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Abstract Membrane-bound ectonucleoside triphosphate
diphosphohydrolases (E-NTPDases) in the inner ear
regulate complex extracellular purinergic type-2 (P2)
receptor signalling pathways through hydrolysis of
extracellular nucleoside 5′-triphosphates and diphos-
phates. This study investigated the distribution of
NTPDase5 and NTPDase6, two intracellular members
of the E-NTPDase family, and linked this to regulation
of P2 receptor signalling in the adult rat cochlea. These
extracellular ectonucleotidases preferentially hydrolyse
nucleoside 5′-diphosphates such as UDP and GDP.
Expression of both enzymes at mRNA and protein level
was detected in cochlear tissues and there was in vivo
release of soluble NTPDase5 and 6 into cochlear fluids.
Strong NTPDase5 immunostaining was found in the
spiral ganglion neurones and supporting Deiters’ cells of
the organ of Corti, while NTPDase6 was confined to the

inner hair cells. Upregulation of NTPDase5 after expo-
sure to loud sound indicates a dynamic role for
NTPDase5 in cochlear response to stress, whereas
NTPDase6 may have more limited extracellular roles.
Noise-induced upregulation of co-localised UDP-
preferring P2Y6 receptors in the spiral ganglion neurons
further supports the involvement of NTPDase5 in regula-
tion of P2Y receptor signalling. Noise stress also induced
P2Y14 (UDP- and UDP-glucose preferring) receptor
expression in the root processes of the outer sulcus cells,
but this was not associated with localization of the
E-NTPDases.
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Introduction

Hearing relies on a sensitive mechanoelectrical transduction
process in the cochlea of the inner ear. The cochlea contains
sensory, secretory, neural and supporting cells which are all
essential to the sound transduction process. A complex
extracellular purinergic signalling system contributes to
cochlear homeostasis, altering cochlear sensitivity and
neural output via ATP-gated ion channels (P2X receptors)
and G protein-coupled P2Y receptors [1].

Regulation of extracellular nucleotide levels is critical to
the maintenance of cochlear homeostasis. P2 receptor signal-
ling pathways in the cochlea are modulated by the surface-
located ectonucleoside triphosphate diphosphohydrolases
(E-NTPDases) [2–5]. These enzymes maintain low nano-
molar concentrations of ATP in cochlear fluids under
quiescent conditions. Stressors such as acoustic overstimula-
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tion and hypoxia induce ATP release from cells [6], with
concomitant activation of P2X2 and P2X7 receptor subunits
in cochlear epithelial and neural tissues. During exposure to
loud sound, P2X2 receptors are thought to provide a K+

shunt conductance out of the endolymph to reduce the
endocochlear potential [7], whilst the P2X7 receptors likely
modulate the olivocochlear efferent neural feedback with
consequent reduction in hearing sensitivity [8]. Noise
exposure leads to upregulation of P2X2 receptors [9] and
membrane-bound NTPDases (NTPDase1–3) [5, 10]. The
roles of P2Y receptors in the inner ear are less clear, but they
are extensively expressed in the cochlear partition and have
multiple roles in the maintenance of K+ transport and
cycling, micromechanics of the hair cells and supporting
cells, neuromodulation and cochlear development [1]. A role
for P2Y receptors in the propagation and sensing of noise
damage [11, 12] is also emerging.

NTPDases can control ligand availability at P2 receptors
either inside or outside the cell [13]. NTPDase1–3 and
NTPDase8 are cell-surface-located enzymes with two trans-
membrane regions and a large extracellular domain which
contains the catalytic site [13, 14]. NTPDase4-7 are
intracellular enzymes that preferentially hydrolyze nucleo-
side diphosphates and triphosphates apart from ATP. The
principal substrates of NTPDase5 and NTPDase6 are
nucleoside diphosphates UDP and GDP [13, 14]. These
two enzymes can be cleaved at the N terminus and released
from cells in a soluble form [15–21]. They are localised to
the endoplasmic reticulum and Golgi apparatus respectively,
and may be involved in glycosylation reactions [18, 22].
NTPDase5, also known as proto-carcinogenic progression of
hamster embryo cells (PCPH) [23], is present in normal and
tumour samples from rat and human tissue [24, 25], but the
evidence for release of soluble forms is currently limited to
in vitro studies. NTPDase5 and NTPDase6 were first
identified over a decade ago [26], but their tissue distribution
and function remain both unexplored and enigmatic.

The role of uridine and guanine nucleotides such as GDP
andUDP in the cochlea is unknown, but they have extracellular
roles in neurotransmission, vascular tone and chloride secretion
in other tissues [27, 28]. This study set out to investigate the
expression and distribution of NTPDase5 and NTPDase6 in
the cochlea and their putative role in regulation of P2Y
receptor signalling by such nucleotides under both quiescent
and stressed (noise exposure) conditions.

Materials and methods

Animals

Experiments were carried out on young adult male Wistar
rats (8–10 weeks) supplied by the University of Auckland

Animal Resources Unit. All procedures were approved by
the University of Auckland Animal Ethics Committee
and the experiments conformed to international guidelines
on the ethical use of animals.

