophic factor (BDNF), which increases the number
of neurite outgrowth in neonatal rat SG in vitro. Less is known about signal transduction
pathways linking the activation of neurotrophin receptors to SG neuron nuclei. In partic-
ular, the p38 and cJUN Kinase (JNK), mitogen-activated protein kinase (MAPK) pathways,
which participate in JNK signaling in other neurons, have not been studied. We found
that inhibition of Ras, p38, phosphatidyl inositel 3 kinase (PI3K) or Akt signaling reduced
or eliminated BDNF mediated increase in number of neurite outgrowth, while inhibition
of Mek/Erk had no influence. Inhibition of Rac/cdc42, which lies upstream of JNK, mod-
estly enhanced BDNF induced formation of neurites. Western blotting implicated p38
and Akt signaling, but not Mek/Erk. The results suggest that the Ras/p38 and PI3K/Akt
are the primary pathways by which BDNF promotes its effects. Activation of Rac/cdc42/
JNK signaling by BDNF may reduce the formation of neurites. This is in contrast to our
previous results on NT-3, in which Mek/Erk signaling was the primary mediator of SG
neurite outgrowth in vitro. Our data on BDNF agree with prior results from others that
have implicated PI3K/Akt involvement in mediating the effects of BDNF on SG neurons
in vitro, including neuronal survival and neurite extension. However, the identification
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of p38 and JNK involvement is entirely novel. The results suggest that neurotrophins can
exert opposing effects on SG neurons, the balance of competing signals influencing the
generation of neurites. This competition could provide a potential mechanism for the
control of neurite number during development.

Published by Elsevier B.V.

1. Introduction

Neurotrophins play a critical role in neural development, reg-
ulating differentiation, neurite extension, target innervation
and survival (Bibel and Barde, 2000). Brain-derived neuro-
trophic factor (BDNF) and neurotrophin-3 (NT-3) are well
known to influence neurons in the inner ear.

In particular, mice deficient in BDNF exhibit reduced co-
chlear neuronal populations, especially in the apical turn
(Bianchi et al,, 1996; Ernfors et al., 1994, 1995; Farinas et al,,
2001; Fritzsch et al, 1997a, 1997b). We, and others, have
noted a dramatic effect of BDNF on developing spiral ganglion
(SG) neurons in culture. BDNF treatment enhances survival of
dissociated SG neurons {Malgrange et al.,, 1996), dramatically
increases neurite number on SG explants (Pirvola et al., 1994}
and promotes SG neurons survival in vivo (Leake et al,, 2011).

Recently, Leake et al. (2011) demonstrated in necnatally
deafened kittens and Landry et al. {2011} in adult deafened
guinea pigs that chronic BNDF delivery from a miniosmotic
pump improved electrically evoked auditory brainstem re-
sponse thresholds. The authors therefore concluded that
BDNF may have potential therapeutic value for the use with
cochlear implants in the future. Furthermore, increasing re-
ports are available on the potential therapeutic role of BDNF
in a range of central nervous system {CNS) disorders such as
amyotrophic lateral sclerosis, Parkinson’s disease, peripheral
neuropathy, Alzheimer’'s disease, Huntington’s disease and
stroke (reviewed by Nagahara and Tuszynski, 2011).

Neurotrophins signal primarily via high-affinity tyrosine
kinase receptors in the cochlea, TrkB and TrkC (Pirvola et al,,
1994}, with some contribution from the low-affinity p75 recep-
tor {Schecterson and Bothwell, 1994). BDNF signalingis mainly
mediated via TtkB receptors and TrkB and p75 receptors are
expressed by SG neurons throughout the inner ear (Knipper
et al.,, 1996; Pirvola et al,, 1994; Sano et al,, 2001). Mice null
for TrkB are reported to lose 15-20% of SG neurons (Fritzsch
et al., 19973, 1997b). BDNF increases neurite number on SG ex-
plants in vitro throughout the entire length of the cochlea with
no difference in the responses from different cochlear turns
(our own unpublished data).

We previously found that Ras or Mek/Erk inhibition blocked
NT-3 effects on SG neurites, while p38 inhibition had no effect
(Aletsee et al,, 2001). Mice with mutations in the docking site
for the Shc adaptor protein on the TrkB receptor, which would
be expected to reduce both Ras/MAPK and phosphatidyl inositol

3 kinase (PI3K) signaling, showed modest reduction in SG .

neuron survival (Postigo et al., 2002).

