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Abstract OBJECTIVE: To compare the relative expression levels of NPR-A mRNA in the 
stria vascularis (StV), nonstrial tissue of the cochlear lateral wall (NSt) and ves-
tibula in the mouse inner ear to determine the potential contribution of ANP 
signaling in different parts to inner ear fluid homeostasis. 
SETTIng: Atrial natriuretic peptide (ANP) is a cardiac hormone known to be 
involved in the regulation of body fluid homeostasis. It is assumed that ANP might 
also participate in the regulation of inner ear fluid dynamics. ANP selectively 
binds with atrial natriuretic peptide receptor (NPR-A) to exert its physiological 
function. We have previously shown the presence of NPR-A transcripts in the 
mouse stria vascularis as well as in the nonstrial tissue of the cochlear lateral wall 
and vestibular organ by polymerase-chain reaction. 
METhOdS: Total RNA of samples of stria vascularis, nonstrial tissue of the 
cochlear lateral wall and vestibular organ tissue from ears of 10 adult mice was 
isolated, amplified by the real-time quantitative reverse transcription-polymerase 
chain reaction (RT-PCR) using consensus primers flanking a region of 127 bp 
at the target sequences. The brain of mice known to contain NPR-A was used 
as a positive control. The one-way analysis of variance, ANOVA and Student-
Newman-Keuls method were performed to analyze the data.
RESULTS: NPR-A mRNA expression was found in tissue samples of all the three 
areas. The mRNA expression level of NPR-A in the StV was higher than that in 
the NSt and vestibula (p<0.05). The difference of NPR-A mRNA expression level 
in the NSt and vestibula was not statistically significant (p>0.05). 
COnCLUSIOnS: Our results suggest that the StV may be the most important place 
for ANP to regulate endolymph fluid balance via NPR-A. 
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Abbreviations :

ANP  - atrial natriuretic peptide
NPR-A  - atrial natriuretic peptide receptor
StV  - stria vascularis
NSt  - nonstrial tissue of the cochlear lateral wall
RT-PCR  - reverse transcription-polymerase chain reaction
GAPDH  - glyceraldehyde-3-phosphate dehydrogenase
Ct  - cycle threshold
RQ  - relative quantity
SD  - standard deviation
NPR-C  - natriuretic peptide receptor-C
cGMP  - cyclic guanosine monophosphate
BNP  - brain natriuretic peptide receptor

InTroducTIon

Inner ear which contains osseous labyrinth and mem-
branous labyrinth is an organ responsible for auditory 
and balance function. Within the bony labyrinth is the 
membranous labyrinth containing endolymph and the 
sense organs of hearing and balance (Richard & Mark 
2003). Fluid homeostasis expressed by ionic, osmotic 
and metabolic balances in the endolymphatic system is 
essential for the performance of inner ear physiological 
function. Once such balance is disrupted, membrane 
displacement or abnormal functions of the inner ear 
can occur, such as endolymphatic hydrops, a condition 
in which the endolymphatic space of the inner ear is dis-
tended secondary to a presumed excess of fluid volume 
or pressure, or even hearing loss (Guo et al. 1994; Juhn 
1984; Sterkers et al. 1984). It is necessary to clarify regu-
latory mechanisms of endolymph fluid homeostasis. 
One of the mechanisms involves in hormones, such 
as adrenal hormones, aldosterone, atrial natriuretic 
peptide (ANP), vasopressin and endothelin to regulate 
electrolyte composition or fluid volume of endolymph 
(Fujimura et al. 1998; Gu et al. 2006; Lohuis et al. 2000; 
Luo et al. 2007; Suzuki et al. 1998; Trune & Kempton 
2001; Xu et al. 2007). Among these hormones is ANP, 
which was firstly discovered by DeBold AJ in 1983 
(Baines et al. 1983). This peptide can regulate blood 
volume and blood pressure by mediating vasodilation 
and natriuresis (Potter et al. 2006). It regulates ocular 
and cerebrospinal fluid composition and/or pressure 
(Mantyh et al. 1986). It was postulated that ANP might 
also regulate fluid homeostasis of endolymph. 