Analysis of NTPDase5 and NTPDase6 mRNA transcripts

Rats were euthanised with sodium pentobarbitone (100 mg/
kg i.p.) and their cochleae removed. The cochleae were
decapsulated in sterile 0.1 M phosphate-buffered saline
(PBS, pH 7.4) and homogenised in lysis buffer (100 mM
Tris–HCl pH 8.0, 500 mM LiCl, 10 mM EDTA, pH 8.0,
1% LiDS, 5 mM dithiothreitole) using a sterile Teflon
pestle. Cochlear mRNA was isolated using a Dynabeads®
mRNA kit (Dynal ASA, Oslo, Norway) as previously
described [10]. First strand complementary cDNA was
produced by reverse transcription, and then used as
template in 50 µl PCR reactions. Rat-specific primer pairs
were designed (Oligo Perfect, Invitrogen) from published
NTPDase5 (GenBank accession number NM_199394) and
NTPDase6 (GenBank accession number AJ277748)
sequences (Table 1). Control reactions omitted reverse
transcriptase (−RT) from the first strand cDNA reaction
mixture to control for genomic DNA contamination. The
PCR products were cloned (TA cloning kit, Invitrogen) and
resulting plasmids purified (QIA filter Plasmid Midi;
Qiagen). The identity of the inserts was confirmed by
DNA sequencing.

Western blot analysis

Immunoblotting was used to detect NTPDase5 and
NTPDase6 in cochlear tissues and to investigate post-
translational modifications (e.g. protein oligomerisation).
Rat liver tissues were used as positive controls [19, 29].

Antibodies used for immunoblotting and immunohisto-
chemistry were anti-human polyclonal antibodies for
NTPDase5 and NTPDase6. These antibodies were generated
by immunisation of rabbits with synthetic peptides
corresponding to amino acids EVAKDSIPRSHWKK
(NTPDase5 ; [16] ) and TRAAPGARWGQQAH
(NTPDase6; [19]). The specificity of both antibodies has
been demonstrated on COS-7 cells transiently transfected
with plasmids containing the coding sequences for
NTPDase5 and NTPDase6 as well as cross-reacting with
rat NTPDase5 and NTPDase6 on astrocytes [30].

Rat cochleae were extracted from the auditory bulla, the
bony otic capsule removed and tissue homogenised in cold
extraction buffer (125 mM Tris–HCl pH 6.8, 10 mM
EDTA, 50 mM NaCl, 5% SDS, 20% v/v glycerol)
containing a 1% protease inhibitor cocktail (Roche Diag-
nostics, Mannheim, Germany). Similarly, control liver
tissues were homogenised in the ice-cold buffer. All tubes
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were placed on ice, sonicated in brief bursts and centrifuged
(16,000 rpm for 10 min at 4°C). Loading buffer (0.1%
bromophenol blue; 20% v/v glycerol; 2% SDS) was added
to the supernatants, followed by heat denaturation (99°C for
3 min), and centrifugation (2,000 rpm for 2 min). Typically,
20 µg of cochlear protein, and 5 µg of liver protein, in a
total volume of 25 µl was loaded into a 10% polyacryl-
amide gel (BioRad Laboratories, CA, USA) and proteins
separated in a sodium dodecyl sulphate (SDS) buffer
(25 mM Tris base, 19 mM glycine, 0.1% SDS). A protein
ladder was also run on each gel (Blue Ranger Prestained
Protein Molecular Weight Marker, Pierce, Rockford, IL,
USA). Proteins were transferred overnight to a PVDF
membrane in a 4°C transfer buffer (25 mM Tris base,
190 mM glycine, 15% methanol in sterile water, pH 8.4).
Transferred proteins were incubated for 2 h at room
temperature in blocking solution (5% non-fat milk powder;
2% normal goat serum in Tris-buffered saline, composition:
20 mM Tris–HCl pH7.2; 137 mM NaCl; 0.1% Tween-20).
This was followed by overnight incubation at 4°C with
either primary antibody (NTPDase5 or NTPDase6, 1:1,000
dilution) or control pre-immune serum (1:1,000 dilution). A
control where the primary antibody was omitted was also
included. After washes in Tris-buffered saline, a
peroxidase-labelled secondary antibody (goat anti-Rabbit
IgG; 1:8,000 dilution; Amersham Biosciences, NZ) was
applied for 1 h. Protein bands were visualised using an
Enhanced Chemiluminescence system according to the
manufacturer’s instructions (Amersham Biosciences). The
membranes were directly visualised using a Fuji LAS-3000
Imager with a cooled CCD camera and analysed using Fuji
Multigauge v3.0 software.

Immunohistochemistry

After transcardial perfusion with a saline solution (0.9%
NaCl, 1 mg/ml NaNO2, 0.02% heparin) and fixative (4%

PFA in 0.1 M PB, pH 7.4), the cochleae were removed
from the auditory bullae, decalcified for 7 days (5% EDTA
in 0.1 M PB), cryoprotected overnight in 30% sucrose,
snap-frozen in isopentane, and stored at −80°C. The
cochleae were cryosectioned either at 20 µm for immuno-
peroxidase histochemistry or at 50 µm for confocal
immunofluorescence. Tissues were permeabilised (1%
Triton-X for 1 h) and non-specific binding sites blocked
(2% non-fat milk powder and 1.5% normal goat serum).
Sections were incubated overnight at 4°C with one of the
primary antibodies: NTPDase5 and NTPDase6 polyclonal
antibodies at 1 µg/ml, or commercial (Alomone Labs Ltd.,
Jerusalem, Israel) P2Y6 and P2Y14 polyclonal antibodies at
1:200 dilutions. These peptide-derived antibodies have
been previously characterised [30–33]. In control reactions,
the primary antibody was replaced with the pre-immune
serum, omitted or preabsorbed with the immunising
peptide. Only the peptide block control was presented in
figures as representative for all controls. Immunoperoxidase
reaction was detected using a secondary biotin-conjugated
goat anti-rabbit IgG, followed by reaction visualisation
using an avidin–biotin–peroxidase complex (ABC kit,
Vector Laboratories) and diaminobenzidine (DAB kit,
Vector). Images were obtained using a Zeiss Axioskop 2
Mot-plus microscope fitted with a digital camera (Zeiss
Axiocam). The images were processed with Axiovision 3.1
software as previously described [34]. Immunofluorescence
was detected with Alexa 488 secondary antibody (Invitro-
gen) and sections examined using a laser scanning confocal
microscope (TCS SP2, Leica Leisertechnik, Heidelberg,
Germany). Sections were excited with a 488-nm wave-
length argon–krypton laser, and a software emission filter
narrowed (bandpass 519 nm) to reduce background. Image
acquisition was controlled by Scanware software (Leica). A
series of six to ten optical sections were collected for each
specimen, and image analysis was performed on an optical
section from the centre of the stack.

