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Noise induced hearing loss impairs 
spatial learning/memory and 
hippocampal neurogenesis in mice
Lijie Liu1, Pei Shen1, Tingting He1, Ying Chang1, Lijuan Shi1, Shan Tao1, Xiaowei Li1, 

Qingying Xun1, Xiaojing Guo1,2, Zhiping Yu3 & Jian Wang1,3

Hearing loss has been associated with cognitive decline in the elderly and is considered to be an 

independent risk factor for dementia. One of the most common causes for acquired sensorineural 

hearing loss is exposure to excessive noise, which has been found to impair learning ability and 

cognitive performance in human subjects and animal models. Noise exposure has also been found to 

depress neurogenesis in the hippocampus. However, the effect is mainly attributed to the oxidant 

stress of noise on the cognitive brain. In the present study, young adult CBA/CAJ mice (between 

1.5 and 2 months of age) were briefly exposed a high sound level to produce moderate-to-severe 
hearing loss. In both the blood and hippocampus, only transient oxidative stress was observed after 

noise exposure. However, a deficit in spatial learning/memory was revealed 3 months after noise 
exposure. Moreover, the deficit was correlated with the degree of hearing loss and was associated 

with a decrease in neurogenesis in the hippocampus. We believe that the observed effects were 

likely due to hearing loss rather than the initial oxidant stress, which only lasted for a short period 

of time.

Hearing loss is one of the most common neurological disorders, a�ecting 10% of the general population1 and 
more than 40% of those over 60 years of age2,3. Noise exposure is one of the major causes of acquired sensorineu-
ral hearing loss in adults4. However, the damaging e�ects of noise are not limited to the auditory system but rather 
extend to many other systems5. Recent studies have discussed the noise-related impairment of learning ability 
and cognitive performance6–9. Soldiers who were exposed to excessive noise levels, including explosions and blast 
waves, experienced severe noise-induced hearing loss (NIHL) and tinnitus10,11 as well as cognitive de�cits and 
memory impairment12.

�e mechanisms underlying the decline of cognitive functions a�er noise exposure are not entirely clear. 
Animal studies have suggested that noise exposure is likely to impair cognitive functions through two di�erent 
but closely related approaches. One is due to the oxidative reaction initiated by noise exposure. Many studies 
have shown that increased oxidative stress is the cause of neuronal degeneration in many auditory nuclei as well 
as the brain regions critical for cognitive functions6,7,13,14. Another potential e�ect of noise exposure is a change 
in the auditory input to the cognitive brain a�er NIHL. Overall, this e�ect has largely been ignored in studies of 
the impact of noise on cognitive function and neurogenesis; however, its existence is supported by the connection 
between the auditory brain and cognitive brain15, the hippocampal degeneration and deterioration of spatial 
memory observed in CBA/CAJ mice with age-related hearing loss16, and the suppression of hippocampal neuro-
genesis observed in the rats long a�er unilateral NIHL17.

In the present study, CBA/CAJ mice were exposed to noise at a high level (123 dB SPL) but for a brief 
period of time (2 h) to produce permanent hearing loss. Cognitive performance and hippocampal neuro-
genesis were examined 3 months a�er noise exposure, long a�er the disappearance of oxidative stress. �e 
long delay between the presence of oxidative stress and cognitive examination allowed for the investigation of 
the role of NIHL, rather than oxidative stress, in the decline of hippocampal learning/memory function and 
neurogenesis.
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Results
Noise-induced hearing loss. Figure 1A–D shows representative images of succinate dehydrogenase (SDH) 
staining on both outer and inner hair cells (OHCs and IHCs) from the two groups. Two images were presented for 
each group, one from the apical turn (Fig. 1A,C) and the other from the basal turn (Fig. 1B,D). In contrast to the 
spread of hearing loss on the ABR audiogram, it is clear that HC loss was limited to the basal half of the cochlea, 
mainly in OHCs. �is is further demonstrated in the cochleogram of HC loss in Fig. 1E.

