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Abstract
This study was undertaken to determine the role of adenosine signalling in the development of
age-related hearing loss (ARHL). We and others have shown previously that adenosine signalling
via A1 receptors is involved in cochlear protection from noise-induced cochlear injury. Here we
demonstrate that enhanced adenosine signalling in the cochlea provides partial protection from
ARHL in C57BL/6J mice. We targeted adenosine kinase (ADK), the key enzyme in adenosine
metabolism, using a treatment regime with the selective ADK inhibitor ABT-702 (1.5 mg/kg
intraperitoneally twice a week) commencing at the age of three months or six months. This
treatment, intended to increase free adenosine levels in the cochlea, was maintained until the age
of nine months and hearing thresholds were evaluated monthly using auditory brainstem responses
(ABR). At nine months, when C57BL/6J mice normally exhibit significant ARHL, both groups
treated with ABT-702 showed lower ABR threshold shifts at 10 and 16 kHz compared to control
animals receiving the vehicle solution. The better thresholds of the ABT-702-treated mice at these
frequencies were supported by increased survival of hair cells in the apical region of the cochlea.
This study provides the first evidence that ARHL can be mitigated by enhancing adenosine
signalling in the cochlea.
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1. Introduction
Age-related hearing loss (ARHL), or presbyacusis, is the most common sensory deficit
(Morton, 1991). It is characterised by a decline in hearing sensitivity and speech

© 2011 Elsevier Inc. All rights reserved.
*Corresponding Author: Dr SM Vlajkovic, Department of Physiology, Faculty of Medical and Health Sciences, University of
Auckland, Private Bag 92019, Auckland, New Zealand, Ph 64 9 3737599; Fax 64 9 3737499; s.vlajkovic@auckland.ac.nz.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Gerontol. Author manuscript; available in PMC 2012 November 1.

Published in final edited form as:
Exp Gerontol. 2011 November ; 46(11): 905–914. doi:10.1016/j.exger.2011.08.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



discrimination, delayed central processing of acoustic information, and impaired localisation
of sound sources (Gates and Mills, 2005). Various cochlear pathologies related to ARHL
have been observed, including loss of sensory hair cells and spiral ganglion neurones, and
degeneration of secretory and supporting tissues (stria vascularis and spiral ligament) that
are responsible for maintenance of electrochemical homeostasis of cochlear fluids
(Schucknecht and Gacek, 1993). Mechanical changes to the basilar membrane have also
been proposed to explain the deterioration in the audiogram (Schucknecht and Gacek, 1993).
Secondary changes in the central auditory pathways also contribute to the hearing deficits
(Syka, 2002).

Multiple mechanisms have been proposed for age-related cochlear degeneration, and it
appears that both genetic and environmental factors play a role (Van Eyken et al., 2007). A
dominant theory is that accumulated oxidative stress causes cochlear damage (Seidman et
al., 1999; Staecker et al., 2001; Jiang et al., 2007), possibly as a consequence of impaired
blood flow (Dai et al., 2004) or environmental factors such as excessive noise (Ohlemiller et
al., 2000a). This results in membrane and mitochondrial DNA damage in cochlear tissues
leading to cell death and hearing loss (Fischel-Ghodsian et al., 1997; Ueda et al., 1998;
Seidman et al., 1999; Fischel-Ghodsian, 2003; Pickles, 2004; Yin et al., 2007; Niu et al.,
2007).