Table 1 Primers and probes for qualitative (RT-PCR) and quantitative assessment (qPCR) of NTPDase transcripts in the rat cochlea

Target Forward Reverse TaqMan MGB probe 5′-FAM -
NFQ-3′

NTPDase5 (RT-
PCR)

GCGTTAGCATCATGGATGG GCCGAGACACACTTGATTGA

Position: 700-718 Position: 1240-1221

NTPDase6 (RT-
PCR)

CTTTCTGAATGTCGCCCAAGC AAACCTGCTGAGGGATGACAAGGAAACTG

Position: 519-539 Position: 1007-979

NTPDase5
(qPCR)

TGGGATTTGGACTGAAAGCTG GTCCATCAGTCCCTTCTGCTTC AAGACTAGCGACTCTGG

Position: 940-960 Position: 1008-987 Position: 962-978

NTPDase6
(qPCR)

GTGTTTCCATCATGAATGGCAC CAGACTGCCTGTCAGGA AAGGTGTTTCGGCTTGG

Position: 688-708 Position: 761-745 Position: 715-731

GenBank accession numbers: NM_199394 (NTPDase5) and AJ277748 (NTPDase6)
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RP-HPLC analysis of nucleotidase activities in the cochlear
perfusate

Artificial perilymph (AP) or divalent-cation-free artificial
perilymph (DCF-AP) solutions were perfused through the
cochlear perilymphatic spaces of control animals and
perfusate collected for in vitro incubation with nucleotides
and nucleosides. Samples were analysed by reverse phase
HPLC (RP-HPLC) to establish hydrolysis profiles for
extracellular nucleotides. The artificial perilymph solution
contained 137 mM NaCl, 12 mM NaHCO3, 1 mM
NaH2PO4, 5 mM KCl, 11 mM glucose, 2 mM CaCl2,
1 mM MgCl2 [35, 36]. Ca2+ and Mg2+ were omitted from
the divalent-cation-free AP. pH of both solutions was
adjusted to 7.4, and osmolality recorded with a freezing
point osmometer (FiskeMark3, USA) as 300 mOsm/kg
H2O (AP) and 297 mOsm/kg H2O (DCF-AP).

For cochlear perfusions, the rats were anaesthetized with
pentobarbitone sodium (60 mg/kg i.p.), placed in a heated
(37°C) head holder with the ventral side up, tracheostom-
ized and left to breathe on their own. Body temperature was
maintained at 37°C using a heated blanket. Prior to the
opening of the tympanic bulla, the cisterna magna was
opened to release the positive pressure that cerebrospinal
fluid (CSF) exerts on the perilymph and prevent the
contamination of the effluent with CSF. The bulla was
opened and two small holes hand-drilled in the cochlea
with an ultrafine hypodermic needle (30G, BD, Singapore).
The inlet hole was in the basal turn scala tympani and the
outlet hole in the basal turn scala vestibuli. Plastic tubing
was placed inside the inlet and outlet holes and both tubes
were connected to separate Hamilton syringes secured on a
push–pull syringe pump (Harvard Apparatus, USA). The
cochlea was perfused at a constant perfusion rate of 2.5 µl/
min. The initial AP perfusate (∼12 µl) was discarded then
AP was further collected for 45 min, followed by DCF-AP
perfusion for a further 45 min. Collected perfusates (AP
and DCF-AP) were centrifuged separately (4,000 rpm at 4°
C for 10 min) before ultracentrifugation (100,000×g) at 4°C
for 30 min. Supernatants were aliquoted (10 µl) into sterile
tubes. Nucleosides or nucleotides of HPLC grade (2 mM
final concentration; Sigma) were then incubated for 1 h at
37°C with AP and DCF-AP perfusates, to establish the
hydrolysis profile of the putative soluble ectonucleotidases
NTPDase5 and NTPDase6. To control for non-enzymatic
nucleotide breakdown, the nucleotides were also incubated
for 1 h at 37°C in non-perfused AP. Samples were then
snap-frozen on dry ice and stored at −80°C until processing
for RP-HPLC. Both AP and DCF-AP samples were batch-
processed. Supernatants were transferred to HPLC injection
bottles with septa lids (Biolab, NZ). Nucleotides and
nucleosides were separated through an Adsorbosphere
nucleoside–nucleotide column (Altech, NZ; 7 µm pore

size, 250 mm length×4.6 mm ID) and quantified using RP-
HPLC (Agilent 1200 series, Agilent Technologies, Palo
Alto, USA) with diode-array detector at 254 nm. All
reagents and chemicals used for RP-HPLC were HPLC-
grade. The aqueous mobile phase (Buffer A: 60 mM
NH4H2PO4; 5 mM tetrabutylammonium phosphate, pH
5.0), and the organic mobile phase (Buffer B: 80%
methanol; 5 mM TBAP) were filtered prior to use. The
mobile gradient proportion of Buffer B was increased from
10% B to 50% over the first 10 min, and then decreased to
10% over the following 10 min. Peaks were identified by
comparison of retention times with endogenous standards,
then peak areas recorded as ratios based on the added
substrate (nucleoside:nucleoside monophosphate; nucleo-
side monophosphate:nucleoside diphosphate; nucleoside
diphosphate:nucleoside triphosphate). Nucleotide hydroly-
sis in AP and DCF-AP solution was determined for each
nucleotide series (NTP/NDP/NMP).