ANP binds to atrial natriuretic peptide receptor 
(NPR-A) with high affinity to exert its biological role 
by increasing guanylyl cyclase activity (Potter et al. 
2006). Detection of NPR-A mRNA expression in the 
inner ear is necessary to elucidate the mechanism of the 
regulation of endolymph fluid balance in the inner ear 
by ANP. Several studies have identified the existence of 
ANP receptors in the inner ear of guinea pig and rat, 
and have demonstrated them in the stria vascularis 
(StV), nonstrial tissue of the cochlear lateral wall (NSt) 

and vestibula (Koch et al. 1992; Lamprecht & Meyer 
1988; Meyer & Lamprecht 1989; Meyer et al. 1995; 
Seebacher et al. 1999). We have previously detected 
the transcripts of NPR-A in the mouse inner ear by 
polymerase-chain reaction (PCR) (Long et al. 2008). In 
this study, we compared the relative expression levels of 
NPR-A mRNA within the secretory areas in the adult 
mouse inner ear using real-time quantitative reverse 
transcription-PCR (RT-PCR) to further determine the 
potential contribution of ANP signaling in different 
regions of the inner ear to the regulation of endolym-
phatic fluid homeostasis. 

MATerIALs And MeThods
Animals
The Kunming mouse which is an outbreed strain of 
laboratory animal widely utilized in related pharmaceu-
tical and genetic studies in China was used in this study. 
Ten healthy adult Kunming mice (30 days old) were 
provided by the Animal Care and Use Committee at 
the West China Medical School of Sichuan University. 
The study was conducted according to the animal care 
guidelines established by West China Hospital of Sich-
uan University. After decapitating the mice and remov-
ing the temporal bone, StV, NSt and tissue of vestibula 
in the inner ear were dissected at 4 °C as described pre-
viously (Luo et al. 2007). The brain of the adult mice 
was used as positive control. 

RNA isolation and reverse transcription
Total RNA from the tissues of the StV, NSt, vestibula 
and brain of the adult mice was isolated using Trizol 
reagent (MRC USA). The RNA was reverse transcribed 
into cDNA using the Revert Aid™ First Strand cDNA 
Synthesis Kit (MBI Fermentas Inc.) with addition of 
random hexamer primers. A total of 5 µl of purified 
RNA, 1 µl M-MLV reverse transcriptase (200 U), 1 µl 
of random hexamer primer, 4 µl of 5× reaction buffer, 
2 µl of 1× hexamer (Roche), 2 µl of dNTP mix (10 mM 
each), and 6 µl of RNAse-free water were used for 
cDNA synthesis. The reverse transcriptase was inacti-
vated at 70 °C for 10 min after incubation. The cDNAs 
were stored at –20 °C until further analysis. 

Primers
The primer pairs for NPR-A cDNA PCR amplifica-
tion were designed according to the NCBI Genebank 
of mice (Accession number: ENSMUSP00000029540). 
The primers were synthesized by the Shanghai SAGON. 
The primer sequences were as follows: forward primer 
5’-CGACGGGCTCCTGCTCTAT-3’ and reverse primer 
5’-CAGGTATCCTGTCACACCTTG-3’ (127 bp). Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), a 
housekeeping gene, was detected as the inner control. 
The primers for mouse GAPDH were as follows: for-
ward primer 5’-CCTCAAGATTGTCAGCAAT-3’ and 
reverse primer 5’-CCATCCACAGTCTTCTGGGT-3’ 
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(141 bp). cDNA templates were treated with DNase I 
before PCR amplification. Positive control amplifica-
tion was performed using cDNA from the mouse brain 
as templates. PCR without templates was performed as 
a negative control.

Real-time quantitative PCR
Real-time PCR was used to determine the gene expres-
sion profiles of NPR-A. cDNAs were amplified using 
FTC-2000 (FUNGLYN, CANADA). Each analysis was 
performed in a total volume of 25 µl reaction mixture 
containing 5 µl cDNA sample, 2 µl SYBR GREEN I, and 
2 µl gene-specific forward and reverse primers (10 µM 
each). GAPDH genes were included to normalize the 
data. Amplications were performed as follows: one 
denaturation cycle for 2 min at 94 °C, followed by 45 
amplification cycles, including denaturation for 20 sec 
at 94 °C, annealing for 20 sec at 54 °C, extension for 
30 sec at 72 °C and for 20 sec at 80 °C. The amplified 
PCR products were routinely assessed by horizontal 
electrophoresis in 2% agarose gels containing 1 µl/ml of 
ethidium bromide.

