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Age-related hearing impairment (ARHI), or presbycusis, is the most prevalent sensory impairment in the
elderly. ARHI is a complex disease caused by an interaction between environmental and genetic factors.
Here we describe the results of the first whole genome association study for ARHI. The study was performed
using 846 cases and 846 controls selected from 3434 individuals collected by eight centers in six European
countries. DNA pools for cases and controls were allelotyped on the Affymetrix 500K GeneChipw for each
center separately. The 252 top-ranked single nucleotide polymorphisms (SNPs) identified in a non-Finnish
European sample group (1332 samples) and the 177 top-ranked SNPs from a Finnish sample group (360
samples) were confirmed using individual genotyping. Subsequently, the 23 most interesting SNPs were indi-
vidually genotyped in an independent European replication group (138 samples). This resulted in the identi-
fication of a highly significant and replicated SNP located in GRM7, the gene encoding metabotropic
glutamate receptor type 7. Also in the Finnish sample group, two GRM7 SNPs were significant, albeit in a
different region of the gene. As the Finnish are genetically distinct from the rest of the European population,
this may be due to allelic heterogeneity. We performed histochemical studies in human and mouse and
showed that mGluR7 is expressed in hair cells and in spiral ganglion cells of the inner ear. Together these
data indicate that common alleles of GRM7 contribute to an individual’s risk of developing ARHI, possibly
through a mechanism of altered susceptibility to glutamate excitotoxicity.
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INTRODUCTION

Age-related hearing impairment (ARHI), or presbycusis, is the
most common sensory abnormality of the elderly (1,2). In
1999, the World Health Organization estimated that 580
million people worldwide over the age of 65 experienced
hearing loss. It is anticipated that by the year 2020 over one
billion people over the age of 60 will be affected by ARHI
(http://www.who.int/en/). It has been shown that ARHI can
lead to social isolation, depression and cognitive impairment
(3). The time of onset and the rate of progression of the
hearing loss vary greatly between individuals. Similarly, the
functions of the ear associated with this decline, such as
elevation of pure tone threshold perception and reduction of
word recognition, vary among individuals. The etiology of
ARHI is multifactorial and includes both genetic and environ-
mental influences, such as noise and ototoxin exposures and
chronic medical conditions (4).

The contribution of genetic factors to ARHI has been
clearly demonstrated in humans. A heritability of 0.47 for
hearing loss after age 64 was shown in a study of twins and
ARHI (5), while the use of extended pedigrees from the
National Heart, Lung and Blood Institute’s Framingham
study demonstrated a heritability estimate of approximately
0.5 for medium and low frequency sensory presbycusis (6).
Finally, a Danish study identified a heritability of 40% for
self reported hearing loss in twins over age 75 (7).

Whole genome analysis of ARHI has been hampered in the
past by the limits of genotyping technology and the limitations
of phenotypic characterization in well-studied populations. To
date, only a few association studies, based upon candidate
gene approaches, have been published. In one study, no associ-
ation was found between ARHI and DFNA5, a gene respon-
sible for one form of autosomal dominant non-syndromic
hearing loss (8). Similarly, no association was found
between glutathione-related antioxidant enzyme levels and
ARHI (9). Lastly, no association was found between ARHI
and the 35delG mutation of GJB2, a common cause of reces-
sive hearing loss (10). In contrast, several single nucleotide
polymorphisms (SNPs) in a 13 kb region of KCNQ4 were cor-
related with ARHI in two independent European subject
groups (11). An association between a polymorphism in
N-acetyltransferase 2 (NAT2�6A) and ARHI was detected in
a small group of patients and recently replicated in a larger
population, implicating reactive oxygen species (ROS) in
ARHI (12,13). Finally, an association study performed on
2418 ARHI samples derived from nine centers from seven
European countries resulted in the identification of a highly
significant SNP in the GRHL2 gene. Subsequent fine-mapping
of this locus demonstrated that the majority of the associated
SNPs reside in intron 1 (14).

Mitochondrial DNA (mtDNA) mutations have long been
known to be associated with human diseases, including non-
syndromic hearing loss (15). A highly significant increase in
mitochondrial mutations has been described in aging human
auditory tissue (16). Analyses of human temporal bones
have shown that a 4977 bp deletion in mtDNA occurs fre-
quently in patients affected by ARHI (17). Finally, a signifi-
cantly higher prevalence of ARHI in subjects with mtDNA
haplogroups U and K has recently been reported (18).

In mice, there is also evidence for a role of genes in ARHI.
Clear mouse strain differences in hearing at an advanced age
exist and have led to the identification of at least three loci,
Ahl1, Ahl2 and Ahl3 (19–21). The characterization of these
ARHI strains demonstrates age-dependent degeneration of
the organ of Corti and variable loss of cells in the spiral
ganglion and the cochlear lateral wall. The Cdh23ahl allele,
a hypomorphic synonymous SNP leading to in-frame skipping
of exon 7 at the Ahl1 locus, is common to C57BL/6J, BALB/
cByJ and 129S6 strains (22).