Noise exposure

Rats (n=5 per group) were exposed to octave band noise
centred at 4.5 kHz presented for 24 h at 90, 100 or 110 dB
sound pressure level (SPL). Noise exposures were carried
out in a custom-built acoustic chamber (Shelburg Acous-
tics, Sydney, Australia) with internal speakers and external
controls (sound generator and frequency selector). Sound
intensity inside the chamber was tested using a calibrated
Rion NL-40 sound level metre (Tokyo, Japan) to ensure
minimal deviations of sound intensity. Control animals
were housed in the Animal Resources Unit at ambient
sound conditions (45–55 dB SPL, 0.5–20 kHz).

Real-time RT-PCR

The mRNA expression of NTPDase5 and 6 in the cochlea
was quantified by real-time PCR using specific primers
and TaqMan® MGB probes carrying a 5′ reporter FAM
(6-carboxy fluorescein) and a 3′ non-fluorescent quencher
(Applied Biosystems). The primers and probes are shown
in Table 1.

Real-time PCR was carried out in MicroAmp Optical
384-well reaction plates using TaqMan® Universal PCR
Master Mix (Applied Biosystems) and a mix of unlabelled
primers and FAM-labelled TaqMan MGB probes (Custom
TaqMan® Gene Expression Assays). As a template, 1 μl of
sample cDNA was added to a total reaction volume of
12.5 μl. The samples were tested in duplicate and data were
expressed as a mean of two replicates. Negative controls
without a template or reverse transcriptase were included in
every PCR run. Quantitation of a house-keeping gene,
glyceraldehyde-3 phosphate dehydrogenase (GAPDH), was
performed for all samples as an endogenous reference.
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GAPDH-specific primers and VIC-labelled probes are
proprietary to Invitrogen. Amplification and fluorescence
detection were carried out using the 7900HT Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA,
USA). The thermal cycling protocol included 2 min at 50°
C, 10 min at 95°C and a 40-cycle profile: 15 s at 95°C and
1 min at 60°C. The data were analysed using the Sequence
Detector v2.3 software (Applied Biosystems). Gene expres-
sion levels of NTPDase5 and 6 were normalised to the
reference GAPDH gene expression. The relative gene
expression (fold change) of soluble NTPDases was calcu-
lated using the 2T

−ΔΔC method [37].

Semi-quantitative analysis of NTPDase5 and 6 protein
expression

The levels of NTPDase5 and NTPDase6 expression in
cochlear tissues were determined by measuring the mean
pixel intensity of fluorescence as previously described [10].
Images were analysed using identical acquisition parame-
ters. The middle image from each series was then used in
further analysis, after grayscale conversion. Image J
Software tools were used to demarcate the boundaries of
areas of interest, and for NTPDase5 this was the spiral
ganglion cytoplasm. Cells to be measured were chosen by
placing a 6×6 grid pattern diagonally over the image and
selecting the first ten ganglion neurons that crossed the
intersect points. Background intensity was measured by
selection of an equal pixel area in the image not labelled by
NTPDase5 antibody. Mean pixel intensity, with background
subtraction, was recorded for ten spiral ganglion neurones
from each animal (n=5 per group). All specimens were
processed in a double-blind manner.

Data analysis

Results are presented as the mean±SEM, and statistical
analysis performed using Student’s t test or one-way
ANOVA followed by post-hoc Games–Howell test. The α
level was set at P=0.05.

Results

NTPDase5 and NTPDase6 mRNA are expressed in rat
cochlea

The expression of NTPDase5 and NTPDase6 in the rat
cochlea was analysed by RT-PCR, and mRNA transcripts
were detected for both enzymes (Fig. 1a, c). Generated PCR
products corresponded to the predicted sizes of DNA
fragments (541 bp for NTPDase5 and 489 bp for
NTPDase6). Control reactions omitting reverse transcriptase

(−RT) or cDNA template (NTC) gave no reaction product.
Subsequent sequencing and restriction enzyme analysis
confirmed the identity of the NTPDase5 and NTPDase6
amplicons.

Immunoblotting of NTPDase5 and NTPDase6

A principal immunoreactive band around 95 kDa and a
smaller band around 47 kDa were detected in cochlear
tissues with NTPDase5 antibody under non-reducing con-
ditions (Fig. 1b). This is consistent with NTPDase5 protein
bands from rat brain astrocytes identified at approximately
50 kDa (monomer) and 100 kDa (dimer) weights [30].
Neither of these two bands was seen in the pre-immune
serum control or in the absence of the primary antibody.
Liver tissue used as positive control also shows the two
main bands, however the monomeric form is dominant
(Fig. 1b). Western blot analyses of normal and tumour
samples from rat mammary tissue, human laryngeal, breast
and testicular tissues have also demonstrated the presence
of oligomeric forms of NTPDase5 [24, 25, 29, 38].