ABR audiograms were obtained at the age of 4.5–5 months and compared between the control group and 
the noise-exposed group to determine di�erences in hearing sensitivity. Figure 1F shows that the ABR thresh-
olds of the noise group were much higher than those of the control group at every frequency tested. The 
frequency-averaged threshold was found to be 89.972 ±  2.907 dB SPL in the noise group, which was signi�cantly 
higher than the value of 45.5 ±  6.995 dB SPL found for the control group (mean ±  SD, n =  30; Student t test, 
t =  32.156, p <  0.001). �e mean di�erence of 44.47 dB between the two groups suggests a moderate-to-severe 
degree of hearing loss in the noise group.

Impact of NIHL on spatial learning and memory. Spatial learning ability and memory was tested in 
a Morris water maze (MWM). �e �rst stage of this test involved a �ve-day training period in which the mice 
learned to �nd the hidden platform underwater (measured as escape latency) using spatial cues around the pool. 
Figure 2A compares the changes in escape latency during the training days between the two groups. �e �gure 
demonstrates slower learning in the noise group. A two-way ANOVA with the factors of noise exposure and days 
of training revealed a signi�cant e�ect of noise exposure (F1 =  7.229, p <  0.008) on escape latency. Post-hoc pair-
wise comparisons (Tukey method) showed that the escape latency of the noise group was signi�cantly longer than 
that of the control group on days 1, 2 and 3 of training (indicated by the asterisks in Fig. 2A). �e second stage of 
the MWM was the spatial orientation test, in which the hidden platform was removed, and the number of crosses 
through the platform area within 60 seconds was counted as an index of the spatial memory of the platform. �is 
number was 3.00 ±  0.32 in the noise group, which is signi�cantly lower than the value of 4.23 ±  0.35 obtained in 
the control group (one tail Student t test, t =  2.946, n =  22 in each group, p <  0.05, Fig. 2B).

Correlation between NIHL and MWM results. A Pearson correlation analysis was performed to verify 
whether the degree of NIHL is correlated to the outcome of MWM tests. A signi�cant positive correlation was 
observed between the frequency-averaged ABR threshold and the averaged escape latency over the 5 days of 
training for each individual (Fig. 2C, r =  0.524, p =  0.001). In addition, there was a negative correlation between 
the frequency-averaged ABR threshold and the spatial memory manifested by the platform crossing times in the 
spatial orientation experiment (Fig. 2D, r =  − 0.4, p =  0.004).

Figure 1. Noise-induced hair cell loss and ABR threshold shi� measured 3 months a�er the noise exposure 
at 6–8 weeks of age. (A–D) Representative images of SDH staining of HCs from the two groups. (A,B) Apical 
and basal turns, respectively, in the control group; (C,D) Apical and basal turns, respectively, in the noise group. 
Massive OHC loss is clearly observed in (D). (E) Cochleogram of the noise-exposed animals showing the loss of 
OHCs concentrated in the basal half of the cochlea. (F) ABR thresholds. �e di�erences between the two groups 
show that moderate-to-severe hearing loss was established in the noise group.
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Oxidative Stress. Figure 3A shows the change in serum corticosterone (CORT) level a�er noise exposure. 
A one-way ANOVA was performed and showed that the serum CORT level (224.44 ±  10.63 ng/ml) was signi�-
cantly higher in the noise group than in the control group, as also shown by the post-hoc pairwise tests; however, 
this di�erence was only observed immediately a�er noise exposure, suggesting a transient e�ect of noise on 
CORT level. �e changes in superoxide dismutase (SOD, Fig. 3B) and malondialdehyde (MDA, Fig. 3C) levels in 
the hippocampus were also transient (recovered within 1 month a�er noise exposure), and no signi�cant change 
in ROS/RNS (Fig. 3D, measured by DCF �uorescence) was observed.