Much of our understanding of the mechanisms of ARHL comes from animal models (Zheng
et al., 1999; Ohlemiller, 2006; Bielefeld et al., 2008). The variance seen in susceptibility to
hearing loss both within and between genetic models is similar to that seen in susceptibility
to both noise- and age-related hearing loss in humans, which may include individual
differences in resistance to environmental stress (Duvdevany and Furst, 2007). Inbred mice
often show early onset ARHL (Zheng et al., 1999), and the C57BL/6J mouse is the most
established model of accelerated ARHL exhibiting behavioural and functional changes
similar to those in the aging human ear (Prosen et al., 2003; Francis et al., 2003). Akin to
humans, the hearing loss progresses from the high to low frequencies and the damage
comprises loss of sensory cells and neurons starting in the base and progressing to the apex
of the cochlea (Spongr et al., 1997; Bartolome et al., 2002). Other studies have shown that
cochlear pathology also includes degeneration of the stria vascularis and fibrocytes of the
spiral ligament (Ichimiya et al., 2000; Hequembourg and Liberman, 2001), reinforcing the
utility of the C57BL/6J mouse as a model of mixed presbyacusis in humans (Ohlemiller,
2006). The C57BL/6J mouse is also more susceptible to the damaging effects of noise
exposure, ototoxic drugs and hypoxia (Ohlemiller et al., 2000a; Ohlemiller, 2006),
suggesting diminished protective or reparative processes compared to mouse strains that do
not show early onset ARHL.

The ARHL locus (ahl) that contributes to the hearing loss in the C57BL/6J mouse has been
mapped to chromosome 10 (Erway et al., 1993; Johnson et al., 1997). It has been shown that
strains susceptible to early onset ARHL carry a specific mutation in the cadherin 23 gene
(Cdh23753A), which encodes a component of the hair cell stereocilia tip-link associated with
the mechanical-to-electrical transduction channels (Noben-Trauth et al., 2003). There is also
evidence that the ahl locus on chromosome 10 is not the only region involved in the
development of hearing loss in inbred mice (Johnson and Zheng, 2002; Keithley et al., 2004;
Mashimo et al., 2006; Zheng et al., 2009). Ahl3 on chromosome 17, for example, contributes
to susceptibility of C57BL/6J mice to age- and noise-induced hearing loss (Morita et al.,
2007). In keeping with the mitochondrial theory of aging (Loeb et al., 2005), it was
proposed that the ahl locus at mouse chromosome 10 mediates a decrease in protective anti-
oxidant enzymes and consequently increased impact of oxidative stress on tissues (Staecker
et al., 2001). This notion has been confirmed in a recent study (Someya et al., 2009)
demonstrating that Bak-mediated mitochondrial apoptosis in response to oxidative stress is a
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key mechanism of ARHL in C57BL/6J mice. The Cdh23753A allele thus affects the age of
onset of ARHL, but the basic mechanisms of cochlear aging such as oxidative imbalance
appear to be similar in early and late onset ARHL mouse strains (Someya et al., 2009).

As the prevalence of hearing impairment increases with an aging population (Gates and
Mills, 2005), there is a demand for novel treatment strategies that would target the principal
mechanisms of ARHL and reduce the impairment. We and others have shown that the
adenosine signalling system in the cochlea has an important role in its protection from
oxidative stress (for review, see Vlajkovic et al., 2009). For example, the administration of
A1 adenosine receptor agonists onto the round window membrane (a membrane separating
the middle ear from the perilymph of the cochlea) can prevent cochlear injury from noise
(Hu et al., 1997; Hight et al., 2003) or partially reverse hearing loss after noise exposure
(Wong et al., 2010; Vlajkovic et al., 2010a). In addition, selective A1 adenosine receptor
agonists can reduce cisplatin-induced auditory threshold shifts (Whithworth et al., 2004),
most likely by promoting the antioxidant defense system (Ford et al., 1997).