NTPDase6 immunoblots (Fig. 1d) demonstrated two
close faint bands around 46–49 kDa consistent with limited
NTPDase6 expression in the cochlea (see Fig. 4). The pre-
immune serum control and the no primary antibody control
were clear. The same NTPDase6 antibody was reported as
labelling only one band at 49 kDa on cultured newborn rat
brain astrocytes protein [30]. The double band in cochlear
tissue may represent different glycosylation of the
NTPDase6 protein, as the molecular weight difference
appears to be only 2–3 kDa. Recombinant NTPDase6
expressed in COS-7 cells has also been shown to exhibit
heterogeneous post-translational modifications [19].

NTPDase5 localisation in rat cochlea

NTPDase5-specific immunofluorescence was detected in
the spiral ganglion afferent neurons and the organ of Corti
(Fig. 2a). The same distribution was observed with
immunoperoxidase histochemistry (Fig. 2b, c), whilst the
control sections remained unlabelled (insets). While the
majority of spiral ganglion neurons and their central
processes were strongly immunolabelled, the efferent fibres
in the intraganglionic spiral bundle (igsb) were unlabelled
(Fig. 2b). No NTPDase5 labelling was seen in the lateral
wall tissues, including the spiral ligament and the stria
vascularis. Faint staining in the outer sulcus cells was also
observed in the control sections and was therefore rendered
non-specific. At high magnification, the spiral ganglion
showed a typical intracellular pattern of immunostaining
with marked labelling of the central neuronal processes
(Fig. 2d). NTPDase5 immunolabelling in the organ of Corti
was limited to supporting cells such as Deiters’ and inner
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border cells (Fig. 3a). Light staining observed in the
headplates and footplates of the inner and outer pillar
cells was also apparent in the control (inset). Detail of
cytoplasmic NTPDase5 localisation in type I spiral
ganglion neurons is shown in Fig. 3b. Some neurons
appear unstained, suggesting a possibility that NTPDase5
is not expressed in type II neurones, usually identified by
their smaller size and grouping in the vicinity of the
intraganglionic spiral bundle [39]. This, however, needs to
be confirmed by immunolabelling specific for type II
neurones. Even though the images show only the middle
cochlear turn, the same staining pattern was observed in
all cochlear turns.

NTPDase6 localisation to the inner hair cells of adult rat
cochlea

Immunostaining with the NTPDase6 antibody in adult rat
cochlea produced a very distinctive pattern. Even at low
power, NTPDase-specific immunolabelling was exclusively
observed in the inner hair cell area (Fig. 4a, b). The inner hair
cell labelling was present in all cochlear turns (Fig. 4a). No
other cell type in the organ of Corti, spiral ganglion or lateral
wall was stained. High-power imaging demonstrated that
NTPDase6 was scattered throughout the cytoplasm of the
inner hair cells (Fig. 4d). There was no immunolabelling in
the inner hair cell area in the control cochlea (Fig. 4e).

Evidence for soluble NTPDase5 and NTPDase6 in cochlear
fluids of control rats

The hydrolytic profile of nucleosidemonophosphates, diphos-
phates and triphosphates incubated in AP or DCF-AP
perfused through the cochlear perilymphatic compartment is
shown in Fig. 5. Prior to these experiments, all commercial
nucleoside triphosphates and diphosphates (Sigma) were
analysed by HPLC to evaluate the level of contamination
with nucleoside diphosphates and monophosphates. The
contributions of GDP, UDP and ADP in the corresponding
nucleoside triphosphate samples were 8%, 7.5% and 4%
respectively, and the contributions of GMP, UMP, and AMP
in the corresponding nucleoside diphosphate samples were
3%, 10%, and 4.5% respectively. These values were
subtracted from nucleotide hydrolysis in cochlear perfusate.

Our results show that AMP and UMP were not hydro-
lysed in AP or DCF-AP perfused through the cochlea,
whilst 4% of GMP was hydrolysed to guanosine in
divalent-cation-independent manner (Fig. 5a). Minimal
hydrolysis of nucleoside triphosphates (1–4%) was ob-
served for all triphosphates tested (ATP, UTP, GTP), and
this hydrolysis was also divalent-cation-independent
(Fig. 5c). By contrast, considerable hydrolysis of UDP to
UMP and GDP to GMP (but not ADP to AMP) was
observed in cochlear perfusate in the presence of divalent
cations (AP; 2 mM Ca2+ and 1 mM Mg2+; Fig. 5b).

F i g . 1 NT PD a s e 5 a n d
NTPDase6 expression in rat
cochlear tissues. RT-PCR gener-
ated amplicons (SYBR Safe™
agarose gel) are of expected size
for both NTPDase5 at 541 bp
(a) and NTPDase6 at 489 bp (c),
compared with a 100 bp DNA
ladder. No bands are observed in
control lanes, −RT reverse tran-
scriptase omitted) and NTC (no
template control). DNA se-
quencing verified the identity of
amplified cDNAs. Immunoblots
with non-reduced total cochlear
protein and liver tissues show
major bands around 95 and
47 kDa for NTPDase5 (b).
Lower molecular weight band is
consistent with the monomeric
NTPDase5 isoform, whereas
bands at higher molecular
weight probably represent
dimerized form of NTPDase5.
These bands were absent from
the pre-immune (PI) and no
primary antibody controls.
NTPDase6 antibody demon-
strated a double-band pattern
(46–49 kDa) in the cochlea (d)
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Comparisons between UDP and GDP hydrolysis in AP and
DCF-AP (n=5) demonstrated strong divalent-cation depen-
dence (P=0.014 for GDP and P=0.026 for UDP, paired
two-tailed t test). This is consistent with soluble NTPDase5
and NTPDase6 activities in the cochlear perfusate which
require divalent cations.

