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Objectives. To investigate the otoprotective effects of mouse nerve growth factor (mnNGF) in A/J mice.

Methods. The mice at postnatal day 7 (P7) were randomly separated into a mNGF treated group (mNGF group) and a dis-
tilled water (for injection) treated group (control group). The mNGF dissolved in distilled water or distilled water alone
was given to the mice once every other day from P7 by intramuscular injection in the hips. The otoprotective effects
of mNGF in A/J mice were observed in a time course manner. The thresholds of auditory-evoked brainstem response
(ABR) were tested from the age of the 3rd to the 8th week. Sections of the inner ears were stained by hematoxylin
and eosin, and spiral ganglion neurons (SGNs) were observed at the age of the 3rd, the 6th, and the 8th week. Counts
of whole mount outer hair cells (OHCs) in the cochleae were made at the age of 8 weeks. Expression of apoptosis re-
lated genes was determined by quantitative real-time polymerase chain reaction and Western blotting.

Results. ABR thresholds of the mNGF group were significantly lower than those of the control group at the age of the 6th
and the 8th week. Moreover, the mNGF preserved OHC and SGN in the mouse cochleae in this period. Further ex-
periments showed that the expression of caspase genes (including caspase-3) was inhibited in the mouse inner ears

in the mNGF group.

Conclusion. The mNGF improves hearing in A/J mice by preserving SGN and OHC in the cochleae.
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INTRODUCTION

Hearing loss in A/J mice begins at the age of about 1 month [1].
Studies have revealed that mutations in genes of cadherin 23
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(ahl) [2,3], citrate synthase (ahl4) [4], and tRNA-Arg (mt-tr) [5]
contribute to the early onset of hearing loss. Histologically, the
mice display progressive loss of hair cells and spiral ganglion
neurons (SGNs) [6]. Recent studies show that caspase-mediated
apoptosis is involved in the cochlear pathology [7]. These char
acteristics provide possibilities for drug intervention in the hear
ing impairment.

Nerve growth factor (NGF) is essential for viability, differenti-
ation, and maintenance of nerve cells [8]. It belongs to a super
family of neurotrophins, which also includes the brain-derived
neurotrophic factor (BDNF), the neurotrophin-3 (NT-3), and
others. Actually, NGF, BDNF, and NT-3 function by being com-
bined with the tyrosine kinase receptor A (TrkA), TrkB, and
TrkC, respectively [9]. Among them, NGF is the first one used to
prevent auditory nerve (neuron or fiber) degeneration caused
by neomycin in guinea pigs [10]. NGF also stimulates neurite
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outgrowth from implanted neurons in the adult rat inner ears
[11] and improves the survival of statoacoustic ganglion-derived
neural progenitors in vitro and in vivo [12]. Moreover, clinical
studies have revealed that NGF level in serum is relatively lower
in patients with sensorineural hearing defects [13].

Therefore, the otoprotective effects of mNGF in A/J mice with
genetic hearing loss have been observed in the present study.
Our findings are that mNGF can improve hearing in A/J mice
and preserve outer hair cells (OHCs) and SGN in the cochleae.

MATERIALS AND METHODS

Mouse preparations and treatments

A/J mice were bred in a specific pathogen free facility. A total of
184 mice (98 males and 86 females) with ages ranging from
postnatal day 7 (P7) to P60 were included in this study. The
methods and procedures of animal studies were approved by
the Animal Use and Care Committee of Binzhou Medical Uni-
versity. Mouse pups at P7 were randomly separated into a
mNGF treated group (mNGF group) and a distilled water (for
injection) treated group (control group). The mNGF was purified
from mouse submaxillary gland (Catalog No. 20131213; Sino-
bioway Biomedicine Co., Xiamen, China) and dissolved in dis-
tilled water at a concentration of 9107 ug/uL. It was given to
the mice in the mNGF group by intramuscular injection in the
hips at a dosage of 3.6X107 ng/g body mass once every other
day. The dosages were calculated according to the methods pre-
viously described [14]. The mice in the control group received
an equivalent amount of distilled water (0.4 pL/g body mass).

