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Abstract: Sensory epithelial cells in the organ of Corti survive throughout life. However, factors for sensory epithelial 

cell survival are poorly understood at the present time. Here we demonstrated that brain-derived neurotrophic factor 

(BDNF), a factor committing to neuronal survival, promotes the survival of sensory epithelial cells (OC1) through phos-

phatidylinositide 3’-OH kinase (PI3K)/protein kinase B (Akt) and/or nuclear factor kappa B (NF- B)/B cell lymphoma 2 

(Bcl-2) pathways. BDNF activated PI3K/Akt kinases and increased NF- B/Bcl-2 activity or expression in association 

with the survival of OC1 cells in vitro. LY294002, a specific inhibitor for PI3K, and pyrrolidine dithiocarbamate (PDTC), 

an inhibitor for NF- B, abrogated the protective effect of BDNF on OC1 cells, causing the increased expression of 

caspase 3 and the apoptotic cell numbers in vitro. Similarly, a dominant negative mutant of I kappa B alpha (I B M, a 

specific inhibitor of NF- B) abrogated the protective effect of BDNF on OC1 cells. The data demonstrate that BDNF 

promotes the survival of sensory epithelial cells through the PI3K/Akt and NF- B/Bcl-2 signaling pathways.  
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INTRODUCTION 

Sensory epithelial cells (hair cells) in the organ of Corti 
survive throughout life as neurons do in the central nervous 
system. Factors that contribute to the survival of sensory 
epithelial cells are poorly understood at the present time but 
are of considerable significance. The neurotrophins are 
thought as candidates for survival of sensory epithelial cells 
due to their roles in the central and peripheral neurons [1,2].  

Firstly, the expression of brain-derived neurotrophic fac-
tor (BDNF) was detected in the rat organ of Corti [3]. Sec-
ondly, BDNF is known as one of the downstream molecules 
of Brn3.1 [4-6] that is crucial for differentiation and survival 
of auditory sensory epithelial cells [7]. In humans, mutation 
of Brn3.1 results in progressive hearing loss starting at the 
age of 18~35 due to the degeneration of sensory epithelial 
cells [8]. Apparently, abnormality of the Brn3.1-BDNF sig-
naling does not affect the generation of sensory epithelial 
cells but does affect the survival of developed sensory 
epithelial cells in the organ of Corti. Developed sensory  
 

*Address correspondence to this author at the 2001 6th Street SE, Room 216 

Lions Research Bldg, Minneapolis MN 55455, USA;  

Tel: (612) 626-9885;  Fax: (612) 626-9871; Email: linxx004@umn.edu  

#Jianmin Huang and Xiaohua Hu are equally contributed to this work. 

 

“This study was performed in accordance with the PHS Policy on Human 

Care and Use of Laboratory Animals, the NIH guide for the Care and Use 

of Laboratory Animals, and the Animal Welfare Act (7 U.S.C. et seq.); the 

animal use protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC) of University of Minnesota.” 

epithelial cells fail to maintain a life-long span when Brn3.1 
is mutated. This can be best explained as a lack of BDNF 
production. The link of BDNF to Brn3.1 transcription factor 
prompted us to examine the effect of BDNF on sensory 
epithelial cells and its signaling pathway that leads to sur-
vival of sensory epithelial cells in vitro.  

Phosphatidylinositide 3’-OK kinase (PI3K) is recently 
reported to resist gentamycin ototoxicity in postnatal rat or-
gan of Corti [9], suggestive of involvement in the hair cell 
survival in vivo. BDNF receptor is a tyrosine kinase (TrkB) 
that activates the PI3K which in turn recruits protein kinase 
B (Akt) to the plasma membrane [10,11]. Akt is linked to 
nuclear factor kappa B (NF- B) in a cross-talk manner in 
many types of epithelial cells [12]. We recently found that 
blockage of PI3K led to cellular apoptosis of cultured co-
chlear sensory epithelial cells in our pilot study. It is there-
fore believed that the PI3K/Akt signaling, concurring with 
NF- B, regulates the survival of sensory epithelial cells.  