Adenosine signalling is known to decline in the aging brain (Cunha, 2005), and a similar
process has been postulated to occur in the aging cochlea (Vlajkovic et al., 2009). Given the
evidence of an otoprotective effect of adenosine described above, restoring adenosine
signalling may protect the cochlea from age-related degeneration. Adenosine kinase (ADK)
is the primary route for adenosine metabolism and the principal negative regulator of
intracellular and extracellular adenosine concentrations in the brain (Boison, 2006) and the
cochlea (Vlajkovic et al., 2010b). We have previously demonstrated that physiological
reduction of ADK expression is associated with an increase in endogenous adenosine in the
brain (Pignataro et al., 2008); conversely, experimental overexpression of ADK in the brain
is associated with a reduced concentration of adenosine (Fedele et al., 2005). Subsequently,
we demonstrated that ADK-expression levels are key determinants for adenosine-based
neuroprotection in the brain (Li et al., 2008; Pignataro et al., 2007; Theofilas et al., 2011).
Drawing on this background, it is reasonable to speculate that activity of ADK and the
resultant enhancement of endogenous adenosine levels in the cochlea has potential to
ameliorate ARHL. In this study, we measured auditory thresholds and hair cell loss in
C57BL/6J mice in the period spanning 3–9 months of age (by which point this strain of mice
develops significant ARHL) to investigate the otoprotective potential of the selective ADK
inhibitor ABT-702. This study provides the first evidence that a manipulation of the
adenosine signalling system in the cochlea can delay the onset of ARHL.

2. Materials and methods
2.1. Animals

Male C57BL/6J inbred mice were used in this study. The mice were housed under standard
conditions at the animal unit at the University of Auckland for the duration of the study (up
to 6 months). All experimental procedures described in this study were approved by the
University of Auckland Animal Ethics Committee.

2.2. Adenosine kinase immunohistochemistry
Adenosine kinase (ADK) immunostaining in cochlear tissues of 3-month-old C57BL/6 mice
was visualised by laser scanning confocal microscopy. Mice were euthanized with sodium
pentobarbital (100 mg/kg i.p.) and perfused transcardially with 4% paraformaldehyde (PFA)
in a 0.1 M phosphate buffer. Mouse cochleae were fixed overnight in 4% PFA, and then
decalcified in 5% EDTA solution for 7 days. After overnight cryoprotection in 30% sucrose,
they were rinsed in 0.1 M phosphate-buffer (PB, pH 7.4), snap-frozen in isopentane at
−80°C and cryosectioned at 30 μm. The sections were placed in 24-well plates (Nalge Nunc
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Int., Rochester, NY, USA) in sterile 0.1 M PBS. The tissues were permeabilised with 1%
Triton X-100 for 1 hr, and non-specific binding sites blocked with 5% bovine serum
albumin (BSA) and 5% normal goat serum (Vector Laboratories, Burlingame, CA, USA).
Primary ADK antibody used in this study (a polyclonal rabbit antibody raised against
recombinant mouse ADK) was previously characterised in tissues of AdK+/+ and AdK−/−

mice (Gouder et al., 2004) and in the rat cochlea (Vlajkovic et al., 2010b). The antibody was
diluted (1:500) and applied overnight at 4°C. In control experiments, the primary antibody
was omitted. The sections were then incubated with the secondary antibody (Alexa 488 goat
anti-rabbit IgG, dilution 1:400; Molecular Probes, Eugene, OR, USA) for 2 hr at room
temperature. The sections were rinsed several times in PBS, mounted in Citifluor (Citifluor
Ltd, London, UK) and screened for ADK labelling using a high-resolution laser scanning
confocal microscopy (Olympus FluoView FV1000, Olympus Corporation, Tokyo, Japan)
with 488 nm excitation from an argon ion laser. Image acquisition was controlled by
FluoView software (FV10-ASW version 1.5, Olympus) with a bandpass emission of 520
nm. A series of 6–10 optical sections were collected for each specimen, and image analysis
was performed on an optical section from the centre of the stack. Five cochleae obtained
from different animals were analysed and the representative images are shown.

2.3. Treatment with ABT-702
A selective ADK inhibitor 4-Amino-5-(3-bromophenyl)-7-(6-morpholino-pyridin-3-
yl)pyrido[2,3-d]pyrimidine (ABT-702) was obtained from Sigma-Aldrich. ABT-702 (5 mg)
was dissolved in 0.25 mL of DMSO (20 mg/mL) and then in 9.75 mL of distilled (MilliQ)
water to prepare a 0.5 mg/mL stock solution. The solutions were aliquoted and stored at
−20°C for later use. When required, the aliquots were warmed in a 37°C water bath for 30
minutes before intraperitoneal administration. An equivalent volume of vehicle solution was
administered to the control animals. C57BL/6J mice used in this study were assigned to four
groups shown in Table 1. All animals were euthanised at 9 months, and their cochleae
harvested for hair cell counting.