Measurement of mouse ABR (auditory-evoked brainstem re-
sponse) thresholds

Auditory-evoked brainstem response (ABR) thresholds were
tested in accord with the methods described previously [15,16].
The mice at the age of the 3rd, the 4th, the 6th, and the 8th
week in the control group (n=14 for all the time points) and
mNGF group (n=12 for all the time points) were subjected to
the measurement.
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= Mouse nerve growth factor (nNGF) treatment attenuated
hearing loss of experimental mice.

= Quter hair cell and spiral ganglion neuron were preserved by
the treatment.

= The treatment inhibited caspase-3 expression in the inner ears
of mice.

= mNGF has the protective effects of the cochleae.

Surface preparations for hair cell counting

The mice in the mNGF and control groups at the age of 8 weeks
were used for evaluating hair cell preservation (n=4 in each
group). The organ of Corti was microdissected out and mounted
in glycerin on glass slides. The surface preparations were stained
for F-actin with Alexa Fluor 488 phalloidin (1:500 dilution) and
observed with a confocal fluorescence microscope (Leica
DM4000 B, Leica Microsystems, Wetzlar, Germany) [16]. OHC
was counted as present if V-shape of hair bundles was intact.
Counts of OHC in three continuous views for each turn of a co-
chlea were recorded and analysed [17].

Histological analysis of SGN in the cochlea

Five mice in the mNGF group and five in the control group at the
age of the 3rd, the 6th, and the 8th week were randomly chosen
and anaesthetised with avertin (0.5 mg/g body mass). Sections of
the inner ears were prepared, and SGN was observed and count-
ed in accord with the methods described previously [7,15].

Detection of gene expression levels

Quantitative polymerase chain reaction (PCR) was carried out
for transcription levels of apoptosis related genes in the mice of
mNGF group and control group at the age of the second, the
fourth and the 8th week (n=5 or 6 at each time point for both
groups). RNA extraction, cDNA preparation and quantitative
PCR were performed with the methods previously described
[7,15,18]. The primers were listed in Table 1 and synthesised by
Sangon Biotech Co. (Shanghai, China). The cleaved caspase-3
protein levels were also detected by Western blotting [7]. Four
mice at the age of 8 weeks from each group were included.

Statistical analysis

ANOVA (SPSS ver. 16; SPSS Inc., Chicago, IL, USA) was used
to analyse the data. Chi-square test was applied to analyse the
percentage of OHC loss. P-value less than 0.05 was considered
as significant.

Table 1. Primers for real-time polymerase chain reaction

Product size
D Sequence
o (op)
Gapdh-F 5-CTTCCGTGTTCCTACCCCCAATGT-3 100

Gapdh-R 5-GCCTGCTTCACCACCTTCTTGATG-3'
Caspase-3F 5-TGTCATCTCGCTCTGGTACG-3’ 201
Caspase-3R 5'-AAATGACCCCTTCATCACCA-3'

Caspase-9F 5-CCTAGTGAGCGAGCTGCAAG-3 232
Caspase-9R 5-ACCGCTTTGCAAGAGTGAAG-3'

Caspase-12F  5-GCCCATGTGGAGACAGATTT-3’ 206
Caspase-12R  5-ATAGTGGGCATCTGGGTCAG-3'

Bak-F 5-TGAAAAATGGCATCTGGACA-3' 136
Bak-R 5-CCTGCTGGTGGAGGTAAAAA-3’

Bax-F 5-TGTTTGCTGATGGCAACTTC-3' 206

Bax-R 5-GGTCCCGAAGTAGGAGAGGA-3'
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Fig. 2. Preservation of outer hair cell (OHC) in the cochleae of mice in mouse nerve growth factor (MNGF) group. Hair cells were stained for F-
actin with Alexa Fluor 488-labeled phalloidin. (A) Representative OHC images in the three turns of mNGF and control mice at the age of 8
weeks. OHC loss at middle turns or basal turns of the control group was more severe than that of the mNGF group (scale bar=50 pym). (B)
Percentages of OHC loss in the three cochlear turns of both mouse groups at the age of 8 weeks. Percentage of OHC loss at middle turns or
basal turns in mMNGF group was significantly lower than that in the control group. There was only a small number of OHC loss at the apical
turns in both mouse groups (n=4 for each group). Error bars represent the standard error of the mean. *P<0.05. **£<0.01.

