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Abstract. Atrial natriuretic peptide (ANP) is extensively 
expressed in the cochlea, including the strial vascularis (StV). 
ANP may participate in the regulation of the water‑electro-
lyte balance. However, the functional significance of ANP in 
the cochlea is less understood and little is known regarding 
the exact mechanisms. Studies suggest that the epithelial 
sodium channel (ENaC) is important for regulating sodium 
transport across epithelia. ENaC may be involved in the 
clearance of endolymphatic Na+ and maintenance of a K‑rich 
and Na‑poor composition in the endolymph. Whether ANP 
has a regulatory effect on the Na+ channel in the StV remains 
unknown. The aim of the present study was to evaluate 
whether ANP affects the expression of the α‑subunit of 
the ENaC (α‑ENaC) mRNA in the mouse StV, using the 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) technique. The mouse StV tissues were incu-
bated with 10‑6 mol/l ANP for different times (2, 6, 12, 24 
and 48 h) and were subsequently harvested. α‑ENaC mRNA 
was extracted for RT‑qPCR analysis of the expression. The 
study demonstrated the existence of α‑ENaC in the mouse 
StV. Tissues treated with ANP (10‑6 mol/l) showed a signifi-
cant reduction in α‑ENaC mRNA expression (n=3, P<0.05). 
A maximum effect was reached at 2 h after treatment. The 
present results indicate that ANP may regulate cochlear ion 

transport and endolymph fluid balance in the inner ear via 
reducing expression of the α‑ENaC mRNA in the mouse StV.

Introduction

Atrial natriuretic peptide (ANP), which was first extracted 
from rat atrial tissue by Baines et al, is now known to be a 
member of the natriuretic peptide family (1). The natriuretic 
peptide family consists of a family of 5 natriuretic peptides 
that include A‑, B‑, C‑type natriuretic peptide, urodilatin and 
Dendroaspis natriuretic peptide (2). The pathophysiological 
actions of various natriuretic peptides are mediated by three 
different natriuretic peptide receptors; atrial natriuretic peptide 
receptor‑A‑type (NPR‑A), NPR‑B‑ and NPR‑C (3). ANP, an 
A‑type natriuretic peptide, has been reported to have a wide 
variety of biological functions, not only in the circulatory 
system but also in the kidney and other tissues (3). ANP acts to 
reduce the water, sodium and adipose loads on the circulatory 
system, thereby reducing blood pressure.

ANP receptors are distributed extensively in the cochlea, 
including the strial vascularis (StV). Lamprecht and 
Meyer zum Gottesberge (4) first reported that ANP receptors 
are expressed in the inner ear of guinea pigs. Previous studies 
have also identified ANP receptors in the inner ear of guinea 
pigs and rats, and demonstrated their presence in the StV, 
spiral ligament in the cochlea and the secretory epithelium of 
the vestibular organ (4‑10).

Studies suggest that ANP may be locally synthesized 
and activates NPR‑A in a paracrine/autocrine manner (4-8). 
Pronounced immunoreactivity for ANP was observed in the 
spiral ligament of the cochlear lateral wall. ANP has been 
demonstrated to be expressed mainly in the cytoplasm of the 
StV marginal cells of normal guinea pigs (11).

Epithelial sodium channel (ENaC) consists of three 
different subunits: α, β and γ, with the α‑subunit (α‑ENaC) 
being the most critical for channel functionality (12). Studies 
suggest that ENaC is important for regulating sodium transport 
across epithelia. ENaC has been shown to participate in tran-
sepithelial Na+ transport in epithelia of various organs, such 
as kidney, colon, lung, sweat glands and salivary glands (13). 
ENaC is located in the apical membrane of epithelia facing the 
endolymph, StV, spiral prominence and spiral limbus in the 
inner ear. The endolymph in the cochlea is characterized by a 
high K+ concentration of ~150 mM and low Na+ concentration 
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of ~1  mM. ENaC may be involved in transepithelial Na+ 
transport through the apical membrane and maintenance of a 
K‑rich and Na‑poor composition in the endolymph (14).