2.4. Auditory Brainstem Responses (ABR)
Auditory thresholds in all mice were evaluated monthly using auditory brainstem responses
(ABR). ABR represents the activity of the auditory nerve and the central auditory pathways
(brainstem/mid-brain regions) in response to transient sounds (acoustic clicks or tone pips).
All ABR measurements were performed in a sound attenuating chamber (Shelburg
Acoustics, Sydney, Australia). Mice were anaesthetised with a mixture of ketamine (75 mg/
kg) and xylazine (10 mg/kg) intraperitoneally, and then placed onto a heating pad, to
maintain body temperature at 37°C. ABRs were obtained by placing fine platinum
electrodes subdermally at the mastoid region of the ear of interest (active electrode), scalp
vertex (reference) and mastoid region of the opposite ear (ground electrode). The acoustic
stimuli for ABR were produced and the responses recorded using a Tucker-Davis
Technologies auditory physiology System II workstation (Alachua, FL). Auditory clicks (10
μsec square wave, alternating polarity) or tone pips (5 ms duration, 1.5 ms rise and fall
times, 4 – 28 kHz) were presented. The output of this closed field acoustic stimulus system
was calibrated regularly using a sound level meter (Bruel and Kjaer model 2235, Naerum,
Denmark) and a 1/8th inch microphone (Bruel and Kjaer model 4138). The output of the
sound level meter was passed to a spectrum analyser (Stanford Instruments model SR760) to
record the frequency response and amplitude of the stimuli and to an oscilloscope or TDT
input to capture the stimulus waveform. The Beyer headphone has a flat frequency response
to approximately 20 kHz.

The threshold of the ABR complex (waves I – V) was determined by progressively
attenuating the sound intensity in 5 dB steps from 90 dB SPL until the wave I–V complex of
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the averaged ABR waveforms was no longer distinguishable from noise floor in recorded
traces. Wave I is the most robust wave of the mouse ABR and is considered to be generated
by auditory nerve activity (Zheng et al., 1999). The ABR threshold was defined as the
lowest intensity (to the nearest 5 dB) at which a response could be visually detected above
the noise floor (approximately 0.5 μV). Repeat waveforms were analysed at each frequency
to determine the consistency of the responses and to identify the recurring peaks.
Waveforms were saved and analysed off-line to determine the amplitude of wave 1 (voltage
measured from baseline to peak).

2.5. Hair cell counts
After the last ABR measurement, 9-month-old C57BL/6J mice were euthanised with an
overdose of anaesthetic (pentobarbitone, 100 mg/kg i.p.) and cochleae removed for
histology. After overnight fixation in 4% paraformaldehyde (PFA), the cochleae were
decalcified for 7 days in 5% EDTA, decapsulated and the organ of Corti removed. The
organ of Corti was separated into two pieces representing the apical and basal turns, and the
tissues permeabilised with 1% Triton-X 100 for 1 hour. Alexa Fluor 488 phalloidin
(Invitrogen) dissolved in 0.1 M phosphate-buffered saline (PBS, pH 7.4) was used to stain
F-actin in the hair cells and their stereocilia to aid quantitative analysis of the hair cell
population. Tissues were incubated in 1:400 phalloidin in 0.1 M PBS for 1 hour, washed
with 0.1 M PBS several times and mounted onto glass slides using Citifluor. The slides were
visualised using a Zeiss epifluorescence microscope equipped with an Axiocam camera and
controlled by Axiovision v3.1 software. Images were taken from the entire length of the
cochlea, and the number of missing inner and outer hair cells was counted for the apical and
basal turns respectively, and presented as a percentage of total number of hair cells for each
turn. Hair cell counting was performed for groups 3 and 4 only (Table 1).

2.6. Statistical Analysis
ABR thresholds and amplitude input-output functions were analysed using a one-way
ANOVA followed by Tukey’s multiple comparison test. Hair cell loss was analysed using a
Student’s unpaired t-test assuming unequal variances; data met the normal distribution
criterion. The α level was set at P = 0.05.