RESULTS

Hearing improvement in the mNGF treated mice

ABR thresholds of the two mouse groups were measured and
were shown in Fig. 1. mNGF significantly decreased the ABR
thresholds to auditory click and pure tone stimuli (8, 16, and 32
kHz) in mice at the age of 8 weeks (P<0.001, respectively).
mNGF also significantly lowered the ABR thresholds to click
and certain pure tone stimuli at the age of 6 weeks (P=0.032,
P=0.046, P=0.068, and P=0.007, respectively, for click, 8, 16,
and 32 kHz) and 4 weeks (P=0.468, P=0.048, P=0.050, and
P=0.012, respectively). mNGF showed no significant effects on
the mouse hearing at the age of 3 weeks (P=0.775, P=0.944,
P=0.929, and P=0.509, respectively). However, ABR thresholds
in the mNGF group still increased with age during this period.

OHC protection in the mNGF treated mice
Typical images of OHC distribution at the three turns of cochle-

ae of the mNGF and control groups at the age of 8 weeks were
shown in Fig. 2A, and percentage of OHC loss in each turn of
each group was displayed in Fig. 2B. Actually, there was about
7% OHC loss at the apical turns in the cochleae of both mouse
groups. The rates of OHC loss were 31% and 35 %, respectively,
at the middle and basal turns in the mNGF group, whereas the
percentages were 42% and 55% at the same areas in the con-
trol mice. OHC loss was significantly less in the mNGF group
than that in the control group at middle turns (P<0.01) or basal
turns (P<0.01).

SGN preservation in the cochleae of MNGF treated mice

The densities of SGN at the three cochlear turns were observed
in both mouse groups at the age of the 3rd, the 6th, and the 8th
week. The results revealed that mNGF had no significant effects
(P>0.05) on SGN densities at any turn of mice at the age of 3
weeks. However, SGN densities at apical, middle, and basal
turns of mice in the mNGF group were significantly higher than
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Fig. 3. Preservation of spiral ganglion neurons (SGNs) in the mice of mouse nerve growth
factor (MNGF) group. (A-C) Densities of SGN at the three cochlear turns in the mNGF and
control groups. At the age of 3 weeks, there were no significant differences of SGN densi-
ties between the two mouse groups at any turn (P>0.05). Whereas the densities in mMNGF
group were significantly higher than those in the control group at the age of 6 weeks (*P=
0.021, P=0.032, and P=0.035, respectively, between apical, middle, and basal turns) and
8 weeks (**P=0.010, P=0.021, and P=0.023, respectively, between apical, middle, and
basal turns) (n=5 for each group at each time point). Error bars represent the standard er-
ror of the mean. (D) Representative images of SGN at basal turns of the mNGF and control
groups at the age of 8 weeks. The control mice showed relative sparse SGN, which proved

that mMNGF preserved SGN in A/J mice. Scale bar=50 pm.
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the densities of the control group at the age of 6 weeks (P=
0.021, P=0.032, and P=0.035, respectively) and 8 weeks (P=
0.010, 0.021, and 0.023, respectively) (Fig. 3A-C). Representa-
tive images of SGN in the basal turns of mice at the age of 8
weeks were shown in Fig. 3D.

Inhibiting apoptosis related gene expression in the mouse in-
ner ears by mNGF

Gene expression profiles of apoptosis related pathways were de-
tected in the inner ears of mice at the age of the 2nd, the 4th,
and the 8th week. Transcription levels of Bak, Bax, Caspase-9,
Caspase-12, and Caspase-3 in the mNGF group were overall
lower than the levels in the control group at the age of 2 weeks

B mNGF
Control

mNGF

8 Weeks

- Fig. 4. Gene expression profiles in the inner
ears of mice in the mouse nerve growth
factor (MNGF) group. mRNA levels of Bak,
Bax, Caspase-3, Caspase-9, and Cas-
pase-12 in the inner ears of the mNGF
group were lower than those of the control
group, with significant differences of the 5
genes at the age of 2 weeks (n=6 for each
group) (A), 4 weeks (n=6 for each group)
(B), and with significant differences of Cas-
pase-3, Caspase-9, and Caspase-12 at the
age of 8 weeks (n=5 for each group) (C).
Error bars represent the standard error of
the mean. *P<0.05. **P<0.01. (D) Western
blotting images of the cleaved caspase-3
(17 kD) in the inner ears of the two mouse
groups at the age of 8 weeks. The results
showed that the levels of cleaved cas-
pase-3 in the mouse inner ears of MNGF
group were downregulated compared with
the levels of the control group.