NF- B is a central molecule that is extensively involved 
in cell growth, proliferation, and survival. Recently, it has 
been shown that activation of NF- B in the cochlear tissue 
protects sensory epithelial cells from death induced by ami-
noglycosides [13]. B cell lymphoma 2 (Bcl-2) is a down-
stream molecule of NF- B [14] which may mediate the ef-
fects of PI3K/Akt/NF- B on cellular survival. We found 
recently that inhibition of NF- B with an inhibitor (pyr-
rolidine dithiocarbamate, PDTC) inhibited DNA synthesis 
and proliferation of the organ of Corti epithelial cells called 
OC1 [15] and induced cell death in this study. Accumulating 
evidence suggests that the PI3K/Akt and/or NF- B/Bcl-2 
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signaling pathways play a role in sensory epithelial cell  
survival.  

Protection of sensory epithelial cells from damage in the 
cochlear tissue and maintenance of their viability are of con-
siderable clinical importance. We hypothesized in this study 
that BDNF promotes the survival of sensory epithelial cells 
via PI3K/Akt and NF- B/Bcl-2 dependent mechanisms. Our 
data indicate that BDNF increased the survival of OC1 cells 
through activation of the PI3K/Akt and/or NF- B/Bcl-2 
pathways. Inhibitors specific for PI3K (LY294002) or for 
NF- B (PDTC) abrogated the action by BDNF and caused 
death of OC1 cells.  

MATERIALS AND METHODS 

Cells and cell culture media. OC1 is an immortalized co-
chlear sensorineural epithelial cell line from a postnatal Day 
5 rat [16]. It was considered to be a progenitor hair cell line 
because it expressed (i) multiple hair cell markers Brn3.1 
(POU4f3), myosin VIIa, 9Ach receptor, oncomodulin, cal-
retinin, inhibitor of differentiation (Id1 and Id3) [15,17,18] 
and (ii) early neural cell marker nestin [19] which is positive 
for most cells in the neuroepithelium before neurogenesis 
[20]. None of these hair cell markers is specific to cochlear 
sensory epithelial cells but their expression in combination is 
restricted to cochlear sensory epithelial cells.  

Cells were maintained in Minimal Essential Medium 
(MEM, Sigma) supplemented with 20 mM HEPES, 2 mM L-
glutamine, 10 mL/L non-essential animo acid, 0.4 μg/mL 
hydrocortisone, 5 μg/mLinsulin, 2.5 μg/mL transferring, 10 
ng/mL EGF, and 10% fetal bovine serum (FBS), herein 
termed full growth media (FGM). During transient transfec-
tion of cells, Opti-MEM supplemented with 6 μg/mL of 
Polybrene® was used (Invitrogen, herein referred to as trans-
fection media).  

PDTC, a well-known inhibitor of NF- B, was purchased 
from Calbiochem, La Jolla, CA and used as an inhibitor of 
the NF- B activity in this study. PDTC was chosen because 
it had been worked well on OC1 cells for inhibition of NF-

B[15] and it has been widely used as an inhibitor of NF- B, 
especially in neurons [21] and OC1 cells [15] although it is 
also an antioxidant inhibitor. A dominant negative mutant of 
I B  (I B M, a kind gift of Dr. Inder Verma at Salk Insti-
tute, La Jolla, CA), in which the serine at position 36 had 
been changed to alanine, thus preventing phosphorylation 
and subsequent proteosomal degradation in response to 
stimuli [22,23].  

Specific signaling pathway inhibitors (LY294002, 
chemically named 2-morpholino-8-phenyl-4H-chromen-4-
one, SB225002, chemically named N-(2-bromophenyl)-N'-
(2-hydroxy-4-nitrophenyl)-urea, and PD98059 chemically 
named 2-(2-Amino-3-methoxyphenyl)-4H-1-benzopyran-4-
one) were purchased from Calbiochem and used for inhibi-
tion of the PI3K, p38, and Erk (mitogen-activated protein 
kinase) pathways, which are important for cell proliferation 
and differentiation in the central and peripheral nervous sys-
tems [24,25]. Inhibitor concentrations used in this study 
(PD98059, SB225002, LY294002, each at 20 μM) were 
from our previous study [26]. 