Changes in NTPDase5 and NTPDase6 expression
with noise exposure

NTPDase5 and NTPDase6 mRNA transcript levels were
analysed in the noise-exposed cochleae using quantitative
RT-PCR. NTPDase5 was upregulated 2.2-fold (P<0.05;
one-way ANOVA) in the cochleae exposed to 100 dB SPL
(Fig. 6a), whilst at 90 and 110 dB SPL relative expression
levels of NTPDase5 were not altered significantly. No

statistically significant changes in NTPDase6 transcript
levels were found in the cochleae exposed to noise
(Fig. 6a).

Noise exposure increases NTPDase5 immunostaining
in the spiral ganglion

The intensity and distribution of NTPDase5 and NTPDase6
immunostaining was investigated in the cochlea exposed to
loud sound at different sound pressure levels. Confocal
immunofluorescence demonstrated increased intensity of
NTPDase5 immunolabelling in the spiral ganglion perikar-
ya in the cochleae exposed to 100 dB SPL for 24 h
(Fig. 6b2). Semi-quantitative analysis of NTPDase5 immu-
nolabelling (Fig. 6c) demonstrated significant difference
between the control and the 100-dB-noise-exposed groups

Fig. 2 NTPDase5 distribution
in adult rat cochlea. a
NTPDase5 immunofluorescence
was observed in the spiral gan-
glion (sgn) and organ of Corti.
Images were taken at the mid-
cochlear level. b Immunoperox-
idase histochemistry demon-
strated strong NTPDase5
immunolabelling in the cell
bodies of the spiral ganglion
neurons (sgn), whilst the
efferent neural processes located
in the intraganglionic spiral
bundle (igsb) were not stained. c
In the organ of Corti, NTPDase5
immunoreactivity was observed
in the supporting Deiters’ cells
(Dc) but not in the sensory inner
hair cells (ihc) and outer hair
cells (ohc). The inner border
cells, medial to the inner hair
cells, were immunopositive. d
Stereo image (reconstructed
from a stack of confocal images)
showing labelling of central
neuronal processes (cp) of the
spiral ganglion neurons. No
labelling was found in control
tissues in which the antibody
was absorbed with the
corresponding peptide (insets).
sV scala vestibuli, sM scala
media, sT scala tympani. Scale
bar 100 µm (a) and 20 µm
(b–d)
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(P<0.05; one-way ANOVA), consistent with the upregula-
tion of NTPDase5 expression. There was no significant
difference between the control and the 90- or 110-dB
groups. Other cell types that showed NTPDase5 expression
(e.g. Deiters’ cells), were not sufficiently preserved after
noise exposure to be able to reliably quantify any change in
expression.

No change in NTPDase6 distribution or intensity of
immunostaining was observed in the noise-exposed
cochleae. NTPDase6-specific immunoreactivity was con-
fined to the inner hair cells in both control and noise-
exposed cochleae (Fig. 6b3, b4). Semi-quantitative analysis
of immunostaining intensity within the inner hair cells did
not show significant differences between noise-exposed and
control cochleae (data not shown).

Noise exposure and P2Y6 and P2Y14 receptor expression
in the cochlea

P2Y receptors can be activated by extracellular pyrimidine
nucleotides such as UTP and UDP. P2Y receptors are thus
activated by ligands that are also potential hydrolysis

substrates for NTPDase5 and NTPDase6. Therefore, the
distribution of the UDP-preferring P2Y6 and the UDP and
UDP-glucose-preferring P2Y14 receptors were investigated
in the noise-exposed cochlea. P2Y6 receptor immunoreac-
tivity in the spiral ganglion neurones in the non-noise-
exposed cochlea (Fig. 6b5) appeared to be upregulated after
exposure to 100 dB SPL for 24 h (Fig. 6b6). No P2Y14

receptor immunolabelling was observed in the normal rat
cochlea (Fig. 6b7); however, exposure to 100 dB SPL
induced P2Y14 receptor-specific immunoreactivity in the
outer sulcus root cell region of the spiral ligament
(Fig. 6b8). Peptide block controls were unlabelled (insets,
Fig. 6b).

Discussion

This study demonstrated the expression and specific
distribution of intracellular nucleotidases NTPDase5 and
NTPDase6 in the adult rat cochlea and the release of these
enzymes into cochlear fluids. NTPDase5 is likely involved
in the regulation of P2Y receptor signalling, whilst

Fig. 3 Detail of NTPDase5
immunolocalisation in adult rat
cochlea. a NTPDase5-specific
antibody showed strong supra-
nuclear cytoplasmic immuno-
peroxidase labelling of Deiters’
cells (Dc). Weaker labelling was
observed in the inner border
cells (IBC), but the adjacent
inner hair cell (ihc) was unla-
belled. Residual labelling in
head and footplate of outer pillar
cells (oPC) was observed in
control tissues after peptide
block (inset). b Type I spiral
ganglion neurons (based on their
size and distribution), demon-
strated strong NTPDase5-
specific labelling in the cyto-
plasm, which was not observed
in the surrounding satellite cells.
Peptide block controls showed
no immunolabelling in ganglion
cell perikarya (inset). Scale bar
10 µm. Dc Deiters’ cell, iPC
inner pillar cell, N nucleus, ohc
outer hair cell, oPC outer pillar
cell
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NTPDase6 may be more preferentially involved in intra-
cellular processes vital for the inner hair cell metabolic
function.

