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Degeneration of the central auditory system, which is characterized by
reduced understanding of speech and source localization of sounds, is an
important cause of age-related hearing loss (presbycusis). Accumulating
evidence has demonstrated that Wnt/B-catenin signaling plays an essential
role in the development of the auditory system but its potential role in
presbycusis remains unclear. In this study, we used a rat model of aging,
created by chronic systemic exposure to Dp-galactose (p-gal), and explored
changes in Wnt/B-catenin signaling in the auditory cortex. A decrease in
Wnt/B-catenin signaling in the auditory cortex was found in both naturally
aging and p-gal-mimetic aging rats, as indicated by increased GSK3f activ-
ity and decreased B-catenin activity. Moreover, lithium chloride (Licl), an
activator of Wnt signaling pathway, was administered long term to 15-
month-old p-gal-treated rats. Activation of Wnt/B-catenin signaling by Licl
attenuated p-gal-induced auditory cortex apoptosis and neurodegeneration.
Bmil, a transcription factor implicated in antiaging and resistance to apop-
tosis, can be modulated by B-catenin activity. Here, we showed that the
expression of Bmil was reduced and the expression of its downstream
genes, pl6"VK* p194'7 and p53 were increased in the auditory cortex both
of naturally aging and p-gal-mimetic aging rats. In addition, Licl signifi-
cantly increased Bmil expression and reduced pl16™%4 p19AT and p53
expression. Our results indicated that decreased Wnt/B-catenin signaling
might participate in the pathogenesis of central presbycusis through modu-
lating the expression of Bmil. Wnt/B-catenin signaling might be used as a
potential therapeutic target against presbycusis.

Aging is a natural phenomenon associated with a pro-
gressive degeneration of physiological function and
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increased vulnerability to disease. Age-related hearing
loss (AHL), also known as presbycusis, is a highly

AHL, age-related hearing loss; Bmi1, B lymphoma Mo-MLV insertion region 1; CD, common deletion; Cyclin D1, cell cycle protein D1; p-gal,
p-galactose; GSK3, glycogen synthase kinase 3f; Licl, Lithium chloride; LSCM, laser-scanning confocal microscope; mtDNA, mitochondrial
DNA; PBS, phosphate-buffered saline; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; TUNEL, terminal deoxynucleotidy!
transferase-mediated deoxyuridine 5'-triphosphate nick-end labeling.
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The role of Wnt/B-catenin signaling in presbycusis

prevalent sensorineural hearing impairment caused by
aging. Typically, presbycusis is characterized by reduced
ability to hear sound and understand speech, impaired
central processing of acoustic information and reduced
ability to localize sound sources [1,2]. It is generally
acknowledged that presbycusis was caused by the
degeneration of peripheral auditory system. The loss of
hair cells and dysfunction of the stria vascularis were
found to be the main pathological manifestation of
peripheral presbycusis [3]. Growing evidences demon-
strate that the degeneration of the central auditory sys-
tem with aging also exerts a key role in the process of
the pathogenesis of presbycusis [4,5]. The main reason is
that age-related degeneration of the central auditory
system (central presbycusis) can affect speech under-
standing and sound source localization [6]. In recent
years, there has been tremendous progress in identifying
the clinical conditions and pathophysiology of central
presbycusis [7-9]. However, the molecular mechanisms
involved in central presbycusis remain elusive.

Wnt/B-catenin signaling is also referred to as canoni-
cal Wnt signaling. Extracellular Wnt ligands bind to the
Frizzled family receptors (FZDs), leading to the disrup-
tion of an intracellular complex that consists of glyco-
gen synthase kinase 3f (GSK3f), Axin, and
adenomatous polyposis coli (APC). This prevents phos-
phorylation of the transcription factor B-catenin by
GSK3p, allowing the stabilized state of B-catenin to
accumulate in the cytoplasma and then migrate to the
nucleus. Once located in the nucleus, B-catenin interacts
with T-cell factor/lymphoid enhancer-binding factor
(TCF/LEF) to drive the expression of Wnt target genes,
such as cyclinDI and c-myc [10-12]. Lithium chloride
(Licl) is an agonist of the canonical Wnt signaling that
can inhibit GSK3p activity and thereby stabilize free
cytosolic B-catenin effectively [13]. Wnt signaling is
known for its role in embryologic development, self-
renewal of stem cells, tumorigenesis, and maintenance
of mature tissues [14,15]. It was later found that the
downregulation of Wnt signaling contributes to the
pathogenesis of certain aging-associated diseases.
Decreased B-catenin expression contributes to age-
related osteoporosis [16,17]. Dysfunctional Wnt signal-
ing is also implicated in the development of Alzheimer’s
disease (AD). Increased B-catenin activity has the ability
to provide neuronal protection by reducing B-amyloid
toxicity [18]. Furthermore, canonical Wnt signaling has
been implicated in the development of the auditory
organs and maintenance of the function of auditory sys-
tem [19-21]. However, the relation between Wnt/pB-
catenin signaling and presbycusis is still unknown.