Neurogenesis in the hippocampus. �e impact of NIHL on neurogenesis was evaluated by counting 
newly generated hippocampal cells in the dentate gyrus (DG) region using antibodies against DCX (a marker 
speci�c to neurons newly generated within the last 2–3 weeks) and Ki67 (a marker of proliferation). �e rep-
resentative images for both DCX (Fig. 4A,B) and Ki67 staining (Fig. 5A,B) indicate a decrease in neurogenesis 
in the noise group. Figures 4C and 5C compare the average counts of DCX/Ki67 positive cells in the whole DG 
region in both groups. Two-way ANOVAs were performed for both DCX and Ki67 cell counts against the factors 
of noise and training in the MWM. A signi�cant e�ect of noise was observed for both the DCX and Ki67 cell 
counts (F1 =  22.768, p <  0.001 for DCX cells and F1 =  23.228, p <  0.001 for Ki67 cell counts) but not for the fac-
tor of training (no di�erence between the trained and non-trained subjects in either the noise or control groups). 
�e pooled number of DCX positive cells of the control group was 5756 ±  208, which was signi�cantly higher 
than that of the noise group: 4387 ±  191 (t =  4.844, p <  0.0001). Similarly, the pooled numbers of Ki67 cells were 
854 ±  30 and 668 ±  22 for the control and the noise groups, respectively, and the di�erence was statistically sig-
ni�cant (t =  5.115, p <  0.0001).

Discussion
In the present study, young adult CBA/CAJ mice were brie�y exposed to noise, producing NIHL, which was ver-
i�ed to be of a moderate-severe degree by comparing the ABR threshold between the two groups at three months 
a�er noise exposure (Fig. 1E). Because the highest sound level in the ABR test is 90 dB SPL, the threshold over 
this level was assigned as 95 dB SPL. �is ceiling e�ect was likely to cause an under-estimation of the threshold 
in the noise group. �e e�ect of oxidative stress produced by the noise exposure was transient, as indicated by 
the changes in serum CORT level and the levels of three commonly used oxidative detection agents in the hip-
pocampus (Fig. 3). �e MWM test at this age showed that the animals in the noise group were slower in spatial 
learning and poorer in spatial memory (Fig. 2). Performance in the MWM appeared to be well correlated with 
hearing threshold (Fig. 2C,D). Furthermore, the NIHL appeared to decrease the level of neurogenesis in the 
hippocampus.

Figure 2. E�ect of NIHL on MWM performance measured 3 months a�er the noise exposure at 6–8 weeks 
of age. (A) Change in escape latency with training days, (B) Platform crossing time in 60 second probe test. 
**p <  0.01, *p <  0.05. (C) Correlation between ABR threshold and escape latency, (D) Correlation between ABR 
threshold and platform crossing time. Inserted lines are the results of linear regressions.
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�e adverse impact of noise on learning and memory and hippocampal neurogenesis has been reported by 
many previous studies5,9,18–23. Most of those previous studies focused on the oxidative stress induced by noise; 
thus, in those studies, the cognitive functions and changes in brain morphology and molecular content were 
observed shortly a�er or even during the period of noise exposure, when the oxidative stress response was strong. 
�e possibility of NIHL, rather than noise-induced stress, having an e�ect on cognitive function has largely been 
ignored. In fact, in many previous studies, the noise level was so low that hearing loss, in terms of changes in 
hearing sensitivity, was not expected to occur and was therefore not even documented. For example, impaired 
learning and memory capabilities were found in mice a�er exposure to white noise at 80 dB SPL 2 hours per day 
for a 6-week period, and the deterioration in learning and memory caused by this noise exposure was attributed 
to the increased level of MDA and SOD detected in the inferior colliculus, auditory cortex and hippocampus6. 
Similar results were reported in other studies that investigated noise exposure at higher levels (100 dBA for 4 
hours daily for 30 days)24.

