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Detection of atrial natriuretic peptide receptor in
the labyrinth of the mouse inner ear
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Abstract

OBJECTIVES: To examine whether the atrial natriuretic peptide receptor (NPR-A)
is present in the secretory regions of the membrane labyrinth of the adult mouse
inner ear. SETTING: Recent studies have implied that the homeostasis of endol-
ymph fluid in the inner ear may be regulated by receptor-mediated mechanisms.
Several studies have identified the presence of atrial natriuretic peptide receptors
in the inner ear of guinea pig and rat. As a member of the natriuretic peptide
receptor family, which also includes B-type natriuretic peptide receptor (NPR-B)
and C-type natriuretic peptide receptor (NPR-C), NPR-A may be involved in the
regulation of fluid homeostasis in the inner ear. METHODS: In this study, samples
of stria vascularis, nonstrial tissue of the cochlear lateral wall and vestibular organ
tissue from the ears of 6 adult mice were obtained by immediate excision of bony
labyrinth under operating microscope after decapitation. Total RNA was isolated
and mRNA was amplified by the reverse transcription-polymerase chain reac-
tion (RT-PCR) using consensus primers flanking a region of 127 bp at the target
sequence. Mouse renal cortex known to contain NPR-A was used as a positive
control. RESULTS: We demonstrated that NPR-A was expressed in the mouse stria
vascularis as well as in the nonstrial tissue of the cochlear lateral wall and vestibu-
lar organ. CONCLUSION: These results suggest that natriuretic peptides may play
an important role in maintaining the fluid homeostasis of inner ear endolymph
via interaction with NPR-A.

1. INTRODUCTION

hydrops is a condition in which the endolymphatic

The various compartments of the inner ear endo-
lymphatic space are filled with fluids composed of
different electrolyte components. Fluid homeosta-
sis in the endolymphatic system is essential for the
maintenance of normal function of the inner ear.
Once the balance of such homeostasis is disrupted,
dysfunction of the inner ear, such as Meniere’s dis-
ease, more specifically, endolymphatic hydrops,
may occur (Sterkers et al. 1984). Endolymphatic

.........................

space of the inner ear is distended secondary to a
presumed excess of fluid volume or pressure. It
is associated with symptoms, such as aural full-
ness, tinnitus, episodic vertigo, and a fluctuating
progressive hearing loss initially in the low tones.
Etiologic and therapeutic attempts to unravel the
mystery of Meniere’s disease have been directed at
the volume mismatch of the inner ear. However,
the underlying mechanisms of endolymph homeo-
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Abbreviations

ANP - atrial natriuretic peptide,

NPR-A - atrial natriuretic peptide receptor,

RT-PCR - reverse transcription-polymerase chain reaction,
GAPDH - glyceraldehyde-3-phosphate dehydrogenase

stasis are still largely unknown, particularly the hor-
monal regulation.

Function of the inner ear is tightly regulated by hor-
mones. The presence of aldosterone receptor, atrial
natriuretic peptide (ANP) receptors, vasopressin recep-
tors and endothelin receptors in the inner ear has been
reported, suggesting a critical role in hormonal regu-
lation (Furuta et al. 1994; Furuta et al. 1995; Furuta et
al. 1998; Yan et al. 2007). One of the important hor-
mone candidates involved in the regulation of inner
ear fluid homeostasis is ANP, which was first extracted
from rat atrial tissue by DeBold AJ (Baines et al. 1983).
ANP can exert a smooth muscle effect, with vasodila-
tion, diuretic, and natriuretic activities in the kidney. It
is a member of the natriuretic peptide family. The natri-
uretic peptide family consists of five members: ANP,
B-type natriuritic peptide, C-type natriuretic peptide,
urodilatin and dendroaspis natriuretic peptide. Each of
them has its specific biological functions (Cea, 2005).
There are three natriuretic peptide receptors, atrial
natriuretic peptide receptor (NPR-A), B-type natri-
uretic peptide receptor (NPR-B) and C-type natriuretic
peptide receptor (NPR-C), which can be activated by
different natriuretic peptides. ANP exhibits its biologi-
cal activity through binding NPR-A to increase guany-
lyl cyclase activity (Potter et al. 2006).