B lymphoma Mo-MLV insertion region 1 (Bmil), a
member of the Polycomb group family, is involved in
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resistance to apoptosis and antiaging [22,23]. Interest-
ingly, recent evidence demonstrated that Wnt/B-catenin
signaling regulates Bmil expression in colon cancer
cells [24]. Bmil~/~ mice exhibit progressive postnatal
growth retardation, neurological abnormalities, and a
reduced lifespan [25,26]. Recent studies have shown
decreased Bmil expression in the human and mouse
central nervous system (CNS) during aging, and its
absence causes hypersensitivity to neural apoptosis and
premature neurodegeneration [27-29]. Its overexpres-
sion can prevent cell senescence by repressing the
Ink4ajArf locus, which encodes the pl6™%%* and
pl192™ proteins [30-33]. p16™*** promotes Rb activa-
tion, while p19*™ regulates p53 activity. Increased
expression of p16™%4" and p19A™ with aging in a vari-
ety of tissues, leads to tissue degeneration and aging
[34,35]. However, whether Bmil is involved in the pro-
cess of central presbycusis remains obscure. Due to
Bmil playing a critical role in the aging process of
CNS, exploring the regulation of Bmil is essential dur-
ing the development of central presbycusis.

In our previous studies, we established a mimetic rat
model of aging using overdoses of p-galactose (D-gal).
And common deletion (CD), the common mtDNA dele-
tion (4977 bp deletion in human, 4834 bp deletion in
rats), have been reported to accumulate gradually in
various tissues during aging [36,37]. In the p-gal mimetic
rat, CD was found accumulated both in the peripheral
and central auditory system during aging [38,39]. Fur-
thermore, studies indicated CD accumulation is highly
related to the development of presbycusis both in
human and experimental animals and it will increase the
susceptibility of presbycusis [38,40]. Herein, we detected
the expression of B-catenin and GSK3p in the central
auditory cortex at different ages in natural aging and p-
gal mimetic aging rats. To further investigate the possi-
ble role of Wnt/B-catenin signaling in neuronal survival
in the auditory cortex during aging, we treated the 15-
month-old p-gal rats with Licl to activate Wnt/B-catenin
signaling, and detected the CD level, the apoptosis level,
and the ultrastructural changes in the auditory cortex.
The expression of Bmil and its downstream genes,
pl6™K4 p 1947 and p53, were also detected to explore
the possible mechanism of presbycusis in the central
auditory system.

Results
Age-related decrease in Wnt/p-catenin signaling
in the auditory cortex

To explore the long-term changes of Wnt/B-catenin
signaling in the auditory cortex during aging, we
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examined the activity of GSK3f and p-catenin
between the different groups. It is well known that
GSK3p is one of the main negative regulators of
canonical Wnt signaling, and p-GSK3 (ser’) is a form
of inactivated GSK3f [41]. To determine whether
aging had an effect on GSK3p activity, western blot
analysis was performed. As shown by Fig. 1A, in com-
parison with the 4-month-old NS or p-gal rats, the
level of p-GSK3p (ser’) was decreased in the p-gal rats
at the ages of 4 months (P < 0.05) and 16 months
(P <0.01). However, the protein levels of GSK3f
showed no substantive change. Similarly, the decreased
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phosphorylation of GSK3p at ser’ was also observed
in the 16-month-old NS group and 16-month-old p-gal
rats compared with the 4-month-old NS and 4-month-
old p-gal rats, respectively (P < 0.05), and GSK3pB
protein expression showed no change (Fig. 1B). These
results indicated an age-related increase in the activity
of GSK3B in the auditory cortex.

In the absence of Wnt stimulation, the amount of
cytoplasmic B-catenin that translocated into the
nucleus was decreased, which was due to the phospho-
rylation of B-catenin at Ser®, Ser’’, and Thr*' by

GSK3p [42,43]. To further investigate whether
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Fig. 1. Age-related decreases in phosphorylation of GSK3p at ser® in the auditory cortex. (A) Western blot analysis of p-GSK3p (ser®) and
GSK3B protein expression in p-gal rats vs NS rats. (B) Western blot analysis of p-GSK3p (ser® and GSK3p protein expression in 16-month-

old rats vs 4-month-old rats. *P < 0.05, **P < 0.01.
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activation of GSK3f could induce altered B-catenin
activity in the auditory cortex, western blot analysis
revealed that the protein level of p-B-catenin (ser™™
Thr*') was increased in the 4-month-old p-gal and
16-month-old p-gal rats compared with the corre-
sponding NS rats (P < 0.01) while total B-catenin pro-
tein expression was markedly decreased (P < 0.01)
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(Fig. 2A). As Fig. 2B shows, the similar results were
found in 16-month-old rats compared with 4-month-
old rats. To evaluate whether increased phosphoryla-
tion of p-catenin by GSK3p would influence the
translocation of B-catenin, B-catenin protein expression
in nuclear extracts from the tissues was also detected.
The level of nuclear B-catenin protein was lower in
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Fig. 2. Age-related improvement in phosphorylation of B-catenin by GSK3p led to decreased B-catenin activity in the auditory cortex. (A)
Western blot analysis showed the level of p-B-catenin (ser®> 2’Thr*') and total B-catenin protein expression in p-gal rats vs NS rats. (B)
Western blot analysis showed the level of p-p-catenin (ser®® 3’Thr*") and total B-catenin protein expression in 16-month-old rats vs 4-month-
old rats. (C) Western blot analysis showed B-catenin in nuclear extracts after p-gal injection. (D) Western blot analysis showed B-catenin in
nuclear extracts in 16-month-old rats vs 4-month-old rats. *P < 0.05, **P < 0.01.
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D-gal rats at the ages of 4 months and 16 months com-
pared to the age-matched NS rats (P < 0.05) (Fig. 2C).
Furthermore, nuclear B-catenin protein expression was
significantly decreased with aging compared with the
same treatment in rats (NS rats: P < 0.05, p-gal rats:
P <0.01) (Fig. 2D). To further confirm the localiza-
tion and protein expression of B-catenin in the audi-
tory cortex, an immunofluorescence analysis was
performed. As our results showed, pB-catenin was
mainly located in the cytoplasm and was decreased in
4-month-old p-gal (P < 0.05) and 16-month-old p-gal
(P <0.01) rats compared with age-matched NS rats.
Moreover, decreased expression of [-catenin was
observed with aging (P < 0.05) (Fig. 3A). Quantitative
real-time (RT)-PCR analysis confirmed that f-catenin
mRNA expression was decreased with aging (Fig. 3B).
Taken together, these results suggested downregulation
of Wnt/B-catenin signaling in the auditory cortex with

aging.