While the role of noise-induced stress in cognitive impairment and neurogenesis is widely recognized, the 
independent e�ect of NIHL should also be considered, especially in cases of brief noise exposure. We think that 
the stress induced by the brief noise exposure in the present study is unlikely the reason for the deteriorated cog-
nitive function and the depressed neurogenesis measured three months a�er the noise exposure. �is argument is 
based upon several reasons. First of all, it has been recognized that adrenal glucocorticoid hormones are common 
pathway to the negative impact of stress on neurogenesis and related cognitive functions25–27. �is connection 
has been demonstrated by (1) that cells in hippocampus express high level of glucocorticoid (GC) receptors28,29, 
which make them sensitive to GC mediated damage, (2) that administration of exogenous GCs decreases neuro-
genesis, and (3) that blockage of GCs prevents stress induced depression on neurogenesis30. Secondly, the impact 
of acute (brief) stresses of many di�erent types on stress hormones is transient: it occurs in hours or days and 
quickly recovered a�er exposure to stressor30–32. �e GC level is under restrictive regulation to which hippocam-
pus neurons actively participate: the newly generated neurons here play a critical role in appropriate shut-o� 
of the stress induced GC responses33,34. �is is also true in the oxidative stress induced by brief noise exposure 
reported by others35,36 and in the present experiment. �irdly, in most cases, long-lasting detectable changes in 
neurogenesis occur a�er prolonged and severe stress exposure32. Lastly, limited but signi�cant data are available 
showing that the e�ect of transient noise exposure is transient. For example, spatial memory (similar to what we 
examined) was found to be deteriorated in a temporal pattern a�er impulse noise exposure at 165 dB SPL in rats: 
a totally recovery was seen within 24 hours a�er the noise18. In another study, a brief exposure to tone of 16 kHz at 
110 dB SPL for 1 hour failed to show any changes in various behavioral tests for learning and memory37.

Figure 3. E�ects of noise exposure on oxidative stress measured at di�erent time points a�er noise 
exposure at 6–8 weeks of age. �e time points of the evaluation are indicated in the �gure (d: days, M: month 
a�er the noise exposure) (A) Plasma CORT hormone levels, (B) SOD activity, (C) MDA adduct content,  
(D) DCF level in hippocampus. �e quantity of ROS/RNS was calculated based on the measure of DCF 
�uorescence (see methods section for details). (Mean ±  S.E.M., n =  8, **p <  0.01, ***p <  0.001).
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To further con�rm the contribution of negative impact of hearing loss, the cognitive functions and neurogen-
esis should be evaluated by using conditional knockout mouse models in which hearing loss can be produced in 
adulthood with no or minimal stress. However, this does not devalue the noise model because NIHL impacts a 
larger population.

�e possible impact of NIHL (rather than oxidative stress) on cognitive function is also supported by several 
lines of previous research data. Firstly, recent studies have demonstrated that hearing loss in general is an inde-
pendent risk factor of dementia38–41; however, exactly how hearing loss promotes the development of dementia 
still has to be investigated. Secondly, a strong anatomical and functional connection exists between brain regions 
in terms of auditory and cognitive functions. �e hippocampus receives auditory input through the lemniscal 
ascending pathway, which transmits acoustic stimuli from the inferior colliculus to the auditory cortex and then 
to the hippocampus42. Furthermore, the hippocampus projects indirectly to the auditory cortex43. �e auditory 
association cortex has both direct and indirect pathways to the hippocampus and receives its’ indirect input. 
�ese connections enable the formation of long-term auditory memories and facilitate the processing of lin-
guistic and musical input15. �irdly, reduced auditory input a�er peripheral hearing loss has been reported to 
cause hippocampal degeneration and impaired memory function. For example, CBA/CAJ mice with age-related 
HL demonstrated hippocampal degeneration and had reduced spatial memory, as indicated by the results of the 
MWM test16. Even in cases where no hearing loss occurred, as indicated by the lack of change in hearing sensi-
tivity (such as that reported in some previous studies that addressed the e�ect of noise on cognitive function), 
reduced auditory input from the peripheral hearing organ to the brain is expected based on recent studies of 
‘hidden’ noise-induced hearing loss. Noise exposure producing no permanent threshold shi� can largely damage 
the synapses between inner hair cells and the primary auditory neuron and therefore reduce the output of the 
cochlea to the brain44–46. Finally, the possible impact of HL on cognitive function is supported by the correlation 
of auditory threshold and the score of MWM performance.