The cycle threshold (Ct) number (the number of 
PCR amplification cycles required to reach fluorescent 
intensity above the threshold) was determined for devel-
opmental time point of gene analyzed. Using serial dilu-
tions of the test sample cDNA, the standard curve was 
generated on the basis of the linear relationship of exist-
ing Ct and the logarithm of the copy number. The slope 
of the curve was shown to be –3.55, and a strong linear 
relationship was demonstrated (R2=1.00; Figure  1).

Analysis
Relative gene expression data was analyzed using the 
2–ΔΔCt method (Livak & Schmittgen 2001). Samples 

were normalized internally using the Ct number of the 
housekeeping gene GAPDH, as follows: ΔCt (sample) 
= Ct (sample) – Ct (GAPDH). The Ct of NPR-A cDNA 
from brain was set to a relative quantity (RQ) value of 1 
using the ΔΔCt, calculated as follows: ΔΔCt (sample) = 
ΔCt (sample) – ΔCt (brain), and RQ = 2–ΔΔCt. The data is 
reported as means ± standard deviation (SD). The one-
way analysis of variance, ANOVA and Student-New-
man-Keuls method were performed to analyze the data. 
p<0.05 was considered to be statistically significant.

resuLTs 

The results of the analysis of NPR-A mRNA expression 
from StV, NSt and vestibula were shown in Figure  2. 
The expression level of NPR-A mRNA in the StV was 
predominant and higher than that in the NSt and 
vestibula (p<0.05). The difference of NPR-A mRNA 
expression level in the NSt and vestibula was not statis-
tically significant (p>0.05).

dIscussIon

In this study, real-time quantitative RT-PCR method 
was used to determine NPR-A mRNA expression in 
StV, NSt and vestibula of adult mouse inner ear. PCR 
is a rapid and powerful technique for in vitro amplifi-
cation of DNA. Being specific and sensitive, real-time 
quantitative RT-PCR has been used widely to measure 
mRNA expression. 

The homeostasis of inner ear endolymph is important 
for the maintenance of the normal physiological func-
tion of this organ. Regulation of endolymph production 
by hormones is one of the mechanisms maintaining 
endolymph fluid balance. ANP, a classical hormone 
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Fig.1. The standard curve for the GAPDH set generated from Ct 
values and plotted against the input standard genomic DNA 
molecules. The standard curve ranged from 105 copies to 108 
copies. Using serial dilutions of the standard cDNA, the standard 
curve was generated on the basis of linear relationship between 
the existing Ct and the logarithm of the copy number.
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Fig. 2. The expression of NPR-A mRNA in mice inner ear by real-
time quantitative RT-PCR. The quantification of NPR-A gene 
expression in the StV (n=6), NSt (n=6) and vestibula (n=5) 
relative to the brain (n=1). The expression of NPR-A mRNA was 
normalized to the expression of GAPDH mRNA in the inner ear 
and brain, separately. Significantly different expression (p<0.05) 
and non-significantly different expression (p>0.05) were 
expressed as the average ± SD.
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regulating fluid volume and pressure was observed in 
the inner ear (Chen et al. 1994; Meyer et al. 1995). It 
regulates Na+ concentration and pressure of endolymph 
in an autocrine or paracrine manner (Bartoli et al. 1989; 
Chen 1993). It has also been shown to regulate fluid 
balance of endolymph as a circulation hormone (Borghi 
et al. 2006). In addition, ANP participates in blood flow 
regulation in the inner ear (Lin & Qiu 2005). Hormone 
receptors on the cell surface have a high selectivity for 
a specific hormone. When the hormone binds to a spe-
cific receptor, the receptor-hormone complex initiates 
cascade reactions that change the biological function of 
the cell. ANP can bind to NPR-A or natriuretic peptide 
receptor-C (NPR-C) to induce different physiological 
responses in cells from different tissues (Potter et al. 
2006). Thus, the identification of a specific ANP recep-
tor is crucial to understand the regulatory mechanism 
of ANP involving in the inner ear fluid homeostasis. 
NPR-C clears natriuretic peptides from the circulation 
through receptor-mediated internalization and deg-
radation, while NPR-A stimulates their physiological 
functions through specific signal pathways in tissues. 
It can increase capillary permeability, vasodilation, 
and natriuresis by directly modulate sodium channels 
and transporters, activate protein kinases, or stimulate 
cyclic guanosine monophosphate (cGMP) -hydrolyzing 
phosphodiesterase2 (Potter et al. 2006). Thus, NPR-A is 
the candidate receptor for ANP function in the regula-
tion of endolymph fluid homeostasis. 