Immunohistochemistry. Tissue sections were deparaf-
finized and rehydrated routinely. OC1 cells were placed in 8-

well chamber slides (50,000 cells/chamber), incubated with 
BDNF for 4 days, fixed with 100% ethanol for 6 minutes at 
room temperature. Both tissue sections or chamber slide cell 
cultures were pre-incubated with 3% normal donkey serum 
for 15 minutes, incubated with primary and secondary anti-
bodies sequentially with single- or double-staining proce-
dures. Briefly, primary antibodies were phospho-Akt (p-Akt, 
1:66 dilution, R&D); p65 (an NF- B subunit, 1:1000 dilu-
tion, Abcam); NF- B (MAB3026, 1:50 dilution, Chemicon, 
recognizing the active form of NF- B); Bcl-2(1:100 dilution, 
biomeda); non-specific control antibody IgG (1:100 dilution, 
Zymed) and secondary antibodies were fluorescein isothio-
cyanate (FITC) or tetramethylrhodamine isothiocyanate 
(TRITC)-conjugated IgG (Zymed). After incubation with 
antibodies, cells were washed with 0.2% detergent 
(TWEEN) in phosphate-buffered saline (PBS), incubated 
with 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI, 
0.7 μg/mL) for 5 minutes, washed in 0.2% TWEEN in PBS 
for 5 minutes, and observed under a microscope (fluorescent 
or confocal). Positive cells from 6 randomly taken high 
power fields (HPF, 200x) were counted by two blinded ob-
servers and presented as cells/HPF (mean±SD, n=6). Posi-
tive cells against DAPI-stained nuclei (representing total 
cells) were calculated in cell cultures. 

H-thymidine incorporation. Cells were incubated with 
and without BDNF 10 ng/mL and 1 μCi of 

3
H-thymidine in 

MEM containing 4% FBS for 6, 12, 24, and 72 hours, re-
spectively, washed in PBS twice, and digested in a 0.25 N of 
sodium hydroxide and 0.25% of SDS solution at 37

o
C for 

one hour, then transferred to 1 mL of scintillation fluid (Eco-
scent A, National Diagnostics), mixed thoroughly, and di-
gested for 2 hours prior to counting (count per minute, CPM) 
in a scintillation counter (Beckman). Cells from the above 
experiments were counted with Trypan blue exclusion as 
previously described [27]. Results are presented as CPM per 
10,000 cells, with n=3. 

Trypan blue exclusion. Briefly, cells were cultured until 
50% confluence, starved in MEM (no supplements) for 24 
hours, and treated with and without BDNF at 10 ng/mL for 
6, 12, 24, 48, or 72 hours, washed in PBS, and incubated in 
0.3 mL of 0.05% Trypsin-EDTA solution for 10 minutes. 
Cells treated with BDNF but with and without vehicle (di-
methyl sulfoxide, DMSO) served as controls. Five microli-
ters of the trypsin solution was mixed with 5 μL of Trypan 
blue and transferred to the hemacytometer for counting. Re-
sults are presented as 10

6
 cells. Similarly, cells incubated 

with and without BDNF in the presence of inhibitors 
(LY294002, SB225002, or PD98059), washed in PBS, and 
harvested for cell counts after staining with Trypan blue. 

Evaluation of cellular apoptosis. Yopro-1 [4-[3-methyl-
2,3-dihydro-(benzo-1,3-oxazole)-2-methylmethyledene]-1-
(3'-trimethyl

 
ammoniumpropyl)-quinilinium diioide, Mo-

lecular Probes], which selectively
 
passes through the plasma 

membranes of apoptotic cells and labels
 
them green, and 

propidium iodide (Molecular Probe), which stained necrotic 
cells red [28], was used. OC1

 
cells at 40% confluence were 

incubated with and without BDNF (10 ng/mL) for 10 min-
utes before addition of 17 mol/L camptothecin

 
(Sigma, St. 

Louis, MO) for 30 minutes. After that, cells were
 
stained 

with 0.1 mol/L apoptotic stain Yopro-1 for 20 minutes and 
visualized by a fluorescent

 
microscope (E4, Nikon). Photo-
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were taken from 6 randomly selected HPFs from each 

sample. Images were analyzed using the Scion Image soft-
ware. The experiment was performed in triplicate.  