ANP may participate in the regulation of the water‑electro-
lyte balance (15). However, little is known regarding the exact 
mechanisms of ANP in the regulation of the water‑electrolyte 
balance in the cochlea. Whether ANP has a regulatory effect 
on the ENaC in the StV remains unknown. Reverse tran-
scription‑quantitative polymerase chain reaction (RT‑qPCR) 
is a highly sensitive technology that allows high throughput 
quantification of gene expression (16). In the present study, 
RT‑qPCR was used to evaluate whether ANP affects α‑ENaC 
mRNA expression in the mouse StV.

Materials and methods

Animals. Healthy adult Kunming mice were provided by the 
Animal Care and Use committee at the Huaxi Medical School 
of Sichuan University. The study was approved by the Animal 
Care and Use Committee at the West China Medical School of 
Sichuan University (Sichuan, China). The temporal bone was 
removed and StV tissues were dissected at 4˚C, as previously 
described (17).

Tissues culture. StV tissues were dissected and rinsed in 
saline solution prior to being placed in culture plates. All the 
experimental specimens were cultured in Dulbecco's modified 
Eagle's medium/nutrient mixture F‑12 (1:1) containing 10% 
fetal bovine serum, 50 mM glucose, 100 U/ml penicillin and 
2 µl/ml insulin‑transferrin selenium sodium mixture. StV 
tissues were co‑cultured with ANP (10‑6 mol/l) in a standard 
cell culture incubator at 37°C, 5% CO2 and 80% humidity for 
different times (2, 4, 6, 12, 24 and 48 h).

RNA isolation and reverse transcription. Total RNA from 
the tissues of the cultured StV in the mouse cochlea was 
isolated using the TRIzol reagent (MRC, Cincinnati, OH, 
USA). RNA was reverse transcribed into cDNA using 
the RevertAid™ First Strand cDNA Synthesis kit (MBI 
Fermentas, Inc., Burlington, ON, Canada) with the addition 
of random hexamer primers. Briefly, 5 µl purified RNA was 
used as template for cDNA synthesis in the presence of 
1 µl Moloney murine leukemia virus reverse transcriptase 
(200 units), 1 µl random hexamer primer, 4 µl 5X reaction 
buffer, 2 µl hexamer 1X (Roche, Indianapolis, IN, USA), 2 µl 
dNTP mix (10 mM each) and 6 µl RNase‑free water. After 
incubation for 60 min at 42˚C, the reverse transcriptase was 
inactivated at 70˚C for 10 min and the cDNAs were stored at 
‑20˚C until further analysis.

Primers. SCNN1A is a gene encoding the α‑ENaC protein. 
Primers were designed according to the NCBI GenBank 
sequences of mice and were synthesized by the Sangon Biotech 
(Shanghai, China). The primer sequences for RT‑qPCR are as 
follows. Outer primers: SCNN1A forward, CACAGCAGGTGT 
GCATT and reverse, CAGCCTGCAGTTTATAGT. Inner 
primers for the second‑round PCR reaction: SCNN1A forward, 
CATTCACTCCTGCTTCCAG and reverse, GTAGCAGTA 
GCCCCAGGAG; ACTB forward, GAAGATCAAGATCAT 
TGCTCCT and reverse, TACTCCTGCTTGCTGATCCA.

First‑round PCR reaction. The reaction mixture for the 
first‑round PCR contains 3 µl 10X PCR buffer, 1.8 µl 25 mM 
MgCl2, 11 µmol each primer (SCNN1A forward and reverse) 
(Qiagen‑Operon, Cologne, Germany), 0.36 µl deoxynucleoside 
triphosphate mix, 0.3 µl Taq DNA polymerase, 5 µl DNA 
template and water to a final volume of 30 µl. The first‑round 
amplification was carried out in a thermocycler under the 
following conditions: 45 cycles at 94˚C for 2 min, 94˚C for 
20 sec and 54˚C for 30 sec, with a final extension at 70˚C for 
40 sec and at 70˚C for 5 min 4˚C.