NTPDase5 was localised to the supporting Deiters’
cells and spiral ganglion neurons, whilst NTPDase6 was
very specifically confined to the inner hair cells. These
findings suggest differential functional roles for these two
enzymes. Cytoplasmic NTPDase5 localisation is consis-
tent with the intracellular localisation of PCPH, the same
entity as NTPDase5, reported in human tumour and
normal cells [38, 40]. Cell bodies of the type I neurons
are known to contain abundant rough endoplasmic
reticulum (ER) and the NTPDase5 intracellular distribu-
tion in the present study was also comparable to
calreticulin distribution in murine SGN [41]. Other studies
have suggested that the subcellular localisation of
NTPDase5 to the ER and preference for UDP as substrate
imply that this enzyme is involved in the regulation of
intracellular glycosylation [22]. NTPDase5 may also have
an extracellular enzymatic function, as supported by the
release of soluble enzymes into cochlear fluids.

Other members of the NTPDase family (NTPDase1–3)
have been differentially localised to the nearby OHC
synaptic region where they likely regulate responses of
P2X (P2X2, P2X7) and P2Y (P2Y4) receptors [1, 4, 5].
Hydrolysis of extracellular UTP by the plasma membrane-
located NTPDases regulates P2Y4 receptor signalling and
generates significant UDP accumulation [42]. Release of
soluble NTPDase5 from adjacent Deiters’ cells into the
extracellular space may be responsible for the removal of
UDP and generation of UMP, which is further hydrolysed
to uridine by ecto-5′-nucleotidase. NTPDase5 may thus
contribute to salvage and recycling of uridine following an
uptake via nucleoside transporters.

The localisation of membrane-bound NTPDase1 and
NTPDase3 to SGN cell bodies is proposed to be involved
in the regulation of the P2X2 and P2X7 receptors signalling,
although the impact of this regulation on neural output is
unknown. Consideration of the nature of the P2Y receptors
on these cells could give some indication of the functional
role of NTPDase5 in SGN. In cultured rat sympathetic
ganglion neurons expressing P2Y4 and P2Y6 receptors,

Fig. 4 NTPDase6 distribution
in adult rat cochlea. a Even at a
low magnification, NTPDase6
immunoperoxidase labelling
was evident in the inner hair
cells (ihc) in each turn of the
cochlea. b NTPDase6-specific
inner hair cell labelling was also
observed with confocal immu-
nofluorescence; it was absent
from the outer hair cells (ohc),
stria vascularis (sv), spiral liga-
ment (sl), or spiral limbus (s
limbus). Detail of cytoplasmic
NTPDase6 immunoreactivity
was evident in the inner hair
cells using both immunoperox-
idase (c) and confocal immuno-
fluorescence (d). e Inner hair
cells are unlabelled in peptide
block controls. Abbreviations:
Bm basilar membrane, Cc Clau-
dius cells, sM scala media, sT
scala tympani, sV scala vesti-
bule, Tm tectorial membrane.
Scale bar 50 µm (a, b); 20 µm
(c–e)
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activation by UTP or UDP inhibits preactivated G protein-
coupled inward rectifier K+ (GIRK) channels [43]. Activa-
tion of P2Y6 receptors in vivo could therefore modulate
neuronal excitability. P2Y4 and P2Y6 receptor signalling
responses in SGN (see also Huang et al. 2010—this issue)
are likely controlled by NTPDase5 in conjunction with
membrane-bound NTPDase1 and NTPDase3.

Evidence for the presence of soluble forms of NTPDase5
and NTPDase6 in the cochlear perfusate is supported by the
preferential hydrolysis of nucleoside diphosphates (GDP
and UDP >>ADP) and the divalent-cation dependence of
hydrolysis. Recombinant NTPDase5 and NTPDase6 have a
marked preference for GDP and UDP over ADP, with Km
for GDP in the micromolar range and ADP hydrolysis
either too low to measure, or with an activity rate of 5–10%
of the GDP hydrolysis rate [18, 21]. The absence of
divalent cations dramatically decreases activity for recom-

binant soluble NTPDase5 and NTPDase6. Other possible
candidates for this nucleotidase enzymatic activity include
soluble NPP2 (autotaxin) and Ca2+-activated nucleotidase
(CAN). While NPP2 does require divalent cations for
enzymatic activity, it also hydrolyses nucleoside mono-, di-
and triphosphates [44]. In contrast, the enzymatic activity
of CAN has been shown to also have a marked preference
for nucleoside diphosphates UDP and GDP but not ADP,
and has a strict requirement for Ca2+ for activity [45].
While a soluble recombinant human form (SCAN) is
expressed in cell culture medium, no corresponding rat
soluble recombinant homologue is produced. Therefore,
NTPDase5 and/or NTPDase6 remain the most likely
candidates for this enzymatic action. This conclusion is
based on the comparison of hydrolysis profiles in the
presence and absence of divalent cations, but there remains
the possibility that a rundown in release of NTPDases