Activation of Wnt/p-catenin signaling by long-
term administration of Licl in the auditory cortex

To further investigate the role of canonical Wnt sig-
naling in the auditory cortex during aging, we trea-
ted the 15-month-old p-gal rats with the canonical
Wnt signaling activator Licl for a month. Western
blot analysis was performed to determine whether
Licl treatment could activate Wnt signaling in the
auditory cortex. Significantly, compared with 16-
month-old p-gal rats, we found that Licl treatment
resulted in increased in GSK3P phosphorylation at
ser’ (P <0.05), while there was decreased total
GSK3p expression (P < 0.05) (Fig. 4A). A significant
reduction in phosphorylated P-catenin at ser’>’,
Thr*! was found after Licl treatment (P < 0.05), and
Licl was sufficient to enhance PB-catenin stabilization
indicated by increased total B-catenin and alter p-
catenin nuclear localization detected by western blot
analysis (Fig. 4B). The mRNA levels of f-catenin
showed no marked difference (Fig. 3B), and no obvi-
ous nuclear translocation of B-catenin was detected
by immunofluorescence assay (Fig. 3A). A previous
study also reported that it is extremely difficult to
observe P-catenin nuclear translocation with an
immunocytochemical assay [44]. The augmented f-
catenin activity by Licl was further confirmed by the
improved expression of B-catenin downstream mole-
cules, cyclin D1 and c-myc (P < 0.05) (Fig. 4C). The
results suggested that Licl treatment efficiently acti-
vated Wnt/B-catenin signaling through inhibition of
GSK3p in the auditory cortex.

The role of Wnt/B-catenin signaling in presbycusis

Licl attenuated the p-gal-induced auditory cortex
aging

We further investigated whether canonical Wnt signal-
ing could protect against auditory cortex aging. As
shown in Fig. SA, a TUNEL staining assay revealed
that the number of TUNEL-positive cells in the audi-
tory cortex was significantly increased in 16-month-old
rats compared with 4-month-old rats (P < 0.01). Fur-
thermore, the number of TUNEL-positive cells was
significantly increased in 16-month-old p-gal rats when
compared with the age-matched NS rats (P < 0.01).
Notably, while only a few TUNEL-positive nuclei
were found in NS rats and p-gal rats at the age of
4 months, there was no difference between the two
groups. After Licl treatment, we observed that the per-
centage of apoptotic cells from the auditory cortex
was significantly decreased (P < 0.01).

The mitochondrial 4834-bp deletion is also known
as the ‘CD’. Previously, our findings revealed that the
CD level increased with aging and could be seen as a
biomarker for AHL [38.,45]. Quantitative PCR (Tagq-
Man probe) analysis was performed to examine the
percentage of CD. As shown in Fig. 5B, the CD levels
were significantly increased in D-gal rats at different
ages compared with age-matched control rats
(P <0.05). We also demonstrated that the percentage
of CD was drastically increased in the 16-month-old
NS and p-gal rats compared with 4-month-old NS and
pD-gal rats (P < 0.01). Furthermore, we evaluated the
effect of activated canonical Wnt signaling by Licl on
the percentage of CD. We found that Licl treatment
significantly decreased the CD levels (P < 0.01).

To investigate the effects of aging and activated
canonical Wnt signaling on neuron survival, a trans-
mission electron microscopy assay was performed to
detect the ultrastructural changes in the auditory cor-
tex. As shown in Fig. 6, in the 4-month-old NS group,
the neurons of the auditory cortex displayed no obvi-
ous ultrastructural changes. An intact nuclear mem-
brane, uniformly dispersed chromatin, normal
mitochondria (black arrow), and intact and compact
myelin were detected in 4-month-old rats, except an
irregular nucleus was found in 4-month-old p-gal rats
(Fig. 6B). The neurons of the auditory cortex dis-
played a progressive degeneration in 16-month-old
rats. An irregular nucleus and condensed chromatin
(Fig. 6C.D) were found. The mitochondria were swol-
len and vacuolated (black arrow in Fig. 6C1,D1), and
swollen and disrupted myelin also emerged (Fig. 6C2,
D2). Long-term administration of Licl alleviated p-gal-
induced neurodegeneration in the auditory cortex, as
the ultrastructure of the nucleus, mitochondria, and
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Fig. 3. Age-related decrease in B-catenin expression and long-term treatment of Licl improved B-catenin expression in the auditory cortex.
(A) Immunofluorescence analysis of B-catenin expression in 4- and 16-month-old NS, p-gal rats, and 16-month-old p-gal + Licl rats. (B) RT-

PCR showed B-catenin expression in 4- and 16-month-

old NS, p-gal rats, and 16-month-old p-gal + Licl rats. The results are expressed as the

mean + SEM (n =5 for each group). *P < 0.05, **P < 0.01 vs NS group. #P < 0.05, ##P < 0.01 vs 4-month-old group. AP < 0.05 vs 16-

month-old p-gal group.