To explore BDNF signal transduction in SG neurons, 8G
explants were treated with BDNF in the presence of specific
inhibitors of intracellular signaling pathways involved in
TrkB signaling in the inner ear and other neuronal systems,

and activation of signaling proteins was assessed by Western
blotting.

2, Results
2.1.  BDNF increases SG neurite number but not length

Corisistent with previous studies (Hartnick et al., 1996; Hegarty
et al, 1997), treatment of neonatal SG explants with BDNF
resulted in a significant increase (p<0.05) in the number of SG
neurites present on each explant (Figs. 1 and 2). In contrast,
and also consistent with prior results (Malgrange et al., 1996),
there was no effect of BDNF treatment on the length of SG
neurites (Figs. 1 and 3).

2.2.  Inhibitors of several signal transduction pathways
alter BDNF-induced increases in SG neurite number

The influence of signaling inhibitors on the BDNF-induced
increase in neurites on SG explants is illustrated in Figs. 1
and 2. When BDNF treatment occurred in the presence of
the pan-G-protein inhibitor GDPRS, there was no significant
influence (p>0.06). In contrast, the specific Ras inhibitor FTI-
277 virtually eliminated the BDNF-induced increase in SG
neurite number at all inhibitor doses (p<0.03). While the
MEK/Erk inhibitor U0126 had no effect (p>0.08), the p38 in-
hibitor SB203580 reduced the BDNF response at all doses
(p<0.02). Interestingly, the Rac/cdc42 inhibitor C difficile toxin B
significantly increased the BDNF effect on neurite number,
but only at the lowest dose employed {p<0.04). The PI; kinase
inhibitor Wortmannin reduced the BDNF effect, but only
at the highest dose employed (p<0.0001). Akt inhibitor I
significantly attenuated the BDNF effect at 100 nM (p<0.0001)
and 1nM (p<0.01), but not at 0.1 (p<0.08). The PKA inhibitor
KT5720 did not alter BDNF effects on SG neurites. When
applied alone at the effective dose, or at the highest dose
used when no effect was observed, none of the inhibitors
influenced SG neurite number.

2.3.  Signal transduction inhibitors influence SG
neurite length

As discussed above, BDNF alone did not affect SG neurite
length. Nevertheless, some signaling inhibitors in the pres-
ence of BDNF significantly altered neurite length (Fig. 3). The
Rac/cdc42, G protein, Mek/Erk and Akt inhibitors each de-
creased SG neurite length at all doses employed (p<0.04).
The PI3K inhibitor Wortmannin decreased length at the
highest dose (p<0.04). The PKA inhibitor KT5720 increased
neurite length at all doses (p<0.04). When explants were
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BDNF 10 ng/mi *

BDNF + GDP3S 1 mM

Fig. 1 -~ Representative SG explants stained with anti-200 kDa neurofilament antibody, for each experimental condition. Scale

bar 300 pm.

exposed to the inhibitors alone, neurite numbers were in-
creased by UO126 at 1000 nM (p<0.05), and decreased by
Akt inhibitor II at 1 nM (p<0.02). None of the other inhibi-
tors used affected neurite length when applied alone.

2.4. BDNF increases both SG neuron survival and
neurites/neuron

The methods used above could not distinguish' whether
BDNF-induced increases in the number of neurites on SG ex-
plants were due to increased SG neuron survival, neurite
branching within the explant, or both. We therefore explored
alternate methods, and found that a different fixation and
staining regimen combined with clearing allowed visualiza-
tion of SG somata in explants larger than those used for the
studies above. The results of culture and BDNF treatment on
SG neuron survival in this model are illustrated in Fig. 4.
Freshly dissected SG explants contained an average of 0.466°
SG neurons/um of ganglion. Control samples cultured without
BDNF for 72 hours showed 0.050 {(+.010) neurons/um, while ex-
plants cultured with BDNF showed 0.131 (x.014) neurons/um.
Thus, BDNF resulted in a 162% increase in SG neuron survival
compared to untreated explants. Of course, no neurites were
observed on freshly dissected explants. Howevet, control ex-
plants cultured without BDNF for 72 hours showed 0.020 (=
.006) neurites/um. Thus, neurites extending from the explants
represented only 40% of surviving neurons. BDNF resulted in a
520% increase in the number of neurites that extended from

the explant when compared to control explants, representing
both increased survival and increased neurites/neuron.