Fluorescence-activated cell sorting (FACS). Cells at 60% 
confluence were starved in MEM for 24 hours, treated with 
and without BDNF at 10 ng/mL for 24 hours in MEM, 
washed in PBS, harvested by trypsinization, and pre-
incubated with 0.3% saponin in PBS for 10 minutes, incu-
bated with primary and secondary antibodies sequentially: 
Bcl-2 (1:100 dilution) on ice for 20 minutes, washed with 
0.3% saponin in PBS, incubated with FITC-conjugated sec-
ondary antibody on ice for 20 minutes, resuspended in PBS 
and analyzed on FACSCalibur using CellQuest Pro (BD Sci-
ences). Similarly, FACS for p-Akt (1:66 dilution) and p-p65 
(1:50 dilution, Chemicon); caspase 3 (1:100 dilution, Santa 
cruz); and BrdU (5-bromodeoxyduridine, 1:50 dilution, ab-
cam) were performed. Results are presented as % of positive 
cells per 10,000 cells. Non-specific IgG was used as an anti-
body control. Cells without any stain served as blank con-
trols. For apoptosis analysis, 300 μL of 1.33x Annexin buffer 
was added to cells, followed by addition of 2 μL Annexin-V-
APC (BD Biosciences) to cells for 10 minutes at room tem-
perature and finally by addition of 7-amino-actinomycin D 
(7-AAD, Invitrogen) to a final concentration of 50 ng/mL for 
additional 5 minutes prior to analysis. Annexin V staining 
identifies early apoptotic cells and 7-AAD staining indicates 
late apoptotic/necrotic cells. 

Cell cycle analysis. For cell cycle analysis, approxi-

mately 3-5x10
5
 cells were suspended in 100 μL of 40 μg/mL 

DNase-free RNase A with 100 μL of 200 μg/mL propidium 

iodide (DNA dye) added, incubated for 30 minutes at room 

temperature, and analyzed on an FACScalibur (Becton Dick-
inson, NJ). Singlets with DNA amount at 2x were defined as 

Go/G1 phase cells, >2x and <4x as S-phase cells, 4x as 

G2/M phase cells, and <2x as subG1 cells (e.g., apoptotic 
cells). Approximately 20,000 cells were measured per 

specimen and the experiment was performed in triplicate. 

Data was analyzed with FlowJo 7.0 (Tree Star Inc) and typi-
cal results are presented. 

Affymetrix microarrays. For verification of the BDNF 

and its signaling pathway relevance in the cochlear tissue, 
the otocysts and otocapsules of embryonic and postnatal 

days (E12, E14, E16, E18, and P1) were routinely dissected. 

RNA was isolated using the StrataPrep
R
 Total RNA Mini-

prep Kit (Stratagene). Affymetrix microarrays were per-

formed as previously described [27]. Briefly, cDNA was 

prepared from 20 μg of total RNA using the double-strand 
DNA synthesis kit (Life Technologies, Rockville, MD). 

cRNA was synthesized from cDNA and biotinylated using 

the BioArray High Yield RNA Transcript Labeling Kit 
(Enzo Diagnostics, Farmingdale, NY). Fifteen μg of frag-

mented cRNA was hybridized to the Rat U34 set of 

genechips. Signals were detected with anti-streptavidin anti-
body and scanned into a computer. Data sets (in triplicates, 

three batches of RNA samples) from each time point were 

scaled and relative mRNA expression levels were expressed 
as relative light unit (RLU, mean ± SD). Data presented in 

this study were BDNF and related downstream molecules 

involved in cellular survival. 

Statistical analysis. The Student’s t-test for unequal vari-

ances was used for evaluation of two-group studies whereas 

analysis of variance (ANOVA) was used for evaluation of 
multiple-group studies. P values less than 0.05 were consid-

ered significant. 

RESULTS 

BDNF significantly increases the viability and survival of 
sensory epithelial cells in vitro. To study whether BDNF 
increases the cellular viability of OC1 cells, Trypan Blue 
exclusion and Yopro-1 stain were performed. The results 
indicated that BDNF significantly increased the viable cell 
numbers (estimated by FACS) and reduced apoptosis (esti-
mated by Yopro-1 stain) compared with controls (Fig. 1A). 
To confirm the above findings, flow cytometry was per-
formed for evaluation of apoptotic cells: a sub-G1 population 
that reflects abnormal DNA amount (< normal 2x DNA 
amount) when compared with control cells. As expected, the 
sub-G1 population reduced in BDNF-treated cells compared 
with control cells (Fig. 1B). BDNF-treated cells maintained 
at a stable level for 

3
H-thymidine incorporation from 6 to 72 

hours but untreated cells did not maintain at a stable level for 
3
H-thymidine incorporation so that there was a significant 

difference between BDNF-treated and untreated cells at 72 
hours (Fig. 1C). Consistent with this, cell counts demon-
strated that cells treated with BDNF effectively maintained 
the cell numbers at a higher level whereas untreated cells did 
not maintain cell numbers at the same level. A significant 
difference between BDNF-treated and untreated cells at the 
time point of 72 hours was observed (Fig. 1D). To verify that 
the cell number increase is not due to cell proliferation but 
cellular survival, we incubated OC1 cells with BDNF for 12 
hours from 10 ng/mL to 50 ng/mL and evaluated DNA syn-
thesis and cell numbers by 

3
H-thymidine incorporation and 

cell counts (Trypan blue exclusion). It was found that BDNF 
did not show a significant increase on the DNA synthesis 
(Fig. 1E) and cell counts (Fig. 1F) in a dose-dependent man-
ner.  