NPR-A is a natriuretic peptide binding protein. It con-
sists of an extracellular ligand-binding domain, a single 
transmembrane region, and an intracellular domain, 
which can catalyze guanylyl cyclase. By activating gua-
nylate cyclase, one of the intracellular second messen-
ger cAMP increases and initiates the cascade reactions 
needed in biological functions of cells (Potter et al. 
2006). Both ANP and brain natriuretic peptide (BNP) 
can bind with NPR-A. BNP is not existed in the inner 
ear, thus NPR-A can only be activated by ANP (Suzuki 
et al. 1998). ANP mRNA was detected in StV of rat (Cao 
et al. 2007; Zhang et al. 2008). Although the exact mech-
anism of action has not been elucidated, the coexistence 
of ANP mRNA and NPR-A mRNA expression in the 
StV of inner ear suggested that ANP may regulate fluid 
and electrolyte balance in the endolymphatic system 
through NPR-A in a paracrine/autocrine manner.

The StV, NSt in cochlea duct and the vestibula con-
taining utricle and saccule are structures believed to be 
important for endolymph generation. The overproduc-
tion of endolymph in the secretory areas of inner ear, 
such as StV and dark cell epithelium in the vestibular 
organs is one of the causes of Meniere’s disease. Our pre-
vious studies have demonstrated the presence of NPR-A 
transcripts in StV, NSt in cochlea duct and the vestibula 
in the inner ear by a sensitive RT-PCR analysis (Long et 
al. 2008). The results of the present study by real-time 
quantitative RT-PCR were in agreement with previous 
studies (Krause et al. 1997; Long et al. 2008; Seebacher 

et al. 1999), suggesting that StV is the main place of 
NPR-A synthesis among the three secretory areas for 
endolymph fluid regulation. StV is full of microvascula. 
NPR-A may also be involved in blood flow regulation. 
NPR-A in the vestibula may play a less important role 
than that in the StV. NPR-A in the NSt might also regu-
late endolymgh fluid balance. The actual mechanism of 
endolymph fluid balance regulation by NPR-A needs to 
be elucidated by further investigation, such as electro-
physiological research using patch-clamp technique. 

The presence and localization of ANP receptors was 
reported to be in the inner ear of the guinea pig (Lam-
precht & Meyer 1988). Since then, many studies have 
shown the existence of natriuretic peptide receptors in 
the inner ear and the possible biological roles have also 
been reported (Furuta et al. 1998; Furuta et al. 1995; 
Koch et al. 1992; Meyer & Lamprecht 1989; Meyer et al. 
1995; Seebacher et al. 1999). Results of further study by 
Koch et al. showed an increase of cGMP in the endo-
lymph stimulated by local infusion of ANP into the 
inner ear, suggesting indirectly the existence of NPR-A 
within StV (Koch et al. 1992). Our study is a comple-
ment of previous research. 

In conclusion, we demonstrated that NPR-A mRNA 
was expressed in StV, NSt and vestibula in the adult 
mouse inner ear using real-time quantitative RT-PCR. 
Further data analysis suggested that gene expression 
of NPR-A in the StV was higher than that in the NSt 
and vestibula. Among the three areas under investi-
gation, StV may be the most important part in terms 
of ANP-mediated physiological role through NPR-A. 
As StV is an important structure of endolymph fluid 
production and is full of microvascula, NPR-A in the 
StV is likely involved in the regulation of endolymph 
fluid balance and blood flow. NPR-A may be activated 
by ANP in a paracrine/autocrine manner to stimulate 
cGMP production. Further investigations are needed to 
elucidate the direct interaction of ANP and NPR-A in 
secretory areas of the inner ear, especially in StV, and 
their physiological role in the regulation of endolymph 
fluid homeostasis.
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