myelin demonstrated a positive change (Fig. 6E,El Licl reversed the p-gal-induced repression of
and E2). Overall, these results demonstrated that the Bmi1 in the auditory cortex

activation of Wnt/B-catenin signaling by

administration of Licl attenuated p-gal-induced audi-

tory cortex aging and neurodegeneration.

long-term . . .
& To further investigate the potential molecular mecha-

nism by which Wnt/B-catenin signaling is involved in
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Fig. 4. Activation of Wnt/B-catenin signaling by long-term administration of Licl in the auditory cortex. (A) Western blot analysis of p-GSK3p

(ser’) and GSK3p expression after Licl treatment. (B) Western blot analysis showed p-p-catenin (ser*®> 3/Thr?"),

total and nuclear B-catenin

expression after Licl treatment. (C) Western blot analysis of c-myc and cyclin D1 expression treated with Licl. *P < 0.05, **P < 0.01 vs p-gal

group.

the degeneration of auditory cortex neurons during
aging, the expression of Bmil was detected. Western
blot analysis showed that the Bmil protein levels
decreased in 4-month-old p-gal (P < 0.05) and 16-
month-old p-gal (P <0.01) rats compared with the
corresponding NS rats (Fig. 7A). Moreover, we found
that Bmil protein expression was markedly lower in
16-month-old NS and p-gal rats than 4-month-old NS
and p-gal rats, respectively (NS rats: P < 0.05, p-gal
rats: P <0.01) (Fig. 7B). Next, we investigated
whether activated Wnt/B-catenin signaling would
enhance the protein expression of Bmil. Rats treated

FEBS Open Bio 7 (2017) 759-776 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

with Licl showed greater protein expression compared
with 16-month-old p-gal rats (P < 0.05) (Fig. 7C).
Furthermore, an immunofluorescence assay was per-
formed to detect Bmil protein expression. As shown
in Fig. 7D, Bmil was mainly located in the nuclei and
was significantly reduced in p-gal rats compared with
age-matched NS rats (4-month-old rats: P < 0.01, 16-
month-old rats: P < 0.05). We also found that Bmil
expression was dramatically decreased in NS and p-gal
rats at the age of 16-month-old compared with the
corresponding 4-month-old rats (NS rats: P < 0.01, p-
gal rats: P < 0.05). Real-time RT-PCR confirmed the
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Fig. 5. Licl reversed the p-gal-induced cell death and CD accumulation in the auditory cortex. (A) TUNEL staining assay showed apoptotic
cells in 4- and 16-month-old NS, p-gal rats, and 16-month-old p-gal + Licl rats. (B) RT-PCR analysis of CD levels in 4- and 16-month-old NS, o-
gal rats, and 16-month-old p-gal + Licl rats. The results were expressed as the mean 4+ SEM (n = 5 for each group). *P < 0.05, **P < 0.01

vs NS group. ##P < 0.01 vs 4-month-old group. AP < 0.01 vs 16-month-old p-gal group.

similar changes in Bmil mRNA expression with west-
ern blot analysis and an immunofluorescence assay
(Fig. 7E).

Bmil is known to inhibit the transcription of the
INK4a/Arf locus in aging tissues, which encodes the
senescence-associated genes pl6'V5* and p19*7 [35).
To evaluate whether altered Bmil expression affects
the expression of its downstream genes, we

investigated the expression of pl6"™V5* p1947 and
p53 in the auditory cortex. As shown in Fig. 8A,B,
western blot analysis revealed that p16INK4*‘, p19A“‘,
and p53 expression were significantly increased in 4-
month-old p-gal rats compared with 4-month-old NS
rats (pl6"™K4: P <0.05 plo*T P <001, p53:
P < 0.05), increased pl6™%4 p19AT and p353 expres-
sion were also found in the 16-month-old p-gal rats
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compared with 16-month-old NS rats (P < 0.01). Fur-
thermore, we also compared 4-month-old and 16-
month-old rats, which revealed greater expression of
ple™K4 = 519AT and p53 in aged rats (NS rats:
ple™K4 p < 0.01; p19*T, P < 0.05; p53, P < 0.01; D-
gal rats: pl6™K4 P <0.01; pl9*T, P <0.05; p33,
P <0.05) (Fig. 8C,D). In contrast, activation of Wnt
signaling by Licl reduced the protein levels of
ple™K4 51947 and p53 (pl16™K4: P < 0.05, p19AT:
P < 0.05, p53: P <0.01) (Fig. 8E). Consistently, quan-
titative RT-PCR also showed the mRNA expression of
the three genes were markedly higher in p-gal and
aged rats. Notably, administration of Licl significantly
reduced the mRNA levels ofp/6"™V5% p1947 and p53
compared with 16-month-old p-gal rats (Fig. 8F-H).
We concluded that activated canonical Wnt signaling
by Licl could reverse the p-gal-induced repression of
Bmil in the auditory cortex.

Discussion

In this study, we established a mimic aging rat model
by chronic systemic exposure of D-gal. Prior studies
showed that an overdose of D-gal can accelerate aging
in animals, which exhibit characteristics that resemble
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natural aging [46,47]. Moreover, the mimic aging rat
model induced by p-gal is an ideal model for investi-
gating the mechanisms involved in the development of
presbycusis [48]. Herein, both the effects of p-gal and
aging on the process of auditory cortex degeneration
were evaluated. Moreover, long-term administration of
lithium chloride (Licl), an activator of Wnt signaling
pathway, was given to the 15-month-old p-gal rats.
We demonstrated that an age-related decrease in Wnt/
B-catenin signaling in the rat auditory cortex and acti-
vation of Wnt/B-catenin signaling by Licl attenuated
p-gal-induced auditory cortex aging and neurodegener-
ation in rats. Our data suggest that the attenuation of
auditory cortex aging, at least in part, occurs through
the enhancement of Bmil by B-catenin.