NPR-A consists of an extracellular ligand-binding
domain for natriuretic peptide binding, a single hydro-
phobic membrane-spanning region, and an intracellular
domain which is made of a kinase homology domain, a
coiled-coil dimerization domain, and a guanylyl cyclase
catalytic domain. By activating guanylate cyclase, ANP
engagement with its receptor increases the concentra-
tions of intracellular cyclic guanosine monophosphate
which serves as a second messenger to initiate the cas-
cade reactions needed in biological functions of the cells
(Potter et al. 2006). The effects of stimulating NPR-A
may be different according to the activation of specific
signal pathways in different tissues. It can modulate so-
dium channels and transporters, activate protein kinase
GI, GII, or stimulate adenosine 3’, 5’-cyclic monophos-
phate-hydrolyzing phosphodiesterase, to increase cap-
illary permeability, vasodilation, and natriuresis (Potter
et al. 2006).

NPR-A mRNA is highly expressed in the kidney,
adrenal glomerulosa, adrenal medulla, pituitary, cere-
bellum and endocardial endothelial cells (Potter et al.
2006). Lamprecht and Meyer zum Gottesberge (1988)
first reported that ANP receptors were distributed in
the inner ear of guinea pig, suggesting a possible role
of these receptors in the regulation of labyrinthine fluid
composition and volume. Despite this report and sev-
eral others, available information about the expression

of ANP receptors in the inner ear is still limited due to
the lack of direct ANP receptor illustration (Meyer et al.
1995; Lamprecht & Meyer, 1988; Meyer & Lamprecht,
1989). In addition, the results of previous studies were
controversial (Meyer et al. 1995; Lamprecht & Meyer,
1988; Meyer & Lamprecht, 1989; Seebacher et al. 1999;
Koch et al. 1992; Furuta et al. 1995).

In the inner ear, stria vascularis in the cochlea and
the dark cell epithelium in the vestibular organs are
believed to be the secretory regions of the inner ear to
produce endolymphatic fluid (Arenberg et al. 1970),
as well as spiral ligament in the nonstrial tissue of the
cochlear lateral wall (Sterkers et al. 1988). Our present
study was designed to evaluate whether NPR-A mRNA
was expressed in these three regions of mouse inner
ear using reverse transcription-polymerase chain reac-
tion (RT-PCR). We demonstrated the expression of the
mRNA encoding NPR-A in the tissues of adult mouse
inner ear. This study will lead to further understanding
of the physiological role of natriuretic peptides in the
inner ear.

2. MATERIALS AND METHODS

2.1 Tissue preparations

The Kunming mouse is an outbreed strain of labora-
tory animal widely utilized in related pharmaceutical
and genetic studies in China. Six healthy adult Kun-
ming mice at the age of about 30 days used in this study
were provided by the Animal Care and Use Committee
at the Huaxi Medical School of Sichuan University. The
research reported here was conducted according to the
animal care guidelines established by West China Hos-
pital of Sichuan University. After decapitating the mice
and removing the temporal bone, the stria vescularis,
nonstrial tissue of the cochlear lateral wall and vestibu-
lar organ tissue in the inner ear were dissected at 4°C as
described previously (Marcus & Chiba, 1999). The renal
cortex of the adult mice was used as positive control.

2.2 Design of primers to identify mouse NPR-A

We designed pairs of primers for PCR amplification
according to the NCBI Genebank of mice (Acces-
sion number: ENSMUSP00000029540). The primers
were synthesized by Shanghai SAGON. The primers
for mouse NPR-A were as follows: forward primer 5-
CGACGGGCTCCTGCTCTAT-3" and reverse primer
5-CAGGTATCCTGTCACACCTTG-3'(127 bp). The
primers for mouse glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were as follows: forward primer
5-CCTCAAGATTGTCAGCAAT-3" and reverse prim-
er 5-CCATCCACAGTCTTCTGGGT 3'(141 bp).