2.5.  BDNF activates p38 and Akt in SG

Westemn blotting revealed specific activation of cell signaling
in SGNs by BDNF. Using Actin as an internal control, normal-
ized phospho-38, phospho-Akt and phospho-Erk levels were
expressed as % of control. In three replicates, the relative
intensity of phosho-p38 and phosho-Akt was increased in
BDNF treated tissue compared to tssue in culture media
only. In contrast, only a modest not statistically significant
increase in activated Erk MAPK was noted (Fig. 5).

3. Discussion

In the current study, we show that Ras/P38 and PISK/Akt but
not Mek/Erk signaling mediate BDNF-induced neurite forma-
tion on neonatal cochlear SG explants. In order to assess the
signaling pathways mentioned above, we first evaluated the
effects of BDNF alone on SG neurites in vitro. Then, SG ex-
plants were treated with BDNF in the presence of specific
inhibitors of the intracellular signaling pathways involved
downstream from TrkB signaling. Finally, we confirmed ac-
tivation of signaling proteins by Western blotting.

The observation that BDNF treatment results in substan-
tially more neurites on SG explants is consistent with increases
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Fig. 2 ~ Average number of SG neurites chserved on SG explants. The number of neurites observed on control and BDNF-treated
explants are compared to that seen with three different levels of each signaling inhibitor in addition to BDNF. Lines represent
one SEM. BDNF was significantly different from control in all cases. Asterisks denote statistical difference of inhibitor plus

BDNF groups from the BDNF-alone group. n=12 for each experimental condition, except Rac/cdc42 inhibitor C. difficile toxin B

n=18.

in neuronal survival that have been observed with dissociated
SG neurons (e.g. Hartnick et al., 1996). However, when survival
and neurite number were compared directly, we noted an
even greater increase in the number of neurites/neuron follow-
ing BDNF treatment. This was not associated with an obvious
branching of the fibers, nor did the number of neurites exceed

one per neuron, indicating that BDNF also increased the pro-
duction of individual, unbranched neurites on SG neurons.
Thus, BDNF appears to be both a survival promoting and
neuritogenic factor for SG neurons. The lack of effect of
BDNF on neurite length also agrees with several previous
studies (Hartnick et al., 1996; Malgrange et al., 1996).
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Fig. 3 - The average length of SG neurites observed on SG
explants. The length of neurites observed on control and
BDNF-treated explants is compared to that seen with signaling
inhibitors in addition to BDNF. Lines represent one SEM.
Asterisks denote statistical difference of inhibitor plus
BDNF groups from the BDNF-alone group. n=12 for each
experimental condition, except Rac/cdc42 inhibitor C. difficile
toxin B n=18. Since BDNF did not alter neurite length, the
inhibitors are presumably affecting alternative signaling,
perhaps integrin activation by the fibronectin substrate.

It should be noted that we could not distinguish between
the dendrites and axons of SG neurous, since we have not
found markers that distinguish between the two in explants.

Simnilarly, we could not distinguish between type I and type
I SG neuron neurites, since peripherin labeling does not dis-
tinguish these two classes of neurons in the rat in culture,
due to up-regulation of peripherin in type I neurons in vitro
{Lallemend et al., 2007). However, since 95% of SG neurons
are type I cells, it seems likely that this class of neuron
dominates our results.

Our in vitro data on neuronal survival can also be related to
in vivo observations of the SG. The endogenous expression of
BDNF in the cochlea appears to vary during the period under
study. At birth, BDNF is seen in rat inner and outer hair cells
(HC) and along the length of the cochlea (Pirvola et al., 1952)
and is present in the supporting cells (SCs) of the mouse
organ of Corti only in the apical tumn (Farinas et al, 2001).
Wheeler et al. (1994) and Wiechers et al. (1999) reported that
BDNF mRNA in HCs declined to background levels by P3-P4.
Wiechers et al. (1999) observed BDNF mRNA in SCs and outer
HCs at P6-P8, while Ylikoski et al. (1993) noted BDNF mRNA
in both inner HCs and outer HCs at P7. Weichers et al. {1999)
evaluated the expression of BDNF at the protein level during
the first two postnatal weeks in mice, using immunchisto-
chemistry. They found that BDNF is present in inner HCs
and outer HCs at P1, and then disappears at P3. However, at
P3 BDNF is found in some SG neurons. BDNF then reappears
in HCs and SCs at P6, and is observed at high levels in SG
neurons. At P10, BDNF is only present in some SCs and in
scattered SG neurons. These results suggest that HCs pro-
duce BDNF during the first few days after birth, with a decline
around P3-P4, but recovery by P6-P7. SG neurons also tran-
siently express BDNF, beginning around P6. Riittiger et al.
{2007) showed that BDNF is not expressed in the organ of
Corti, but in the SG in adult gerbils. While there was no
change in BDNF expression in the apical turn, a moderate
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Fig. 4 - Effects of BDNF treatment on neuronal survival and extension of neurites from half-turn SG explants. (A) Explant from a
fresh dissection. (B) Explant after 72 hours in culture without BDNF treatment. (C) Explant after 72 hours in culture with BDNF
treatment. (D) BDNF resulted in an increased SG neuron survival and (E) increased number of neurites that extended from the
explant compared to untreated explants. Scale bar 100 pm. n=12 in each experimental condition. Lines represent one SEM.
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exposed either to culture media alone or with 25 ng/mi BDNF. Six whole SG were used per individual blot. Actin was used as an
internal control. Phospho-protein levels were determined by densitometry and were normalized against actin. BDNF treated
levels are expressed as % of control values. Phospho-p38 and phospho-Akt were significantly increased by BDNF treatment
{p<0.05}, whereas phospho-Erk levels were not. Bars show the meanzone SEM of 3 independent experiments.