A signi�cant reduction in cell proliferation and neuronal generation was observed in the noise group, similar 
to that reported by other researchers17,36,37,47. Our study took the additional step of linking the decrease in hip-
pocampal neurogenesis with the poorer performance in regard to spatial learning and memory during training in 
adult animals. However, we did not �nd any impact of training on the number of DCX or Ki67 cells in either the 
control or noise group. �is result is inconsistent with the fact that the major e�ect of training is on the rescue of 
cells generated within one to two weeks prior48–50. For example, in rats, approximately 9,000 new cells are gener-
ated every day in the hippocampus51, and between one and two weeks a�er their generation, many of those cells 
die if they are not used in association with learning and memory52. �erefore, this period is considered critical for 
training in order to rescue those cells53–55. However, the DCX staining used in the present study labeled all cells 
that had been generated within the past 3 weeks56; therefore, only a portion of the cells were at the critical stage 
during which training is e�ective. We found a trend of an increase in the DCX cell count following training in the 

Figure 4. Comparison of DCX cells. (A) Representative images of the control group and (B) noise group.  
(C) Statistical comparison. ***p <  0.001 (between the noise and control groups).

Figure 5. Comparison on Ki67 cells 3 months a�er noise exposure at 6–8 weeks of age. (A) Representative 
images of the control group and (B) noise group. (C) Statistical comparison. ***p <  0.001 (between the noise 
and control groups).
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control group but not in the noise group. It is likely that the training e�ect is masked by the other cells that are not 
at the critical stage. Further, Ki67 staining labeled the cells that were in the phase of proliferation several hours57 
before the animal was sacri�ced; obviously those cells had not yet reached the critical stage for rescue. In our lab, 
research is being conducted to label proliferated cells using BrdU or EdU before training to verify whether NIHL 
reduces the rescue e�ect of training on neurogenesis in the hippocampus. We are also investigating whether and 
how NIHL impacts the expression of learning-related genes in the hippocampus.

In conclusion, the present report suggested a role of NIHL independent of its oxidative e�ect on cognitive 
function and hippocampal neurogenesis. �erefore, NIHL, if appropriately established, can be used as a model 
of sensorineural hearing loss to study the mechanism through which hearing loss promotes the development of 
dementia.

Materials and Methods
A total of 96 CBA/CAJ mice were obtained from the Experimental Animal Center of Shanghai Super-B&K 
Laboratory Animal Corp. Ltd., Shanghai, China. �e subjects in the noise group were exposed to an intense 
broadband noise at 123 dB SPL for 2 hours at the age of 6 and 8 weeks, while the control subjects underwent sham 
exposure to the environmental change.

Blood samples were taken from 8 subjects in each group at 0, 1, 7 and 28 day(s) a�er noise exposure to exam-
ine serum CORT level. �ey were returned to the colony for further evaluation. Twenty-four subjects in the noise 
group were sacri�ced (8 at each of the three time points of 1 day, 1 month and 3 months a�er noise exposure) for 
the examination of oxidative stress in the hippocampus, and 8 subjects in the control group were sacri�ced at 1 m 
a�er the sham exposure for the same evaluation.

�ree months a�er the noise/sham exposure, all animals remaining (32 in each group) were examined for 
hearing threshold by the frequency speci�c auditory brainstem response (ABR). In each group, the 32 subjects 
were further divided into trained (n =  22) and non-trained (n =  10) subgroups. �e capabilities of spatial learn-
ing and memory were measured in each trained subgroup by means of a Morris water maze. Immediately a�er 
the functional test, the hippocampus was harvested for the observation of neurogenesis, and the cochleae were 
harvested from 12 subjects in the noise group for the evaluation of hair cell loss. All animal procedures were 
performed in accordance with the guidelines in the ethic protocol approved by the University Committee for 
Laboratory Animals of Southeast University, China (Permit number: SCXK2011-0003).