BDNF significantly protects OC1 cells from camptothe-
cin-induced cell death. To study whether BDNF truly pro-
tects sensory epithelial cells from death, cell protection as-
says were performed on OC1 cells using Yopro-1 as a probe 
for identification of apoptotic cells and propidium iodide as 
another probe for identification of necrotic cells. Camptothe-
cin is used in this study because it is a universal inducer of 
cellular apopotosis (more potent than aminoglycosides in a 
short period of time to OC1 cells in our pilot studies). Incu-
bation of OC1 cells with camptothecin for 30 minutes in-
duced cell death in a concentration-dependent manner rang-
ing from 0.01 to 0.04 μg/mL (Fig. 2A-D). Camptothecin at 
0.04 μg/mL induced the necrosis and/or apoptosis almost in 
the all cells (Fig. 2E-H). Camptothecin at the concentration 
of 0.04 μg/mL was, therefore, used for induction of apopto-
sis and necrosis in this experiment. Incubation of OC1 cells 
with camptothecin at 0.04 μg/mL induced the cell death in a 
necrotic (Fig. 2F) or apoptotic (Fig. 2G) manner whereas 
incubation of OC1 cells with BDNF at 20 ng/mL remarkably 
protected cells from necrosis (Fig. 2J) and/or apoptosis (Fig. 
2K). To calculate cell numbers that underwent apoptosis or 
necrosis from slides, total cell numbers were counted by nu-
clear dye (DAPI) stain, dead cells were counted from 6 HPFs 
and averaged out. The above experiment was performed in 
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Fig. (1). BDNF increases the viable cell numbers of cultured OC1 cells through an increased survival mechanism. Apoptosis analysis by 

FACS and Yopro-1 indicated that BDNF significantly reduced apoptotic cell numbers and increased viable cell numbers (A). Flow cytometry 

on cellular DNA demonstrated that cells without BDNF showed a sub-G1 population (DNA amount in the nucleus less than 2x) whereas cells 

treated with BDNF showed no or few sub-G1 cells (B). The 
3
H-thymidine incorporation maintained from 6 to 72 hours in cells with BDNF 

whereas the 
3
H-thymidine incorporation significantly reduced at 72 hour in cells treated without BDNF (C). Correspondingly, Trypan Blue 

demonstrated that viable cells in BDNF-treated group were significantly higher those in control group (D). Incubation of OC1 cells with 

BDNF from 10 to 50 ng/mL for 12 hours did not significantly change the 
3
H-thymidine incorporation (E) and cell counts (F), indicating no 

effects of BDNF on cellular proliferation. 

 

triplicate and the statistical data are presented in (Fig. 2L). It 

is noted that due to potent cytotoxicity of camptothecin al-

most all apoptotic cells were overlapped with necrotic cells. 
This suggests that cells suffer a sudden death in such a short 

period of time or such a manner so that both apoptosis and 

necrosis occur simultaneously.  

BDNF increases the expression of p-Akt, p-p65, and Bcl-
2 in OC1 cells. To study whether BDNF protects cells from 
death via the PI3K/Akt signaling pathway, cells were incu-
bated with and without BDNF in a time-dependent manner. 
It was found that BDNF increased the expression of acti-
vated Akt (p-Akt) from approximately 50% to 90% within 5 
minutes. The activation of Akt persisted in OC1 cells up to 
60 minutes (Fig. 3A). To study whether BDNF-induced p-
Akt is dependent upon PI3K, cells were incubated with 
LY294002 for 2 days. It was demonstrated that BDNF in-
duced p-Akt was abrogated in cells treated with LY294002 
(Fig. 3B, upper). We then examined the other effectors of 
BDNF signaling pathway: p-p65 and Bcl-2 using FACS on 