decrease in expression was seen in midbasal turns during
aging. In contrast, a recent study by Liu et al. (2011) on adult
surgical human cochlear specirnens showed no expression
of BDNF protein either in the organ of Corti or in the SG.

Our data indicate that SG neurons and neurites are highly
sensitive to BDNF during the period in which declines in pro-
duction are observed, around P3-P5. This is in line with elec-
trophysiological experiments on P3-P8 neonatal mouse SG.
Adamson et al. (2002) demonstrated that BDNF alters the en-
dogenous membrane properties and channel types in such a
way as to generate faster accommodation and kinetics. It
can be speculated that Akt and/or p38 signaling may contrib-
ute to these effects.

It is possible that early postnatal production of BDNF in the
organ of Corti maintains SG neurons and neurites during the
period of reorganization of innervation. The decline in pro-
duction may then induce apoptosis, with those neurcns that
ultimately survive having successfully innervated HCs, while
neurons that fail to synapse on HCs die from lack of trophic
support. SG neurons are reported to undergo substantial apo-
ptosis during the first postnatal week in rodents (Echteler and
Nofsinger, 2000).

Our signaling results suggest that a number of pathways
participate in transmitting the effects of TrkB receptor activa-
tion to the nucleus. Our conclusions are summarized in Fig. 6.
The strong effects of FT1-277 on neurite nurnber suggest a major

- role for Ras in mediating the survival- and neuritogenesis-
promoting effects of BDNF. The reduction in neurite number
was observed at all FTI-277 dosages employed, including the
lowest (0.1puM). This implies that the effect is mediated at
least in part by H-Ras, since other isoforms of Ras such as
N- or K-Ras are only inhibited at higher levels (5 and 10 pm,
respectively; Lerner et al,, 1995}. Also, a combination of p38
MAPK and PI3K-Akt signaling appears to stimulate SG
neurites, while the U0126 data suggest that the promotion
of SG neurite number by BDNF does not involve the canon-
ical Ras-Mek-Erk MAPK survival pathway. This conclusion
is supported by our Western blotting data, which demon-
strated strong activation of p38 and Akt, but not Erk, in SG
neurons after BDNF treatment. Similarly, in sympathetic

neurons, NGF promotes survival via a Ras-PI3K-Akt pathway
rather than Mek-Erk (Vaillant et al, 1999). Other studies
have also shown BDNF mediated activation of PI3K-Akt
signaling in SG in vitro (Lallemend et al, 2005; Hansen
et al, 2001). However, our observation that BDNF does not
involve the canonical Ras-Mek-Erk MAPK survival pathway
is in contrast to a report by Lallemend et al. {2005) who found
that BDNF enhancement of dissociated SG neuron survival
was decreased by UO126. Since they used rat SG neurons of a
similar age, the difference may be related to dissociation of
the ganglion.

The p38 and cJUN kinase (JNK) mitogen-activated protein
kinase (MAPK) families have not yet been investigated in
BDNF signal transduction in the SG. Our findings that Ras/
p38 promotes BDNF mediated effects on SNG while Rac/
cdc42/JNK signaling reduces the BDNF mediated formation of
neurites are novel.