Results
3.1. ADK distribution in the adult mouse cochlea

There was extensive distribution of ADK immunofluorescence in the adult C57BL/6J mouse
cochlea, which was reminiscent of the nuclear/cytoplasmic ADK immunolabelling seen in
the adult rat cochlea (Vlajkovic et al., 2010b). ADK immunofluorescence was observed in
the spiral ganglion neurones and satellite cells, fibrocytes and interdental cells in the spiral
limbus, epithelial cells of the auditory sensory organ (Deiters’ cells, inner and outer sulcus
cells), fibrocytes in the spiral ligament (mostly Type 3 fibrocytes bordering the otic capsule)
and marginal cells of the stria vascularis (Fig. 1). No qualitative differences were noted in
the ADK expression along the cochlea, hence the mid-cochlear turn was taken as
representative of the entire length of the cochlea. Immunolabelling was absent when the
primary antibody was omitted (Fig. 1 inset).

3.2. Inhibition of adenosine kinase mitigates age-related hearing loss in C57BL/6J mice
Extensive distribution of ADK in cochlear tissues of adult C57BL/6J mice supports the
potential role of ADK as a principal regulator of adenosine signalling in the cochlea.
Therefore, we investigated the effect of blocking ADK activity with a selective ADK
inhibitor, ABT-702, on the development of ARHL. This experimental treatment was
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designed to boost adenosine levels in cochlear fluids by reducing ADK activity and thereby
decreasing the uptake of adenosine from the extracellular space. The treatment of C57BL/6J
mice with ABT-702 (1.5 mg/kg i.p.) commenced at the age of 3 months or 6 months and
continued twice a week for a period of 6 months (Group 1, Table 1) or 3 months (Group 3,
Table 1) respectively. Auditory thresholds were evaluated using auditory brainstem
responses (ABR) once a month. Figure 2 establishes the model of ARHL by showing the
increase in ABR thresholds with age at test frequencies ranging from 4–28 kHz (Figs. 2A,B)
and auditory clicks broadly representative of the more sensitive region of hearing (Figs.
2C,D). At the age of 9 months, both early and late treatments with ABT-702 significantly (p
< 0.05) reduced ABR threshold shifts at frequencies of 10 and 16 kHz (region of most
sensitive hearing) compared to control animals receiving the vehicle solution (Figs. 3A and
4A). The development of hearing loss over time in treated and control animals is further
demonstrated in Figs. 3B–G and 4B–G. Animals treated with ABT-702 from 3 to 9 months
of age show delayed progression of hearing loss at 10 and 16 kHz (Figs. 3D,E), however
ABR threshold shifts at other frequencies were not significantly affected (Figs. 3B,C,F,G).
A selective improvement of ABR thresholds was also demonstrated in animals treated with
ABT-702 from 6 to 9 months of age (Fig. 4). ABR thresholds for auditory clicks and at 4
kHz remained stable between 6 and 9 months both in control and ABT-702-treated animals
(Fig. 4B,C). At higher frequencies, ABR thresholds were elevated in control animals (Figs.
4D–G). Treatment with ABT-702 reduced threshold shifts at 10 and 16 kHz (Figs. 4D,E),
but did not prevent hearing loss at 22 and 28 kHz (Figs. 4F,G). Whilst ABR thresholds are a
sensitive measure of hair cell damage, they are less sensitive to the amount of primary
neuronal degeneration (Kujawa and Liberman, 2009). Suprathreshold measures, such as
wave 1 amplitude, may be a more sensitive index of the severity of neuronal injury (Kujawa
and Liberman, 2009). Thus to evaluate the effect of ABT-702 treatment on survival of spiral
ganglion neurones in the mid-cochlear region, we have measured the amplitudes of the ABR
wave 1 responses at 10 and 16 kHz, the two frequencies substantially affected by ABT-702
treatment. ABR wave 1 amplitudes are presented in Fig. 5 for early (3–9 months) and late
(6–9 months) treatments. Baseline wave 1 amplitudes at 10 and 16 kHz measured before the
start of ABT-702 or vehicle treatment were similar between the groups at 3 months (Figs.
5A,C) and at 6 months of age (Figs. 5E,G). At 9 months, suprathreshold amplitudes of ABR
wave 1 significantly (p < 0.05) increased in ABT-702-treated mice at 10 and 16 kHz (Figs.
5B,D,F,H), lending further support to the otoprotective role of ABT-702 extending to both
hair cells and their primary afferent innervation provided by the spiral ganglion neurones.