cells treated with BDNF. It was found that LY294002 abro-
gated the effect of BDNF on p-p65 and Bcl-2 but increased 
the expression of caspase 3, an early apoptosis cell marker, 
by FACS (Fig. 3B, middle upper, lower, and bottom). To 
study whether BDNF increases cellular survival of OC1 cells 
by cross-activation of the Erk signaling pathway, cells were 
incubated with PD98059 for 4 days, a specific inhibitor for 
Erk, and harvested for evaluation of viable cells using Try-
pan blue exclusion. It was found that blockage of both PI3K 
by LY294002 and Erk by PD98059 significantly reduced 
viable cell numbers in both BDNF-treated and untreated 
cells compared with controls (Fig. 3C). To study whether 
PI3K mediates phosphorylation of Akt in OC1, cells were 
plated to chamber slides for 16-20 hours, starved for 24 
hours (inactivation of Akt), and treated with BDNF, and 
BDNF+LY294002 for 24 hours, and harvested for evaluation 
of p-Akt expression. It was found that LY294002 inhibited 
the p-Akt expression induced by BDNF compared with its 
control (Fig. 3D), suggesting that PI3K triggers the phos-
phorylation of Akt. 
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Fig. (2). BDNF reduces OC1 cell death induced by camptothecin. Incubation of OC1 cells with camptothecin from 0 to 0.04 μg/mL caused 

cell death in a dose-dependent manner (A-D). Camptothecin at 0.04 μg/mL induced the both necrosis (F, red) and apoptosis (G, green) almost 

in the all cells (H) when compared with DAPI-stained nuclei (E, blue). BDNF at a concentration of 20 ng/mL reduced camptothecin-induced 

cell death (I-K). There were fewer cells undergoing necrosis (J) and apoptosis (K) compared with their counterparts (F-G). Color in red indi-

cating necrotic cells; color in green indicating apoptotic cells; color in yellow indicating both apoptotic and necrotic cells. Panels E-H were 

from the same HPF and panels I-K were also from the same HPF. Bar=50 μ applying to A-K. Cell counts undergoing cellular death (necrotic 

and apoptotic) by camptothecin in the presence and absence of BDNF are summarized in (L) that represents experiments in triplicate (n=3, 

each from 6 HPFs). *p<0.05, **P<0.05.  

 
Inhibition of NF- B with specific inhibitors (PDTC) and 

I B M abrogates BDNF-induced cell survival. As shown 
above, BDNF increased the expression of phosphorylated 
NF- B subunit p65 (p-p65). We examined whether BDNF 
increases OC1 survival via NF- B. Cells in chamber slides 
or T25 flasks were incubated with and without BDNF for 3 
days in the presence and absence of PDTC and cells were 
then harvested for evaluation of apoptotic cells by Yopro-1 
and caspase 3 by FACS. The results demonstrated that the 
BDNF-induced cellular survival was abrogated by PDTC, as 
judged by Yopro-1 stain (Fig. 4A-F) or caspase 3 expression 
(Fig. 4H). Percentage of apoptotic cells was significantly 
higher in BDNF+PDTC treated cells than in BDNF treated 
cells (Fig. 4G). To verify that BDNF protects cell survival of 
OC1 via NF- B, cells were transfected with I B M for 16 
hours in transfection media, recovered in FGM for 24 hours, 
incubated with BDNF at 10 ng/mL for 24 hours, and then 
harvested for evaluation of apoptosis by FACS (7-AAD and 
annexin V). It was found that I B M increased the percent-
age of 7-AAD and annexin V positive cells (Fig. 5). 

BDNF and its effectors, p-Akt, NF- B, and Bcl-2 are ex-
pressed in the developing cochlea of rats. The above in vitro 
studies indicate that the PI3K/Akt and NF- B/Bcl signaling 
pathways exist in OC1 cells. It is not clear whether they exist 
in the cochlear tissue of rats. To this end, Affymetrix mi-
croarrays on the rat cochlear tissues were performed. As ex-
pected, the expression of BDNF and its signaling molecules 
including receptor (TrkB), kinases (PI3K and Akt), and ef-
fectors (NF- B, Bcl-2, IAP, BAD, and Bok) in the develop-
ing cochlear tissue of rats from E12 to P1 in the entire dis-
sected otocysts or otocapsules was observed (Fig. 6A, right). 

Semi-quantitative data for BDNF, TrkB, PI3K, Akt, Bcl-2, 
and IAP are presented in Fig. 6, (left). Immunhistochemistry 
verified that p-Akt was positive in the otocyst epithelial cells 
(both cytosol and nuclei, Fig. 6B) and p65 (NF- B subunit) 
was strongly positive in inner hair cells (IHC) but rather 
weak in outer hair cells (Fig. 6C).  