While signal transduction pathways that mediate BDNF ef-
fects have received little attention in the inner ear, several
pathways have been implicated in other neuronal systems.
Results from pharmacological studies suggest that both
MAPK and PI3K pathways mediate BDNF-induced neurite out-
growth from retinal ganglia (Bonnet et al.,, 2004), while Erks
activation is critical to BDNF-promoted survival of develop-
ing cortical neurons (Liu et al., 2003). Activation of the PI3K
target Akt (also known as protein kinase B), mediates BDNF
effects on hippocampal neurons (Lee et al.,, 2002). It has
been shown that p38 and JNK MAPK pathways can also be
activated by Trk receptors in the nervous system. While in
general they promote apoptosis (Mielke and Herdegen, 2000;
Ishikawa et al., 2003), several examples of survival enhance-
ment by these pathways have been documented (Nishina
etal, 1997; Duetal., 2004). The p75 receptor can also be involved
in BDNF signaling. As a dependence receptor (Mehlen and
Bredesen, 2004), p75 requires neurotrophin binding to pre-
vent cleavage of its intracellular domain and release of an
apoptosis-promoting fragment. Alternatively, neurotrophin
binding to p75 can induce apoptosis. This is thought to be
Trk-dependent when a neurotrophin binds to a mismatched
Trk in association with p75 {(Bredensen and Rabizadeh, 1997).
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Fig, 6 — Schematic representation of possible signal transduction pathways invelved in BDNF effects on SG neuritis, and the

inhibitor used in the present study.

It is intriguing that Rac/cdc42 inhibition enhanced the
neurite-promoting effects of BDNF. This observation suggests
that BDNF may have a complex effect on SG neurons, with
neurite humber being promoted by p38 and Akt signaling,
while being opposed by a Rac/cdc42/JNK pathway. However,
the neurite-promoting effects of BDNF were only enhanced
at the lowest concentration of the Rac/cdc42 inhibitor ap-
plied. A BDNF-independent effect seems unlikely, since
Brors et al. (2003a) showed that Rac/cde42 inhibition led to
a dose-dependent decrease of SG neurite number cultured
on laminin. The idea that BDNF may activate competing
survival and death signals is consistent with current theories
of apoptosis regulation in which it is the balance of such com-
peting signals that determine a cell’s fate (Salvesen, 2002).

The general G protein inhibitor GDPES did not influence
BDNF effects at any dosage. However, specific inhibition of
the G protein Ras reduced BDNF effects, while inhibition of
the Rho family G protein Rac/cdc-42 enhanced BDNF. The
simplest explanation for the lack of effect of GDPgS is that
inhibition of Ras and Rac/cdc42 signaling cancelled each
other, resulting in no net effect. While this may well be the
case, the very large number of G proteins that might poten-
tially be involved in SG neurons suggests that there may
well be a more complex explanation.

Agerman et al. (2003) replaced the coding sequence of the
BDNF gene in mice with that of NT3, to analyze the selective
roles of BDNF and NT3 during inner ear development. They
found that NT3 largely replaced the actions of BDNF in the co-
chlea, indicating that these two neurotrophins have common
and redundant functions. Interestingly, our data indicate that
despite the fact that NT3 can largely replace the effects of

BDNF in the cochlea, the signaling pathways activated by
these neurotrophins are quite different. Aletsee et al. (2001)
demonstrated that Ras/Mek but not p38 signaling mediates
NT3-induced effects on SG neurons in vitro. This implies that
the different signaling pathways activated by BDNF versus

_ NT3 nevertheless converge on similar cell functions. The rea-

son for the utilization of different signaling cascades is
unclear. However, this might relate to the evolutionary histo-
ry of the two receptors involved. It might also be speculated
that different opportunities for regulation are provided by
the two patterns of intracellular signaling. :

In the current study, BDNF treatment alone did not affect
neurite length. Therefore, the effects of signaling inhibitors
on neurite extension without BDNF presumably reflect an in-
fluence independent of this neurotrophin. One candidate for
the mediation of length effects is alteration of extracellular
matrix signaling via integrins. We have previously shown
that extracellular matrix molecules enhance neurite out-
growth at the level used to coat the culture wells in the pre-
sent experiment (Aletsee et al.,, 2001; Evans et al, 2007). It
should be noted that integrin signaling is unlikely to mediate
the effects of BDNF on SG neuron survival of neuritogenesis
as discussed above, as we have not found in past experiments
that ECM molecules influence SG neurite number (Aletsee
et al, 2001). In the case of inhibitors that only influenced
length in the presence of BDNF, it is possible that BDNF has
both positive and negative influences upon neurite length,
that on balance result in no effect. Inhibitors may upset this
balance. While this hypothesis is perhaps too complex to be
attractive without additional supporting data, it is at least
consistent with our observations.