3.3. ABT-702 reduces hair cell loss in the aging C57BL/6J cochlea
The hair cells were counted in the cochlea of 9-month-old C57BL/6J mice (Groups 3 and 4;
Table 1) and the hair cell loss was compared between ABT-702- and vehicle-treated
animals. The loss of hair cells was accentuated in the basal turn of the cochlea
corresponding to frequencies >20 kHz, however the treatment with ABT-702 did not
improve hair cell survival in that region (Fig. 6). Increased survival of hair cells was,
however, observed in the apical turn of the cochlea (Fig. 6) corresponding to the frequencies
below 20 kHz (Viberg and Canlon, 2004). The number of missing hair cells in the apical
cochlear turn was reduced by 50% in animals treated with ABT-702 compared to control
vehicle-treated animals (4% vs 8%; p<0.05).

3. Discussion
This study demonstrates that treatment with a selective adenosine kinase inhibitor ABT-702,
thereby enhancing extracellular adenosine, can provide partial protection from age-related
hearing loss in C57BL/6J mice. Chronic treatment with ABT-702, commencing at the age of
3 months or 6 months, improved auditory thresholds, suprathreshold responses and hair cell
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survival in aging (9-month-old) mice. This implies that ABT-702 enhances the survival of
both sensory hair cells and spiral ganglion neurones in the aging mouse cochlea. The
treatment appears to be more effective in the apical, lower frequency range, compared with
the more basal high frequencies. Given there was no difference in the distribution of ADK
along the cochlea, this difference in response may indicate differential injury processes
along the cochlea, or perhaps differences in the distribution of adenosine receptors or
ABT-702. Oxidative stress may be a prevalent mechanism causing the age-related
degeneration in the low-mid frequency region. However, structural abnormalities of hair cell
tip-links, which facilitate the opening of hair cell mechanical transduction channels, could
be the principal mechanism leading to hair cell degeneration in the high-frequency region,
which would render this region less susceptible to manipulation of adenosine receptor
signalling. Potential base-to-apex gradients in the distribution of adenosine receptors may
also result in differential sensitivity to ADK inhibition in the high- and low-frequency
regions of the cochlea. It should also be noted that with systemic drug administration,
differential drug access to the cochlea and the distribution within the cochlea can be
expected (Sha et al., 2001).

Age-related hearing loss (ARHL) is the most common sensory deficit in senescence, and yet
the prevention of ARHL is a relatively novel research field (Bielefeld et al., 2010). To date,
several strategies have been proposed to mitigate ARHL: increasing the anti-oxidant defence
system (Finkel and Holbrook, 2000), caloric restriction (Sweet et al., 1988; Seidman, 2000;
Someya et al., 2010), induction of heat shock proteins (Mikuriya et al., 2008) and electrical
stimulation to restore the endocochlear potential (Schmiedt, 1993). The cochlear anti-
oxidant system can be strengthened endogenously in the enhanced acoustic environment
(Tanaka et al., 2009) or exogenously using a variety of anti-oxidant treatments such as
vitamin C and E (Seidman et al., 2000) and lecithin (Seidman et al., 2002). In addition,
animals with genetic deletion of anti-oxidant enzymes such as superoxide dismutase 1 and 2
(SOD1, SOD2) or glutathione peroxidase show accelerated ARHL (McFadden et al., 1999;
Ohlemiler et al., 2000b; Keithley et al., 2005). Caloric restriction (CR) delays the onset of
many age-related diseases in animal models, and it was postulated that the delayed ARHL
could be a consequence of the prolonged lifespan (Bielefeld et al., 2010). It is more likely,
however, that CR suppresses apoptotic cell death in the aging mammalian cochlea by down-
regulating stress-related intracellular signalling pathways and up-regulating molecular
pathways essential for mitochondrial function and DNA repair (Someya et al., 2007).