Our investigations in the underlying molecular
mechanisms involved in central presbycusis revealed
the dysfunction of Wnt/B-catenin signaling in the rat
auditory cortex during aging. The results showed that
both p-gal and aging induced an increased GSK3p
activity, evidenced by a reduction in phosphorylated
GSK3p at Ser9. A prior study also reported an age-
associated increase in GSK3B activity in the hip-
pocampus of aged Wistar rats which contributes to the
physiopathology of Alzheimer’s disease (AD) [49].
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Fig. 7. Licl reversed the p-gal-induced downregulation of Bmi1 in the auditory cortex. (A) Western blot analysis of Bmi1 expression in p-gal
rats vs NS rats. (B) Western blot analysis of Bmil expression in 16-month-old rats vs 4-month-old rats. (C) Western blot showed Bmi1
expression after treatment with Licl. (D) Immunofluorescence assay of Bmil expression in 4- and 16-month-old NS, p-gal rats, and 16-
month-old p-gal + Licl rats. (E) RT-PCR analysis of Bmi1 in 4- and 16-month-old NS, p-gal rats, and 16-month-old p-gal + Licl rats. *P < 0.05,
**P < 0.01 (for A-C). *P < 0.05, **P < 0.01 vs NS group. #P < 0.05, ##P < 0.01 vs 4-month-old group. AP < 0.05 vs 16-month-old p-gal

group (for D and E, n = 5 for each group).

GSK3p is known to be involved in the regulation of
various signaling cellular functions through its ability
to phosphorylate a number of substrates [50,51]. As
one of the main negative regulators of canonical Wnt
signaling, it can inhibit B-catenin activity by phospho-
rylated B-catenin at Ser®, Ser’’, and Thr*' [43]. B-

catenin, the most important effective molecule in this
signaling pathway, is involved in some neurological
disorder. It has been reported that reduction of B-cate-
nin by B-catenin siRNA contributes to the impairment
of neurogenesis in AD progenitor cells [52]. Moreover,
reduced B-catenin has been found in the hippocampus
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of aged Wistar rats [53]. Our present data showed that
an increase in p-p-catenin (ser’**’Thr*') is accompa-
nied by an enhancement of GSK3p activity in Dp-gal
and aged rats. Because GSK3f-mediated phosphoryla-
tion of N-terminal p-catenin was improved, we
predicted that there would be a destabilization of -
catenin and a reduction in the cytoplasma p-catenin