2.3 RNA preparation and cDNA synthesis
Transcripts for NPR-A were assayed by RT-PCR. Total
RNA was isolated from the stria vascularis, nonstrial
tissue of the cochlear lateral wall, vestibular organ tis-
sue and renal cortex of the adult mice using Trizol
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reagent (MRC USA). RNA was reversely transcribed
into cDNA using the Revert Aid™ First Strand cDNA
Synthesis Kit (MBI Fermentas Inc.) with addition of
random hexamer primers. Briefly, 5ul of purified RNA
was used as templates for cDNA synthesis in the pres-
ence of 1pl M-MLYV reverse transcriptase (200U), 1pl
of random hexamer primer, 4pl of 5 x reaction buffer,
2ul of hexamer 1 x (Roche), 2pl of ANTP mix (10mM
each), and 6yl of RNAse-free water. After incubation
for 60 min at 42°C, the reverse transcriptase was inac-
tivated at 70°C for 10 min, and cDNAs were stored at
-20°C until further analysis.

2.4 Polymerase chain reaction

The presence of specific message in ¢cDNA derived
from total RNA preparations was assayed by amplifi-
cation using the oligonucleotide primers listed above.
NPR-A cDNAs in the renal cortex was used as positive
control templates and for adjusting the amplification
conditions. PCR without templates was performed as
a negative control. PCR for GAPDH was carried out as
a control for successful performance of RNA extraction
and reverse transcription procedures.

For the primer pairs used in this study, the ampli-
fication mixture containing 3pl of 10 x reaction buf-
fer, 3ul of 25mM MgCl,, 0.36ul of 25mM dNTP, 1l of
forward primer, 1ul of reverse primer, 1.5ul of dyes and
1.5U of Taq, and double distilled water was added to get
a whole volume of 5pl for each reaction tube.

The PCR was performed as follows: one denatur-
ation cycle for 2 min at 94°C followed by 45 amplifica-
tion cycles, including denaturation for 20 sec at 94°C,
annealing for 20 sec at 58°C, extension for 30 sec at
72°C, and final one extension cycle for 5 min at 72°C.
The amplified PCR products were routinely assessed by
horizontal electrophoresis in 2% agarose gels contain-
ing 1pl/ml of ethidium bromide.

Figure. Ethidium bromide staining of PCR
products on a 2% agarose gel from adult
mice stria vascularis, nonstrial tissue of the
cochlear lateral wall and vestibular organ
tissue. NPR-A cDNA of the mouse renal
cortex served as a positive control for NPR-

A consensus PCR primers (lane 1). The lane

2 in both A (NPR-A) and B (GAPDH) shows
negative control without templates. Total
RNA preparations from stria vascularis of
cochlea (lane 3), nonstrial tissue of the
cochlear lateral wall (lane 4) and vestibular
organ (lane 5) after reverse transcription
were subjected to 45 cycles of PCR.
Amplification of NPR-A cDNA is a fragment of
127 bp, and amplification of GAPDH cDNA is
a fragment of 141 bp. M indicates the marker.

3. RESULTS

The transcripts for NPR-A were detected in the stria
vascularis, nonstrial tissue of the cochlear lateral wall
and vestibular organ tissue from inner ear membrane
labyrinth of adult mouse. Fig. A and Fig. B showed the
PCR products amplified by primers for NPR-A and
GAPDH, respectively. As shown in Fig. A, the RNAs
isolated from the stria vascularis, nonstrial tissue of
the cochlear lateral wall and vestibular organ tissue of
inner ear gave a single sharp band of 127 bp using the
NPR-A-specific primers. Renal cortex sample, which
has been previously shown to express NPR-A (Potter
et al. 2006), was used as a positive control (Fig. A; lane
1). Lane 2 showed the negative control. GAPDH was
used as a housekeeping gene. DNA bands at the expect-
ed sizes of GAPDH were observed on the agarose gels
(Fig. Blanes 1, 3, 4, 5).