Fig. 5 Nucleotide hydrolysis
profile in cochlear perfusate.
Hydrolysis of extracellular
nucleotides in artificial peri-
lymph (AP) or divalent-cation-
free artificial perilymph (DCF-
AP) perfused through the co-
chlea and subsequently incubat-
ed with NTP/NDP/NMP
substrates. a Nucleoside 5′-
monophosphates AMP and
UMP were not hydrolysed to
their corresponding nucleosides,
in contrast to GMP which was
similarly dephosphorylated in
both AP and DCF-AP. b Strong
preference for UDP and GDP
hydrolysis was divalent-cation-
dependent, whilst ADP was not
the substrate for the enzymes
present in cochlear perfusates. c
Nucleoside 5′-triphosphate hy-
drolysis was marginal when
ATP was used as a substrate and
slightly higher with UTP and
GTP. This hydrolysis was not
divalent-cation-dependent. Data
presented as mean±SEM (n=5)
of the HPLC peak area ratio
(product/substrate), after correc-
tion for non-enzymatic hydroly-
sis. *P<0.05, two-tail paired t
test
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Fig. 6 Changes in NTPDase5 and NTPDase6 mRNA and protein
expression levels in cochleae exposed to loud sound. a Transcript
levels of NTPDase5 and NTPDase6 in noise-exposed cochleae
relative to non-noise-exposed control animals. NTPDase5 was
upregulated (2.2-fold increase) in the cochlea exposed to 100 dB
SPL for 24 h, whilst transcript levels of NTPDase6 were not altered
with noise exposure. Data presented as mean±SEM (n=5). *P<0.05,
one-way ANOVA with post-hoc Games–Howell test. b The intensity
of NTPDase5 immunofluorescence in the spiral ganglion neurons was
increased in the cochlea exposed to 100 dB SPL for 24 h (B2)
compared to non-noise-exposed cochlea (B1). NTPDase6 immuno-
labelling was confined to the inner hair cell (ihc) in control and noise-
exposed cochleae (B3, B4) and the average pixel intensity of
immunostaining was comparable. No labelling in the inner hair cells

was observed in peptide block controls (inset). Weak P2Y6 immuno-
labelling was observed in the spiral ganglion (sgn) of non-noise-
exposed animals (B5), but in the cochlea exposed to 100 dB SPL the
intensity of immunostaining was substantially increased (B6). P2Y14

was not expressed in normal adult cochlea (B7), but after noise
exposure at 100 dB SPL, P2Y14 expression was detected in the root
processes (rp) of the outer sulcus (os) cells in the spiral ligament (sl;
B8). Immunostaining was absent in the peptide block controls (inset).
Scale bars 20 µm (B1, B2, B5–B8); 10 µm (B3, B4). c Semi-
quantitative analysis of NTPDase5 immunolabelling in the spiral
ganglion neurons after exposure to different sound pressure levels.
Abbreviations: igsb intraganglionic spiral bundle, sv stria vascularis.
Number of animals: n=5 per group. *P<0.05; one-way ANOVA
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during the sample collection period could also account for
the differences in nucleotide hydrolysis between these
samples. A follow-up study should reverse the collection
order to control for this possibility.

Release of NTPDase5 and 6 into cochlear fluids
observed in this study may be induced by stress due to
temporal bone surgery. In other cells, factors that trigger the
release of extracellular nucleotides can result in co-release
of soluble ectonucleotidases involved in the regulation of
their concentration [46]. Hence, loud sound and hypoxia
are likely triggers for the release of soluble nucleotidases in
the cochlea [7]. However, this does not preclude sustained
release of NTPDase5 and NTPDase6 under quiescent
conditions, which would help maintain low extracellular
nucleoside diphosphate levels and hence suppress P2Y
receptor activation when hearing sensitivity is greatest.

This study showed evidence for NTPDase5 upregulation
after noise exposure (4.5 kHz octave band noise presented
at 100 dB SPL for 24 h). Interestingly, the lower (90 dB
SPL) and the higher (110 dB SPL) sound levels did not
change the expression of NTPDase5. Exposure to mild
noise (90 dB SPL) may not be sufficient to change
expression levels of NTPDase5, whilst cell loss after
exposure to 110 dB SPL may obscure changes in
NTPDase5 transcript levels. A significant increase in
NTPDase5 immunolabelling was observed in the spiral
ganglion neurons after exposure to 100 dB SPL for 24 h. In
addition, UDP-preferring P2Y6 receptor appeared to be
upregulated in SGN in response to 100 dB SPL. Increased
NTPDase5 and P2Y6 expression in the SGN is consistent
with an upregulation of other components of the purinergic
signalling system with noise [5, 9, 10]. In addition, loud
sound induces an inflammatory response in the cochlea
with the infiltration of inflammatory cells and an increase in
the expression of a variety of genes involved in inflamma-
tory responses [47, 48]. UDP is a pro-inflammatory signal
[49], and its release from damaged neurons may promote
the macrophage migration into the cochlea. Upregulation of
NTPDase5 could thus reflect an anti-inflammatory signal in
the noise-exposed cochlea. In contrast, noise-induced
expression of P2Y14 receptor in the outer sulcus coincides
only with the expression of NTPDase8 (unpublished data),
whilst NTPDase5 and NTPDase6 are not expressed in that
region of the cochlea.

NTPDase6 was found exclusively in the cytoplasm of
the inner hair cells. In the cochlea, both outer and inner hair
cells are sensory cells but they play fundamentally different
roles. Activation of stereocilia bundles on inner hair cells
results in subsequent release of neurotransmitter from the
synaptic region and firing of auditory nerve fibres conduct-
ing the encoded signal to the brain. An active process of
cochlear mechanics centred on the electromotile outer hair
cells enhances hearing sensitivity and frequency selectivity

by modulating inner hair cell output. Polarised inner hair
cells are therefore the main sensory cells involved in
hearing transduction and exhibit specialised intracellular
and biochemical organisation.

The NTPDase6 labelling pattern seen in the inner hair
cells was similar to that reported in cultured astrocytes with
a punctate and granular distribution throughout the cyto-
plasm and around the nucleus [30]. P2Y6 receptor
expression occurs in the cuticular plate region of the adult
rat inner hair cells (Huang et al. 2010—this issue),
suggesting that NTPDase6 in the cochlea may also be
associated with regulation of P2Y receptor signalling.

In conclusion, this study presents intriguing initial
evidence of the expression, distribution and release of
NTPDase5 and 6 in the cochlea. Soluble NTPDases likely
have intra- and extracellular roles in cochlear function and
response to stress.
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