translocated into the nucleus. As the results showed,
the decrease in mRNA and protein of total B-catenin
was also observed in the p-gal and aged auditory cor-
tex of rats. Moreover, both p-gal and aging induced a
significant decrease in nuclear B-catenin, which repre-
sents the activity of B-catenin. Taken together, our
results revealed an age-related decline of Wnt/B-
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catenin signaling in the auditory cortex during aging.
A previous study showed that inhibition of Wnt/p-
catenin signaling causes degeneration of mouse pri-
mary hippocampal neurons [54]. Our current study
showed that accompanied by impaired Wnt/fB-catenin
signaling, p-gal and aged rats displayed greater neuron
apoptosis and neurodegeneration in the auditory cor-
tex, except for there was no marked difference between
4-month-old NS and p-gal rats. Considering that p-gal
can be converted into p-galactitol by aldose reductase,
it will accumulate in the cell and cannot be metabo-
lized [55]. The possible reason for this striking contrast
might be that young auditory cortex neurons have
strong resistance to impairment by accumulated D-
galactitol. We indicated that the dysregulation of
canonical Wnt signaling could render auditory cortex
neurons sensitive to apoptosis and then cause neurode-
generation. Neurodegeneration of the auditory cortex
with aging play a key role in the process of the patho-
genesis of central presbycusis. Furthermore, as a bio-
marker for presbycusis, CD was found to be
accumulated in p-gal and aged rats. These results sug-
gested that downregulation of Wnt/B-catenin signaling
in the auditory cortex with aging might participate in
the pathogenesis of presbycusis. Aiming to better
understand whether canonical Wnt signaling plays a
neuroprotective role in the aged auditory cortex, 15-
month-old p-gal rats received Licl for 1 month. Licl
inhibited GSK3p activity by phosphorylation at serine
9 (ser’), resulting in p-catenin accumulation and
nuclear translocation [56]. There is no obvious differ-
ence in PB-catenin mRNA expression after Licl treat-
ment, this may be due to the fact that Licl regulates p-
catenin in a protein level, and that Licl does not
directly affect the transcription process of B-catenin
[13]. Besides, it is possible that the B-catenin mRNA
has been degraded when the B-catenin protein reaches
its peak. Studies have also successfully utilized Licl to
activate Wnt/B-catenin signaling both in vivo and
in vitro [57,58]. We showed that activation of Wnt/f-
catenin signaling by Licl attenuated p-gal-induced
apoptosis and neurodegeneration in the rat auditory
cortex. Moreover, chronic Licl treatment dramatically
decreased the percentages of CD. Our results suggest
that chronic administration of Licl exerted a protective
effect against the pathogenesis of central presbycusis
mediated by activation of Wnt/B-catenin signaling.
The participation of Wnt/B-catenin signaling in the
pathogenesis of central presbycusis was partially attrib-
uted to the regulation of Bmil expression by B-catenin.
Although multiple prosurvival function genes, such as
cycelin DI, survivin and bcl-2 regulated by B-catenin,
have been described [59-61]. Little is known about
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how canonical Wnt signaling affects the tissue aging
process. Recently, a study has revealed that B-catenin
enhances Bmil expression in a colon cancer cell line
[24]. Bmil plays a vital role in aging, its deficiency has
been shown to cause premature aging and contribute
to an early onset of brain aging [28,29]. In addition,
Bmil extended the lifespan of normal human oral ker-
atinocytes, and silencing Bmil enhances the senescence
of human gastric cancer cells [62,63]. In line with the
downregulation of B-catenin activity, the mRNA and
protein levels of Bmil were dramatically decreased
after p-gal administration, and decreased expression of
Bmil was also found in the aged rat auditory cortex.
The antiaging role of Bmil is mainly due to its ability
to inhibit the transcription of the Ink4a/Arf locus, and
then suppress thepl6™%* and p19°™/p53 pathways
[35]. In this context, p-gal- and aging-induced down-
regulation of Bmil expression might contribute to the
increased transcription of p16"™%4! which could inhi-
bit cell cycle progression, and increased ple™K4?
unbalances tissue homeostasis during aging [64]. More-
over, the p19*™/p53 pathway is a main signal trans-
duction pathway that controls cell aging processes [65].
This pathway was found to be upregulated in the p-
gal and aged rat auditory cortex. The results indicated
that the weaken Bmil expression increases the p19™°')
p53 pathway activity and initiates apoptosis. A study
also showed that Bmil knockdown neurons have
increased p19°™ and p33 expression, and the study
showed that p53 mediates most of the apoptotic phe-
notypes [25]. Our results further indicated that B-cate-
nin could regulate Bmil expression in the auditory
cortex during aging, because we found higher Bmil
expression followed by an augmented B-catenin activ-
ity after Licl administration. Moreover, in agreement
with the alleviation of p-gal-induced aging features by
activated Wnt/B-catenin signaling, Licl significantly
decreased pl6™%4 p19AT and p53 expression levels
in rat auditory cortex. The more recent study reported
that activation of Wnt/B-catenin signaling by Licl pro-
vides neuroprotection against hypoglycemia-induced
apoptosis in neuron PC12 cells [66]. In addition, Licl
has been revealed to reduce cell death by modulating
p53 and bcl-2 expression, which is related to the initia-
tion of the apoptotic processes [67,68]. In this research,
our results suggested that long-term administration of
Licl increased Bmil expression, and then Bmil
reduced these age-associated genes, and subsequently
reversed D-gal-induced phenotype of central presbycu-
sis. Although the participation of other mechanisms
cannot be excluded, our finding supports the idea that
activation of Wnt/B-catenin signaling by Licl attenu-
ated Dp-gal-induced auditory cortex aging and
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neurodegeneration partially by enhancement of Bmil
expression. As the effects of chronic systemic exposure
to p-gal on aging features in the auditory cortex
resemble natural aging, our study sheds light on a
promising intervention for the delay, even reversal, of
the natural aging process of the auditory cortex by
activation of Wnt/B-catenin signaling. However, there
was no substantial change in cell apoptosis and ultra-
structural morphology in the auditory cortex between
4-month-old NS and 4-month-old p-gal rats. Our pre-
vious studies also showed this phenomenon [39,45].
Furthermore, it is hard to observe a difference in cell
apoptosis and ultrastructural morphology, and even
the molecular expression lacked statistically significant
differences after Licl treatment in the auditory cortex
of young p-gal rats (date not shown), therefore, we
paid more attention to the effects of activated Wnt sig-
naling on aged p-gal rats. To fully understand the pro-
tective mechanism of Wnt signaling against the
pathogenesis of presbycusis, future works should be
carried out with more complete solutions using multi-
ple pharmacological and genetic approaches.

In conclusion, our results revealed that mimetic
aging rats induced by bp-gal had an age-related
decrease in Wnt/B-catenin signaling accompanied by
downregulation of Bmil, which is involved in neurode-
generation of the auditory cortex. In addition, activa-
tion of Wnt/B-catenin signaling by long-term
treatment with Licl reversed neurodegeneration
induced by p-gal, which might occur through modula-
tion of the expression of Bmil. These findings offer
novel evidence for the protective effects against aging
of Wnt/B-catenin signaling in age-related auditory cor-
tex degeneration and provide a potential therapeutic
direction for presbycusis.

Materials and methods

Animal procedures

One hundred and twenty male Sprague-Dawley rats
(4 weeks old) were purchased from the Experimental Ani-
mal Center of Tongji Medical College, Huazhong Univer-
sity of Science and Technology. After acclimation for
4 weeks, the rats (2 months old) were randomly divided
into the following three groups: a control group, a p-gal
(Sigma Chemical, St. Louis, MO, USA) group, and a D-
gal + Licl (Sigma Chemical) group. The rats in the p-gal
group were injected subcutaneously  with  Dp-gal
(500 mg-kg~'-day™") for 8 weeks while the rats in the con-
trol group were injected with the same volume of vehicle
(0.9% saline) for 8 weeks. On the basis of the p-gal group
(15 months old), the rats in the p-gal + Licl group received
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a daily lithium chloride (60 mgkg™") injection subcuta-
neously for a total of 30 days. The Licl treatment for the
p-gal + Licl group was terminated on the day the rats were
killed. Both the control and p-gal groups were divided into
two age subgroups: 4-month-old (just after the injection)
and 16-month-old (12 months after the last injection). All
rats were individually housed in standard polycarbonate
cages in a temperature-controlled (24 + 2 °C) and light-
controlled environment with a 12-h lightdark cycle and
were provided standard rodent chow and water.