Based on the demonstrated tight inverse correlation of ADK expression levels and the
ambient tone of adenosine (Li et al., 2008; Pignataro et al., 2007, 2008; Theofilas et al.,
2011) we postulate that increased endogenous adenosine levels in cochlear fluids resulting
from ADK inhibition leads to the better preservation of the sensory cells and delayed onset
of hearing loss in the mid-frequency region. It is not clear from this study whether treatment
with ABT-702 has any off-target effects, and how these effects could contribute to the
improvement of hearing thresholds observed in this study.

As for the role of adenosine kinase in tissue protection, previous studies have demonstrated
that ADK may have a pivotal role in the brain response to injury (Boison, 2006, 2008).
Transient down-regulation of ADK after acute brain injury protects the brain from further
seizures and cell death, whilst up-regulation of ADK is associated with epileptogenesis and
neuronal cell loss (Li et al., 2008). Regulation of adenosine levels by ADK may also have a
key role in brain protection from ischemic injury (Pignataro et al., 2008). Pharmacological
inhibition of ADK is effective therapeutically with an improved side-effect profile compared
with A1 receptor agonists (Kowaluk and Jarvis, 2000; Jarvis et al., 2002; Gouder et al.,
2004). ABT-702 is a new generation ADK inhibitor (McGaraughty et al., 2005) lacking the
off-target effects of classical ADK inhibitors such as 5′-amino-5′-deoxyadenosine or 5′-
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deoxy-5-iodotubercidin. ABT-702 was shown to readily cross the blood brain barrier and
brain levels of ABT-702 are approximately one third of plasma levels (Suzuki et al., 2001).
This orally active drug has an exceptional potency in thermal hyperalgesia (Jarvis et al,
2000; Lee et al., 2001) and neuropathic pain (Suzuki et al., 2001). In our study, no toxic
effects or overt behavioural changes were associated with chronic administration of
ABT-702 over the period of 3–6 months. Body weight of mice increased evenly in
ABT-702-treated and control groups during the measurement period.

Adenosine receptors activate a number of signalling pathways involved in tissue survival
including several mitogen-activated protein kinases (Fredholm et al., 2001). The common
feature of all adenosine receptors is the positive coupling to ERK1/2, whilst A2B and A3
receptors can also activate the stress-activated protein kinases JNK and p38 (Fredholm et al.,
2001; Hammarberg et al., 2004). ERK1/2 are prosurvival signals (Datta et al., 1999), whilst
JNK is a proapoptotic signal (Lin and Dibling, 2002). A2A receptors are coupled with the
activation of adenylyl cylase and generation of cAMP in a canonical way (Fredholm et al.,
2001). Stimulation of the A2A receptors leads to activation of the cAMP-dependent protein
kinase A (PKA) which in turn may phosphorylate a range of different proteins and
transcription factors such as the cAMP response element binding protein (CREB) (Lynge et
al., 2003). Phosphorylated CREB in turn activates transcription of a number of prosurvival
genes (Wilson et al., 1996; Riccio et al., 1999). In addition to the activation of anti-apoptotic
signalling pathways, released adenosine may increase cochlear blood flow and oxygen
supply via A2A receptors, and enhance anti-oxidant defences via A1 receptors (Vlajkovic et
al., 2009). This implies that the balanced activation of A1 and A2A receptors resulting from
pharmacological inhibition of ADK is likely required for the survival and proper functioning
of critical tissues in the aging cochlea.