Noise exposure. �e animals were unrestrained in a cage 60 cm below the horns of two loudspeakers, a 
low frequency woofer and a high frequency tweeter. Electrical Gaussian noise was delivered to the speakers a�er 
power ampli�cation. �e acoustic spectrum of the sound was distributed mainly below 20 kHz, as previously 
reported58. �e noise level was adjusted to 123 dB SPL and monitored using a ¼-inch microphone linked to a 
sound level meter (microphone: 2520, sound level meter: 824, from Larson Davis, Depew, NY, USA).

ABR test. For the ABR recordings, the animal was anesthetized with pentobarbital (60 mg/kg, i.p.), and body 
temperature maintained at 37.5–38 °C with a thermostatic heating pad. �ree subdermal needle electrodes were 
used to record the ABRs. �e non-inverting electrode was inserted at the vertex, and the reference and grounding 
electrodes were placed on the two earlobes.

Hardware and so�ware (BioSig and SigGen) from Tucker-Davis Technology (TDT system III, Alachua, FL, 
USA) were used for stimulus generation and bio-signal acquisition. �e stimuli were played through a broadband 
speaker (MF1 from TDT), which was placed 10 cm in front of the animal’s head. �e evoked responses were 
ampli�ed 20 times and digitized via a pre-ampli�er (RA16PA) with a �lter between 100–3000 Hz. �e responses 
were averaged 1,000 times. �e thresholds were measured across frequencies from 2 to 32 kHz with tone bursts 
presented at the rate of 21.1/s. At each frequency, the test was performed in a descending sequence from 90 dB 
SPL in 5-dB steps until the ABR response disappeared.

Behavioral test. �e MWM setting was identical to that described previously59,60. �e pool was �lled to a 
depth of 14 cm (0.5 cm over the platform) with tap water at 22–24 °C. �e MWM test consisted of two phases. �e 
�rst one was a 5-day spatial acquisition phase in which four training trials interrupted by an interval of 10 min 
were performed each day. An acclimatization session was given on the �rst day, as described previously61. �e 
animal was allowed to swim and search for the hidden platform for 60 s during each trial. �e escape latency was 
de�ned as the time needed for the animal to locate the platform before it could stay steadily on it for more than 
5 sec. �e animal was guided to the platform if it could not �nd the platform within 60 s. �e second phase (the 
probe trial) was performed the next to last day of the �rst phase with the platform removed. Each mouse was 
allowed to swim for 60 s in the pool. �e number of times the mouse went across the location of the platform was 
recorded as the index of memory of the platform.

Oxidative stress. Blood samples were taken from the tail vein repeatedly from 8 subjects in each group at 
0, 1, 7 and 28 day(s) a�er noise exposure to examine serum CORT level. Each sample was placed in a sodium 
heparin-coated tube, and 50 µ l of supernatant plasma was obtained from each sample a�er centrifugation for 
testing. The plasma CORT concentration was measured using a Mouse Corticosterone (CORT) ELISA Kit 
(CSB-E07969 m, CUSABIO, Wuhan, China), strictly following the kit instructions.

Hippocampal tissue was quickly harvested on ice from mice a�er decapitation and was immersed in PBS of 
9 times the tissue volume for ultrasonication. Supernatant was obtained a�er ultracentrifugation for the tests 
of three common indicators of oxidative stress. Commercial test kits from Cell Biolabs (San Diego, USA) were 
used for measuring super oxide dismutase (SOD) activity (Superoxide Dismutase Activity Assay kit STA-340), 
malondialdehyde (MDA) adducts (ELISA Kit, STA-332) and reactive oxygen/nitrogen species (ROS/RNS) level 
(In Vitro ROS/RNS Assay Kit, STA-347). Total protein concentration was measured before the MDA test using the 
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Pierce®  BCA Protein Assay Kit (23225, �ermo, USA). �e ROS/RNS level was tested using a ROS/RNS-sensitive 
�uorescent dye, DCF (2′,7′ -dichloro�uorescin), which was generated from the reaction of ROS/RNS with a spe-
ci�c probe: DCFH-DA (dichloro�uorescein diacetate). �e compound is hydrolyzed to DCF, which interacts 
with ROS/RNS to generate �uorescence. �e quantity of ROS/RNS was calculated based on the standard obtained 
using the known ROS/RNS contents.