DISCUSSION 

Sensory epithelial cells are thought to depend for survival 
on unidentified factors from auditory epithelial cells in an 
autocrine or paracrine manner. In this study, we demon-
strated that BDNF was expressed in the developing cochlear 
tissue. The importance of BDNF for nerve ending innerva-
tion is known [29,30]whereas the importance of BDNF in 
hair cell survival is not. The current study demonstrated that 
BDNF and its related signaling pathways are active in the 
developing cochlear tissue, especially in the otocyst stage of 
rats.  

Microarray data suggest that BDNF is slightly downregu-
lated from E12 to P1, possibly due to a rapid expansion of 
non-neuroepithelial cells such as fibroblasts in the late em-
bryonic stage and early postnatal days. However, TrkB, NF-

B1, and Bcl-2 are slightly upregulated from E12 to P1. This 
may reflect that the PI3K/Akt signaling pathway is slightly 
attenuated but the TrkB/NF- B/Bcl-2 signaling pathway is 
somewhat strengthened. Indeed, immunohistochemistry veri-
fies that p-Akt is highly positive in the otocyst epithelial 
cells whereas NF- B subunit p65 is strong in the inner ear 
hair cells on the postnatal day 14. The expression of NF- B 
subunit p65 in the P14 organ of Corti and spiral ganglion 
suggesting that BDNF and its signaling pathway is not only 
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Fig. (3). BDNF protects OC1 cells from death via the PI3K/Akt signaling pathway. In control cells, there was a baseline activity of p-Akt and 

BDNF significantly increased the phosphorylated Akt (p-Akt) from 5 to 60 minutes by FACS (A). BDNF activated the phosphorylation of 

Akt and p65 (p-Akt and p-p65) and increased the positive cell percentage of Bcl-2 but BDNF-induced actions on p-Akt, p-p65, and Bcl-2 

were abrogated by a specific inhibitor:LY (B). It is noted that the caspase 3 intensity shifted to right in the presence of LY. Trypan blue ex-

clusion demonstrated that bloackage of both PI3K by LY and Ikk by PD significantly reduced viable cells compared with vehicle control 

(DMSO, p<0.05) (C). Inhibition of the p38 signaling pathway by SB did not affected the cell viability compared with DMSO. By immunohis-

tochemistry, BDNF increased the level of p-Akt compred with control (med) whereas LY inhibited the BDNF-induced p-Akt compared with 

BDNF (D). Ctrl IgG, non-specific IgG; PD, PD98059; SB, SB225002; LY, LY294002; med, medium. 
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Fig. (4). NF- B inhibitor (PDTC) abrogates the cellular survival by BDNF. No or few cells stained with Yopro-1 probe when OC1 cells were 

incubated with BDNF (A-C). Many cells underwent necrosis when NF- B was inhibited by PDTC (D-F). Dead cells in BDNF+PDTC group 

were significantly higher than those in BDNF group (G). Caspase 3, an indicator of cellular apoptosis, was significantly higher in 

BDNF+PDTC treated cells than in BDNF treated cells (H). *p<0.05. 

 
active in the developing otocyst epithelium but also active in 
the P14 organ of Corti, especially in the inner hair cells. Ap-
parently, NF- B subunit p65 is highly expressed in the inner 
hair cells and spiral ganglion but not in the outer hair cells 
and non-sensorineural components. It suggests that inner hair 
cells and spiral ganglion are well protected by the BDNF 
signaling pathways whereas outer hair cells are not. This 
may in part explain why outer hair cells are readily damaged 
by noise, aminoglycosides, and other toxic agents whereas 
inner hair cells are not.  

Our in vitro data demonstrated that BDNF plays a role in 
the survival of sensory epithelial cells. BDNF increases vi-
able cells and reduces apoptotic cells but it does not signifi-
cantly increase thymidine incorporation, and cell number 
increase within a short period of time (12 hours). BrdU in-
corporation also shows a non-significant increase of cell pro-
liferation. However, BDNF shows an increased tendency of 
viable cells for a longer time (72 hours) because apoptotic 
cells are reduced. These data suggests that BDNF in the co-
chlear tissue may play a role in the protection of cells from 
death, instead of cell growth and proliferation. This is con-
sistent with the literature data in which knockout of Brn3.1, a 
gene controlling the production of BDNF, makes sensory 
hair cells short-lived in animals [4-6,7].  