In summary, ADK inhibition shows potential as an experimental strategy for therapeutic
management of ARHL. Increasing endogenous adenosine levels in the aging cochlea
potentially has multiple benefits which minimise the risk of hearing loss in senescence.
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Research highlights

• Age-related hearing loss (ARHL) is the most common sensory deficit

• We investigated the role of adenosine signalling in the development of ARHL in
mice

• Adenosine kinase (ADK) is the primary route for adenosine metabolism in the
cochlea

• ADK inhibition provides partial protection of C57BL/6J mice from ARHL

• ARHL can be mitigated by enhancing adenosine signalling in the cochlea
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Fig. 1.
Adenosine kinase distribution in the adult C57BL/6J mouse cochlea (confocal
immunofluorescence). ADK immunolabelling is present in the spiral ligament (sl), stria
vascularis (sv), outer sulcus cells (osc), supporting Deiters’ cells (dc) in the organ of Corti
(oc), inner sulcus cells (isc), interdental cells (idc) of the spiral limbus (lim) and spiral
ganglion neurones (sgn), but absent from the tectorial membrane (tm). No
immunofluorescence was observed in the absence of the primary antibody (inset). The figure
is representative of five individual images from the middle turn of the cochlea. Scale bars:
50 μm.
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Fig. 2.
Age-related changes of ABR thresholds in control vehicle-treated C57BL/6J mice. (A) For
tone pips at 3–9 months of age; (B) for tone pips at 6–9 months; (C) for auditory clicks at 3–
9 months; (D) for auditory clicks at 6–9 months. Data are expressed as means ± SEM (n =
8).
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Fig. 3.
ABR threshold shifts in C57BL/6J mice treated with a selective ADK inhibitor ABT-702 or
control vehicle solution for 6 months (early treatment). (A) ABR threshold shifts for
auditory clicks and tone pips (4–28 kHz) were calculated as the difference between ABR
thresholds at 9 months and baseline ABR thresholds at 3 months. (B–G) ABR threshold
shifts at monthly intervals (4–9 months) relative to baseline ABR thresholds measured at 3
months. Data are expressed as means ± SEM (n = 8). *P = 0.045 (10 kHz); *P = 0.034 (16
kHz).
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Fig. 4.
ABR threshold shifts in C57BL/6J mice treated with a selective ADK inhibitor ABT-702 or
control vehicle solution for 3 months (late treatment). (A) ABR threshold shifts for auditory
clicks and tone pips (4–28 kHz) were calculated as the difference between ABR thresholds
at 9 months and baseline ABR thresholds at 6 months. (B–G) ABR threshold shifts at 7, 8
and 9 months relative to baseline ABR thresholds measured at 6 months. Data are expressed
as means ± SEM (n = 8). *P = 0.034 (10 kHz); *P = 0.003 (16 kHz).
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Fig. 5.
The input-output functions of ABR responses (wave 1 amplitudes at 10 and 16 kHz) in
ABT-702-treated and control vehicle-treated C57BL/6J mice (early and late treatments).
Only those data where a repeatable wave 1 could be measured above the noise floor were
plotted. Baseline wave 1 amplitudes measured before the start of ABT-702 or vehicle
treatment were similar between the groups at 3 months (A,C) and at 6 months of age (E,G).
At 9 months, suprathreshold amplitudes of ABR wave 1 increased in ABT-702-treated mice
at 10 kHz (B,F) and 16 kHz (D,H). Data are expressed as means ± SD (n = 8); *P < 0.05.
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Fig. 6.
The percentage hair cell loss in cochlea of C57BL/6J mice treated with ABT-702 or control
vehicle solution between 6 and 9 months of age (late treatment). Data are presented as
means ± SEM. (n = 8). *P = 0.01, unpaired t-test. Scale bars: 50 μm.
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Table 1

Experimental groups

Group Age at start Treatment Regime Tissue taken

1 3 months ABT-702 (1.5 mg/kg) Twice a week, 6 months -

2 3 months Vehicle Twice a week, 6 months -

3 6 months ABT-702 (1.5 mg/kg) Twice a week, 3 months ✓

4 6 months Vehicle Twice a week, 3 months ✓

n = 8 animals per group
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