All experimental procedures were performed in accor-
dance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals. The protocol was
under the supervision of the Committee on the Ethics of
Animal Experiments of Huazhong University of Science
and Technology.

Protein extraction and western blot analysis

Total and nuclear protein from rat auditory cortex tissues
were extracted using the Total Protein Extraction Kit and the
Nuclear Protein Extraction Kit, respectively (Beyotime, Hai-
men, China). For western blot on total extracts, auditory cor-
tex tissues were washed with cold PBS, and were
homogenized in lysis buffer using a homogenizer on the ice
for 30 min. The samples were then centrifuged at 10 000 g
for 10 min at 4 °C. The supernatant containing total proteins
were collected. For western blot on nuclear extracts, auditory
cortex tissues were homogenized in lysis buffer on the ice and
centrifuged at 12 000 g at 4 °C for 5 min. The supernatants
were collected as cytoplasmic extracts, and the sediments
were resuspended in the lysis buffer on ice for 10 min. After
the addition of 10% NP-40, samples were vigorously vor-
texed three times, then centrifuged at 12 000 g for 5 min. The
supernatants were discarded and the sediments were resus-
pended in the extraction buffer on ice for 30 min, samples
were vigorously vortexed five times, then centrifuged at
12 000 g at 4 °C for 15 min. The supernatant containing
nuclear proteins were collected. Protein concentrations were
determined with the BCA Protein Assay Kit (Beyotime). An
equal amount of protein lysate (20 pg) was loaded onto 10%
SDS/PAGE gels for electrophoresis. After appropriate
separation, the proteins were transferred onto a PVDF
membrane blocked for 1 h in 5% nonfat dry milk diluted in
Tris-buffered saline( 0.1 m) added to 0.1% Tween-20 (TBST),
and then incubated overnight at 4 °C with the appropriate
dilution of the following primary antibodies: anti-f-catenin
(1 : 1000, Cell Signaling Technology, Danvers, MA, USA),
anti-p-p-catenin Ser’>*Thr*! (1 : 1000, Cell Signaling Tech-
nology), anti-GSK3p (1 :2000, Wanleibio, Shenyang,
China), anti-p-GSK3p Ser® (1 : 1000, Cell Signaling Technol-
ogy), anti-Bmil (1 : 1000, Abcam, Cambridge, MA, USA),
anti-c-myc (1 : 1000, Abcam), anti-cyclinD1 (1 : 1000,
Abcam), anti-pl6™4* (1 : 1000, Proteintech, Wuhan,
China), anti-pl9*™ (1 : 200, Santa Cruz Biotechnology,
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Santa Cruz, CA, USA), anti-p53 (1 :200, Santa Cruz
Biotechnology), anti-GAPDH (1 : 2000, AntGene, Wuhan,
China), and anti-LaminB1 (1 : 2000, Wanleibio, Shenyang,
China). After washing with TBST three times, the membranes
were incubated with the appropriate secondary antibody
at room temperature for 1 h, followed by washing of the
membrane with TBS-T three times. Immunoblots were visual-
ized with an ECL Western Blotting Kit (Beyotime). GAPDH
was detected as a loading control for total protein and
LaminB1 was detected as a loading control for nuclear
protein.

RNA isolation and quantitative real-time PCR

Total RNA from fresh auditory cortex tissues was extracted
using Trizol reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. cDNA was
reverse transcribed using the Prime Script RT reagent Kit
(Takara Bio, Otsu, Japan). The concentrations and purifica-
tion of the RNA and cDNA of each sample were analyzed
using the Gene Quant Pro DNA/RNA Calculator (Bio-
Chrom, Cambridge, UK). The cDNA samples were stored at
—20 °C until further use. Real-time quantitative PCR was
performed by applying real-time SYBR Green PCR technol-
ogy with the use of the lightcycle 480 RT-PCR system (Roche
Diagnostics Ltd, Rotkreuz, Switzerland). The PCR reactions
were performed in a volume of 20 pL and contained 2 pL of
diluted ¢cDNA, 0.8 pL of forward and reverse primers,
6.4 uL of DEPC water (Biosharp, Hefei, China), and 10 pL
of SYBR Green Real-time PCR Master Mix Kit (Takara
Bio). Primers for the qPCR (listed in Table 1) used for ampli-
fication were designed using PRIMER PREMIER 5.0 software
(Premier Biosoft International, Palo Alto, CA, USA).

The amplification protocol was as follows: 1 cycle at
95 °C for 5 min, 45 cycles at 95 °C for 10 s, and 52 °C for
20 s, then 72 °C for 20 s, and an extension at 72 °C for
5 min. The relative mRNA expression of each group was
analyzed using the 2722 method.

Table 1. The nucleotide sequences of the primers that were used
in the real-time PCR analysis with SYBR Green.