Control

(P=0.024, P=0.023, P=0.013, P=0.031, and P=0.001, respec-
tively), 4 weeks (P=0.016, P=0.018, P=0.002, P=0.000, and
P=0.012, respectively), and 8 weeks (P=0.235, P=0.558, P=
0.013, P=0.028, and P=0.014, respectively) (Fig. 4A-C). De-
cline in Caspase mRNA levels in the mNGF treated mice was
most remarkable at the age of 4 weeks. Downregulation of
cleaved caspase-3 protein in the mice of mNGF group at the age
of 8 weeks was further confirmed by Western blotting (Fig. 4D).
However, mRNA levels of Caspase-8 were not significantly dif-
ferent between the two mouse groups at any of the three time
points (data not shown). Thus the above results indicated that
Bak-mediated apoptotic pathway might be involved in hearing
improvement in the mNGF treated mice.



DISCUSSION

In this study, we observed the otoprotective effects of mNGF on
a mouse model of genetic hearing loss. We first showed that
mNGF attenuated the hearing impairment of A/J mice. Further
experiments demonstrated that both OHC and SGN were pre-
served in the cochleae of mNGF treated mice. Thus, we conclud-
ed that mNGF might improve hearing in A/J mice by protecting
OHC and SGN against loss.

Early studies showed that TrkA was not essential for develop-
ment of the avian peripheral auditory system [19], nor for de-
velopment of mouse inner ears [20]. However, later studies re-
vealed that the presence of TrkA, TrkB, and TrkC in the cochleae
of adult guinea pigs, and BDNF, NT-3 or NGF alone could pre-
vent SGN degeneration [21], indicating that SGN might respond
to all the neurotrophins for survival. Moreover, the experiments
in mice showed that TrkA receptor existed in hair cells at as ear
ly as postnatal day 6, and expressed in hair cells, supporting
cells and SGN in the cochleae of the adult [22]. The patterns of
TrkA distribution suggested that NGF had specific functions in
the peripheral auditory system.

Actually, NGF can bind to the high-affinity receptor TrkA and
a low-affinity neurotrophin receptor called p75NTR [23,24].
Physiological levels of NGF in the blood were considered to
bind with TrkA in the cochleae and to exert its roles in sensory
hearing impairment in humans [13]. When binding with TrkA,
NGF becomes phosphorylated and acts as a binding site for spe-
cific signaling protein such as phosphatidylinositol 3-kinase
(PI3K)/Akt, which phosphorylates Bad (BCL2-associated ago-
nist of cell death), leading to inhibition of apoptosis pathway
[25]. Therefore, the exogenous mNGF in this study might enter
through the blood to the cochleae and bind with TrkA and/or
p75NTR, exerting its otoprotective effects.

Our experiments also showed that expression of apoptosis re-
lated genes, Bak, Bax, and caspase-3, was inhibited in the
mouse inner ears of mNGF group. These results suggested that
the NGF-associated pathways were probably activated after the
treatment, resulting in inhibition of caspase-3. As previous stud-
ies have already shown that the cleaved caspase-3 mainly exists
in OHC, SGN and stria vascularis of the cochleae [7], inhibition
of caspase-3 by mNGF in the inner ears may indicate downreg-
ulation of caspase-3 expression in OHC and SGN. The mecha-
nism may be that mNGF protects OHC and SGN in the cochle-
ae by inhibiting apoptotic pathways. However, the exact NGF-
associated pathways in the cochleae remain unclear and need
further investigation.

In conclusion, hearing impairment in A/J mice is attenuated
by mNGF. The effects may be obtained by preserving SGN and
OHC in the cochleae. Inhibition of apoptosis related pathways is
likely involved in the otoprotection. This is the first report that
mNGF has been shown to have otoprotective effects on a mouse
model of age-related hearing loss.
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