Second‑round PCR reaction. qPCR was used to determine 
the gene expression profiles of α‑ENaC. cDNA was ampli-
fied by RT‑qPCR using an FTC‑2000 (Funglyn, Toronto, ON, 
Canada). Each analysis was performed in a total volume of 
30 µl reaction mixture containing 5 µl cDNA sample, 1 µl 
SYBR‑Green I and 2 µl gene‑specific forward and reverse 
primers (10 µM each). Reference genes were included to 
normalize the data. Amplifications were performed as 
follows: 45 cycles at 94˚C for 2 min, 94˚C for 20 sec and 
54˚C for 20 sec, with a final extension at 70˚C for 30 sec and 
at 80˚C for 20 sec.

The cycle threshold (Ct) number, defined as the number 
of PCR amplification cycles required to reach fluorescent 
intensity above the threshold, was determined for each gene 
and each developmental time point was analyzed. Using serial 
dilutions of the test sample cDNA, the standard curve was 
generated on the basis of the linear relationship of existing Ct 
and the logarithm of the copy number. The SCNN1A slope of 
the standard curve was shown to be ‑3.32 and a strong linear 
association was demonstrated (R2=1.00; Fig. 1A). The ACTB 
standard slope of the curve was also shown to be ‑3.32 and a 
strong linear association was demonstrated (R2=1.00; Fig. 1B).

Analysis. Samples were normalized internally using the 
Ct number of the reference gene ACTB as follows: ∆Ct 
(sample) = Ct (sample) ‑ Ct (ACTB). The mean Ct of α‑ENaC 
in 0 h (control) was set to a relative quantity (RQ) value of 1 
using the ∆∆Ct, calculated as follows: ∆∆Ct (sample) = ∆Ct 
(sample) ‑ ∆Ct (control) and RQ=2‑∆∆Ct. The data is presented as 
mean ± standard deviation. The one‑way analysis of variance 
was performed using SPSS 11.0 statistical software (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Using RT‑qPCR, α‑ENaC mRNA was demonstrated to be 
expressed in the StV (Fig. 2). ACTB was examined as a refer-
ence gene. α‑ENaC cDNA amplified from homogenates of the 
amplified fragments were of the expected sizes [124 basepairs 
(bp) for the α‑ENaC gene (Fig. 2A) and 111 bp for the reference, 
ACTB cDNA (Fig. 2B)]. Tissues treated with ANP (10‑6 mol/l) 
for different times (2, 6, 12, 24 and 48 h) showed that ANP 
decreased α‑ENaC mRNA expression, and at the time of 2 h 
a maximum effect was reached (n=3, P<0.05) (Fig. 3). This 
effect was slightly reversed after 6 h. When α‑ENaC mRNA 
level was evaluated chronologically in a series of cultured 
explants, a stability along with culture time was noticed, after 
12, 24 and 48 h respectively (Fig. 3).
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Discussion

The StV is mainly responsible for generating the high K+ and 
low Na+ levels in the endolymph, which plays an important 
role in normal auditory function (17). The StV is bound by 
several types of parasensory epithelium. Previously is has 
been suggested that several different ion channels are present 
in these parasensory epithelium cells, which include the 
IsK/KvLQT1, Ca2+‑activated nonselective cation, Cl‑ and 
ENaC channels (12,18). The IsK/KvLQT1 channel has been 
shown to be the main pathway across the apical membrane 
of strial marginal cells for secreting K+ into the lumen of the 
inner ear. ENaC has been shown to participate in reabsorbing 
Na+ in the apical membrane of epithelia, which is located in 
the apical membrane of epithelia facing endolymph.