4. DISCUSSION

The study has demonstrated the presence of NPR-A tran-
scripts in stria vascularis, nonstrial tissue of the cochle-
ar lateral wall and vestibular organ tissue in the mouse
inner ear by a sensitive RT-PCR analysis. The DNA
bands on the gel were of expected length suggesting that
NPR-A mRNA expression was detected specifically both
in the tissue samples of inner ear and that of renal cortex.
The PCR products contained no introns, suggesting that
there was no genomic DNA contamination, and that the
DNA was generated from mRNA transcripts.

NPR-A mRNA was expressed in the stria vascularis.
The selective ligand of NPR-A is ANP which plays an
important role in maintaining fluid balance. ANP-im-
munoreactive particles were seen mainly in the cyto-
plasm of the stria vascularis marginal cells of normal
guinea pigs (Chen et al. 1994). Studies suggest that
ANP may be locally synthesized and activate NPR-A
in a paracrine/autocrine manner. The specific signal
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transduction following NPR-A activation by ANP in
the stria vascularis is largely unknown. Our results sug-
gest that ANP may regulate cochlear endolymph fluid
balance via activation of NPR-A.

The secretory structures of the cochlea include stria
vascularis and spiral ligament (Tran & Lecain, 2002). In
this study, NPR-A mRNA expression was also detected
in the nonstrial tissue of the cochlear lateral wall at
where spiral ligament is located. The spiral ligament of
the cochlear lateral wall exhibited pronounced immu-
noreactivity to ANP. It was assumed that ANP may par-
ticipate in the regulation of the water electrolyte balance
(Yoon & Hellstrom, 1992). The result of our study sup-
ports this assumption.

The dark cells of the vestibular organ are thought
to be responsible for the production of the vestibular
endolymph because of their morphologic resemblance
to the marginal cells of the stria vascularis (Sterkers et
al. 1988). NPR-A mRNA expression was detected in the
vestibular organ tissue, suggesting a similar role as it in
the stria vascularis.

ANP is known to interact with vasopressin and min-
eralocorticoid (Jard, 1983; Brenner et al. 1990; Horis-
berger & Rossier, 1992). Both mineralocorticoid type
I receptor and vasopressin receptors were detected in
the cochlea (Furuta et al. 1994; Furuta et al. 1998). It is
proposed that ANP may modulate the function of vaso-
pressin and mineralocorticoid in the inner ear to regu-
late endolymph fluid balance.

The identification of NPR-A in the inner ear is the
first step to understand the possible roles of ANP reg-
ulation in inner ear fluid homeostasis. Several studies
have identified ANP receptors in the inner ear of guinea
pig and rat, and have demonstrated their presence in
the stria vascularis, spiral ligament in the cochlea and
the secretory epithelium of the vestibular organ. How-
ever, some of these results are contradictory (Koch et al.
1992; Seebacher et al. 1999; Meyer et al. 1995; Lampre-
cht & Meyer, 1988; Meyer & Lamprecht, 1989). A few
studies detected the existence of ANP receptors or NPR-
A in the vestibular organ (Meyer et al. 1995; Lamprecht
& Meyer, 1988; Meyer & Lamprecht, 1989; Seebacher
et al. 1999). Conversely, Koch et al. (1992) could not
detect any ANP receptors in that area. Besides, NPR-A
mRNA expression was not observed in the stria vascu-
laris in another study (Furuta et al. 1995). In this study,
specific bands of NPR-A cDNA product were detected
in all the endolymph-producing areas in the inner ear,
unlike some previous reports. This may be due to the
biological difference between species or different PCR
amplification cycles we chose.

In conclusion, mRNA expression of NPR-A is con-
firmed in the adult mouse stria vascularis as well as
in the nonstrial tissue of the cochlear lateral wall and
vestibular organ. NPR-A may be involved in fluid ho-
meostasis in the mouse endolymphatic system. These
studies provide the evidence to further investigate the
mechanism of NPR-A action.
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