The question we raised here is whether BDNF plays a 
role in the survival of sensory epithelial cells. If so, it should 
be able to protect OC1 cells from death induced by cytotoxic 

agents such as camptothesin, a universal inducer of cellular 
apoptosis. As shown in this study, BDNF protects sensory 
epithelial cells from death by camptothecin which is a potent 
inducer of OC1 apoptosis. Consistent with our observation, 
BDNF protects aminoglycoside antibiotic-induced cellular 
apopotosis in animals [31] as indicated in the literature. The 
accumulating and emerging evidence suggests that BDNF 
may play a critical role in the protection of sensory hair cells 
from death and may be useful for prevention of hair cell de-
generation against extensive ototoxic lesions in the organ of 
Corti.  

How does BDNF increase the survival of sensory epithe-
lial cells? First, BDNF binds to its receptor TrkB. TrkB con-
tains the activity of tyrosine kinase which, in turn, activates 
the PI3K. PI3K phosphorylates phosphatidylinositols of the 
cell membrane and thus generates phosphatidylinositol-
3,4,5-phosphate (PIP3) from phosphatidylinositol-4,5-
phosphate (PIP2) which then recruits protein kinases such as 
Akt to the plasma membrane and subsequent cascade ensues 
which is relevant for a variety of cellular responses. Acti-
vated Akt then cross-talks to the mitogen-activated protein 
kinase (Erk) that leads to the activation and translocation of 
NF- B (p65 and p50) into the nuclei. Translocated NF- B 
then binds to the Bcl-2 promoter [14] and regulates the ex-
pression of Bcl-2 which inactivates the caspase 3, an enzyme 
for initiation of cellular apoptosis. This may be the signaling 
pathway for BDNF to protect OC1 cells from apoptosis.  



26    The Open Neuroscience Journal, 2013, Volume 7 Huang et al. 

 

Fig. (5). I B M, a specific inhibitor of NF- B activity, abrogates 

the cellular survival of OC1 by BDNF. Cells were transfected with 

I B M and empty vector (ev), challenged with BDNF, and har-

vested for evaluation of apoptotic cells by double staining FACS 

(7-AAD and Annexin-V, 7-AAD for late apoptosis and Annexin-V 

for early apoptosis). A representative dot plot for 7-AAD positive 

and/or Annexin-V positive cells after transfection with ev is pre-

sented in (A) and a representative dot plot for 7-AAD positive and 

Annexin-V positive cells after transfection with I B M is shown in 

(B). Percentage of apoptotic cells was significantly higher in 

I B M transfectants than in empty vector transfectants but per-

centage of viable cells was significantly lower in I B M transfec-

tants than in empty vector transfectants (C, *p<0.05, n=3). Med, 

medium. 

 

Fig. (6). Expression of BDNF and its signaling molecule profile in 

the developing cochlear tissue of rats. Expression of the BDNF, Trk 

B, Akt, NF- B, Bcl-2, inhibitor of apoptosis protein (IAP), and 

proapoptotic proteins (Bok and Bad) from E12 to P1 at the mRNA 

level by Affymetrix microarrays (A, right panel, heatmaps for the 

averaged expression of 3 independent batches of mRNA samples). 

It is noted that the mRNAs transcripts from E12 to P1 demonstrated 

that BDNF and PI3K slightly reduced but Trk B, NF- B, and Bcl-2 

increased as judged by color changes and semiquantitative meas-

urement of the same data verifies this adjustment along the devel-

opmental path. The expression of p-Akt and NF- B subunit p65 

was verified by immunohistochemistry (B-C). It is noted that p-Akt 

was extensively expressed in the entire otocyst epithelial layer at 

E12 (B) but p65 was remarkably positive in the inner hair cell 

(IHC) but not in the out hair cells at P14 (C).  

 
A key step in the above cascade is activation of PI3K. As 

such, blockage of PI3K should inhibit the effects of BDNF 
on cellular survival. Indeed, our in vitro studies clearly indi-
cate that blockage of PI3K with LY294002 abrogates the 
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protective effect of BDNF on sensory epithelial cells. Inhibi-
tion of PI3K with LY294002 cancels out the effect of BDNF 
on the activity of NF- B and expression of Bcl-2. In addi-
tion, inhibition of NF- B by PTDC increases the expression 
of caspase 3. It suggests that the both Akt and NF- B path-
ways are equally important in keeping sensory epithelial 
cells viable. Whether these pathways are of importance in 
protection of sensory epithelial cells from death by noise, 
ototoxicity drugs, and other lesions needs further studies.  
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