Neurogenesis. �e animal was deeply anesthetized with pentobarbital (100 mg/kg, i.p.) and �xed with 
open-chest cardiovascular perfusion of 4% paraformaldehyde in PBS bu�er followed by post-�xation in the same 
�xative at 4 °C for 24 h. �e brain tissue block was then immersed in 30% sucrose, dehydrated at 4 °C until it sunk 
to the bottom, embedded in OCT compound and then frozen in a − 80 °C freezer. �e frozen block was sliced into 
25 µ m thick sections using a microtome (Leica Cryostat Microtome 1900, Heidelberger, Germany). One section 
from every 3 was chosen for further processing.

Doublecortin (DCX) staining was performed using �oating sections. �e selected sections were permeabi-
lized with 0.1% Triton X-100 in PBS for 30 min, incubated for 30 min in 10% donkey serum in PBS and then 
incubated in the primary antibody (1:300, goat polyclonal anti-DCX, sc-8066, Santa Cruz, Santa Cruz, CA, USA) 
overnight at 4 °C. �is was followed by treatment with secondary antibodies (1:500, Donkey Anti Goat IgG-H&L 
Cy3® , ab6949, Abcam, Cambridge, UK) for 1 h at room temperature. Ki67 staining was performed on a�xed 
tissue sections. �e selected slices were placed onto lysine-treated glass slides, dried at room temperature, dipped 
in antigen retrieval solution (mixture of citric acid bu�er), and then heated in a microwave oven. �e slices 
were then permeabilized with 0.1% Triton X-100 in PBS for 30 min, incubated for 30 min in 10% goat serum 
and then incubated in the primary antibody (1:300, Rabbit polyclonal to Ki67, ab66155, Abcam, Cambridge, 
UK) overnight at 4 °C. �is was followed by incubation with secondary antibodies (1:1000, Cy2-A�niPure Goat 
Anti-Rabbit IgG-H&L, 111-225-045, Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room temper-
ature. �e numbers of DCX- and Ki67-positive cells were counted under a �uorescence microscope (OLYMPUS 
BX53, Tokyo, Japan) and multiplied by 3 to yield the total number of DCX/Ki67-positive cells in the whole DG 
region in each animal brain.

SDH staining for hair cell count. �e mouse was anaesthetized (sodium pentobarbital, 100 mg/kg, i.m.) 
and decapitated. �e otocyst was quickly removed, and the round and oval windows were picked under an 
anatomical microscope. �e cochlea was perfused with the succinate dehydrogenase (SDH) staining solution, 
which contained 0.2 M succinate dibasic hexahydrate (substrate, Sigma, St. Louis, USA) and 0.1% Tetranitro Blue 
Tetrazolium Chloride (Nitro-BT, Sigma, St. Louis, USA) in 0.2 M PBS. �en, the cochlea was immersed in the 
solution for 45 min at 37 °C before being transferred to 4% paraformaldehyde for 24 h at 4 °C and decalci�ed with 
1N HCl. A�er that, the organ of Corti was dissected and mounted with 80% glycerin in PBS on a glass slide. It was 
observed under a light microscope, and the missing hair cells were counted to establish a cochleogram4.

Statistics. All statistical analyses were performed using SigmaPlot 12.2 so�ware. �e ANOVA tests were 
performed before the post-hoc tests. All data are presented as the means ±  SEM, unless otherwise speci�ed. 
Signi�cance is accepted at the level of p <  0.05.
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