ENaC is critical in maintaining the sodium balance 
and water‑electrolyte balance. Together with basolateral 
Na+/K+‑ATPase, ENaC regulates sodium reabsorption and 
plays a major role in the control of total body salt and water 
homeostasis (12). In numerous types of cells, it has been shown 
that ENaC is regulated by a variety of extrinsic factors, such 
as proteolytic cleavage, mechanical and cytoskeletal activity. 
ENaC has also been shown to be under the control of different 
hormones, such as aldosterone, arginine vasopressin, endo-
thelin, insulin and ANP (19).

We have previously shown the presence of NPR‑A tran-
scripts in the mouse StV, as well as in the nonstrial tissue of 
the cochlear lateral wall and vestibular organ by PCR (9,10). 
Gene expression of NPR‑A in the StV was higher compared 
to the nonstrial and vestibula (9,10). In the present study, the 
effect of ANP on the expression of the α‑ENaC mRNA was 
investigated in the mouse StV by the RT‑qPCR technique. 

Figure 1. Standard curves for the (A) SCNN1A and (B) ACTB set gener-
ated from cycle threshold (Ct) values and plotted against the input standard 
genomic DNA molecules.

Figure 2. (A) α‑subunit of the epithelial sodium channel (α‑ENaC) cDNA 
amplified from the strial marginal cells. The amplified fragments were of 
the expected sizes of 124 bp for the α‑ENaC gene. (B) The amplification of a 
111 bp fragment of ACTB cDNA as a reference control is also shown.

Figure 3. mRNA expression of α‑subunit of the epithelial sodium channel 
(α‑ENaC) by reverse transcription‑quantitative polymerase chain reaction. 
α‑ENaC mRNA expression was normalized to the expression of α‑ENaC in 
0 h (control), which was arbitrarily set to a value of 1. P<0.05 is considered 
to indicate a significantly different expression and data are expressed as the 
average ± standard deviation.
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The study showed that ANP significantly decreases α‑ENaC 
mRNA expression in the mouse StV and at the time of 2 h a 
maximum effect was reached. ANP may exert its inhibitory 
activity on Na+ reabsorption through suppression of ENaC 
gene expression in the mouse StV.

The inhibitory effect by ANP on the α‑ENaC mRNA may 
reduce the clearance of Na+. Inhibition of ENaC is expected 
to lead to an increase in endolymphatic Na+ concentration, 
subsequently resulting in an elevation in endolymph volume. 
An increase of the endolymph volume may aggravate the 
endolymphatic hydrops. ANP is believed to influence the ionic 
homeostasis of the endolymph by regulating the ENaC in StV. 
This effect may be more evident in pathological conditions, 
such as severe congestive heart failure when endogenous ANP 
is significantly increased.

The precise mechanisms of ANP in strial marginal cells 
remain unclear. ANP was shown to mediate the majority of its 
biological functions through interaction with NPR‑A via cyclic 
guanosine monophosphate (cGMP), a second messenger (20). 
ANP is a classical inhibitor of Na+ reabsorption induced by 
aldosterone at renal distal tubule and collecting duct segments, 
possibly via cGMP and protein kinase G intracellular second 
messengers (21‑23). Previously, it has been shown that cGMP 
is involved in the control of gene expression via its action on 
different gene‑promoter regions or by controlling the activities 
of transcription factors (24,25).

The finding of the present study that α‑ENaC is expressed 
in the StV supports a functional role for ENaC in the regula-
tion of Na+ concentration. Although the pathophysiological 
significance of the inhibition of the α‑ENaC mRNA expres-
sion by ANP in the mouse StV remains unknown in the 
present study, it may take part in the modulation of homeo-
stasis of the endolymph. Further investigation is required to 
explore the detailed molecular and cellular mechanisms by 
which ANP modulates the expression of the α‑ENaC mRNA 
in the mouse StV.

In conclusion, to the best of our knowledge, the present 
study is the first to directly access the effect of ANP on 
α‑ENaC mRNA expression in the mouse StV. These results 
indicate that ANP has a physiological importance in the 
regulation of ion transport and endolymph fluid balance in the 
inner ear.
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