Gene Sequence (5'-3')

Forward, 5-TCTTGGCTATTACGACAGACT-3
Reverse, 5-CCACCCACTTGGCACA-3

Bmi1 Forward, 5-AAGGAGGAGGTGAATGAT-3'
Reverse, 5-AGGTGTAAATGTAGGCAAT-3

p-catenin

p16/nkea Forward, 5-TCCGAGAGGAAGGCGAACTC-3
Reverse, 5-GCTGCCCTGGCTAGTCTATCTG-3
p19™" Forward, 5-ACCCCAAGTGAGGGTTTTCT-3

Reverse, 5-GATCCTCTCTGGCCTCAACA-3
p53 Forward, 5-CATCTTCCGTCCCTTCTCAA-3
Reverse, 5-AGCGTCTCACGACCTCAGTC-3
Forward, 5-AGCCGTTCGGAGGATTATTCG-3
Reverse, 5-CTTCTCCTCAGCAGCCAGAG-3

GAPDH

M.-Y. Xia et al.

Immunofluorescence

Immunofluorescence was used to detect protein expression
of B-catenin and Bmil in the auditory cortex. After being
deeply anesthetized, the rats were transcardially perfused
with a 0.9% normal saline wash, following by a 4%
paraformaldehyde fixative. When perfusion was finished,
the brains were removed and postfixed in 4%
paraformaldehyde overnight at 4 °C. After rinsing with dis-
tilled water, all brains were dehydrated through graded
concentrations of an ethanol series, cleared in xylene, and
then immersed in paraffin. Following deparaffinization,
rehydration, and antigen retrieval according to standard
protocols, the samples were blocked with donkey serum
albumin for 1 h at room temperature and then incubated
overnight with anti-B-catenin (1 : 100, Cell Signaling Tech-
nology) and anti-Bmil (1 : 200, Abcam) at 4 °C in a
humidified chamber. After three washes in PBS, sections
were incubated with secondary fluorescently tagged anti-
bodies for 1 h at room temperature. Slides were mounted
on cover slips with a DAPI solution; then, a laser-scanning
confocal microscope (LSCM) (Nikon, Tokyo, Japan) was
using to observe the samples.

DNA extraction and quantitation of the mtDNA
common deletion

Total DNA was extracted from the auditory cortex with
the Genomic DNA Purification Kit (Tiangen Biotech Co.,
Ltd, Beijing, China) according to the manufacturer’s
instructions. The Gene Quant ProDNA/RNA Calculator
(BioChrom) was used to measure the DNA concentration
of each sample. The percentages of CD were measured with
a TagMan quantitative real-time PCR assay. The copy
number of the mitochondrial D-loop region was used as a
measure of the total amount of mtDNA in each sample.
The PCR primer and probe sequences for the D-loop
region and mtDNA CD have been previously described
[69]. PCR amplification was performed on a lightcycle 480
RT-PCR system (Roche Diagnostics Ltd) in a 20 pL reac-
tion mixture containing: 10 uL. of TagMan PCR Master
Mix Kit (Takara Bio), 6.4 uL of DEPC water (Biosharp),
0.8 uL of each probe (10 mm), 0.4 pL of each reverse and
forward primer (10 mm), and 2 uL of the DNA sample.
The amplification conditions were as follows: a 2-min ini-
tial step at 50 °C, then 10 min at 95 °C, 40 cycles of 15 s
each at 95 °C, and finally 1 min at 60 °C. The abundance
of CD was calculated from the cycle threshold (CT) value,
which represents the PCR cycle number at which the fluo-
rescence signal reaches a significant increase. The measure-
ment of relative abundance was measured by the difference
in CT values (ACT). ACT (CTgeietion—CTai00p) Was used to
calculate the abundance of the mtDNA CD. The relative
expression was calculated by the 272" method, which
reflects the difference in the deletions between each group.
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TUNEL staining

To determine the amount of cell death and cleavage of
DNA, a terminal deoxynucleotidyl transferase-mediated
deoxyuridine 5'-triphosphate nick-end labeling (TUNEL)
assay (Roche Diagnostics, Mannheim, Germany) was used.
Following deparaffinization, rehydration and antigen retrie-
val according to standard protocols, the sections were incu-
bated of 50 mL of the TUNEL assay solution at 37 °C for
60 min in the dark. After three washes in PBS, sections were
stained with DAPI for nuclei staining. Labeled cells were
detected with a laser-scanning confocal microscope (LSCM)
(Nikon). The percent of TUNEL-positive cells was defined
as number of TUNEL-positive cells/number of all cells.

Transmission electron microscopy

The rats were deeply anesthetized, then perfused transcar-
dially with a quick wash of 0.9% oxygenated saline, which
was followed by 2.5% glutaraldehyde in 0.1 m phosphate
buffer (pH 7.2). The auditory cortex tissues dissected from
the skull were fixed with 2.5% glutaraldehyde in 0.1 m
phosphate buffer (PH = 7.2) for 12 h at 4 °C. After that,
the auditory cortex tissues were postfixed with 1% cacody-
late-buffered osmium tetroxide at room temperature for
2 h. The tissues were gradually dehydrated with a series of
ethanol from 30% to 70% and embedded in Epon-Ara-
Idite. A series of ultrathin sections were cut with a diamond
knife, mounted on copper grids, stained with uranyl acet-
ate, and then stained with 4% uranyl acetate and 0.4%
lead citrate. The ultrastructure of the stained sections was
observed with a Transmission Electron Microscope
(FEITecnaiG212, Phillips, Amsterdam, the Netherlands).

Statistical analysis

All of the results are presented as the mean + SEM. Statisti-
cal analysis was performed using spss 13.0 software (IBM,
Armonk, NY, USA). One-way ANOVA was used and a dif-
ference was considered statistically significant at P < 0.05.
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