Genome-wide association study (GWAS) of thousands of
well characterized case and control individuals at hundreds
of thousands of markers has elucidated the genetic underpin-
nings of multiple diseases and disorders, including type 2
diabetes, breast cancer and Crohn’s disease among others
(23–26). Although the concept of utilizing GWAS to better
understand human disease is maturing, it remains both a cost
and time intensive experimental paradigm. Our team and
others have developed methods based on the genotyping of
pooled samples to improve both the speed and cost of
GWAS with only minimal impact on our ability to identify
existing major genomic associations (27). The first report
using this approach on the current generation of high density
arrays identified a novel gene associated with human episodic
memory performance, and this association has since been
independently and externally validated (28,29). For orphan
and/or under-funded disorders, the pooling approach rep-
resents a viable alternative to traditional individual-based
GWAS.

Using a pooling-based genomic association study at over
500,000 SNPs, we have identified, and subsequently validated,
a significant risk association at the GRM7 locus for ARHI. We
show that GRM7 is expressed in key regions of the ear and
that its protein product, mGluR7, is also present at these
sites. These findings are important for both the management
and possible future therapeutic intervention into presbycusis.

RESULTS

Whole genome association study

A total of 846 cases and 846 controls out of 3434 individuals
collected by eight centers from various European regions,
including Finland, were analyzed in this study (Supplementary
Material, Table S1). Case and control pools were created in
triplicate for each subpopulation (n ¼ 8) separately, and each
pool was allelotyped on three replicate Affymetrix Human
Mapping 500K arrays containing 506 627 SNPs (Fig. 1).

SNPs from the pooled GWAS were ranked according to a
composite score based on their silhouette statistics. For this
purpose, each subpopulation was first evaluated separately,
which allowed us to determine the associated risk allele for
each associated SNP in each subpopulation (Fig. 1). This
initial analysis was followed by an analysis of all non-Finnish
European samples combined (further called the European
group) and an analysis of all Finnish samples combined
(further called the Finnish group) (Fig. 1). This was done
because the samples collected from Finland (Oulu and
Tampere) were considered to be genetically distinct from the
remaining European samples. This grouping of samples into
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two larger sets was based on a previous phylogenetic analysis
(13). For the most highly ranked SNPs of this combined analy-
sis, we verified whether the associated risk allele was the same
throughout the non-Finnish European subpopulations. If the
associated allele was not the same in all subpopulations, that
SNP was excluded from further study. The top 252 SNPs
identified in the European group and the top 177 SNPs ident-
ified in the Finnish group, as ranked by the GenePool software
and that fulfilled all criteria, were taken forward for validation
by individual genotyping on all samples that were used to
assemble the pools. The resulting individual-based x2

P-values are listed in Supplementary Material, Tables S2
and S3, which also list the pooling ranks. The individual gen-
otyping experiment demonstrated a clear validation of the
pooling approach, with more than 35% of the SNPs in
the European group and more than 90% of the SNPs in the
Finnish group identified in our pooling experiment having
P-values less than 0.05 when genotyped individually. DTD1
(D-tyrosyl-tRNA deacylase 1) and PDE9A (phosphodiesterase
9A) were the top-ranked genes for the European group and the
Finnish group, respectively. Two genes were significantly
associated in both groups: GRM7 (glutamate receptor, meta-
botropic, 7) and CDH13 (cadherin 13).

Subsequently, a select subset of 23 SNPs (Table 1) was
examined in a European replication group consisting of 138

newly recruited cases and controls. After quality control of
the genotyping data, only 63 cases and 67 controls were stat-
istically analyzed. SNPs were only included if they passed
strict criteria, including (i) being within a gene (with five
exceptions), (ii) passing Hardy–Weinberg equilibrium
(HWE) measurements at a cut-off of 0.05, (iii) exhibiting an
individual call rate .97% and (iv) having a minor allele fre-
quency of a least 5%. In order to correct for multiple testing,
we applied Bonferroni correction. Due to linkage disequili-
brium (LD), these 23 SNPs represented only 20 true tests,
yielding a Bonferroni-corrected significance P-value of
0.0025. One SNP of GRM7 (rs11928865) yielded a P-value
of 0.0008 in the European replication group (Table 1). Permu-
tation testing gave a P-value of 0.0011.

In both the first European group and the European replica-
tion group, the T-allele of rs11928865 (the replicated GRM7
SNP) was associated with ARHI. The frequencies were
76.9% in cases and 71.4% in controls for the first European
group, and 79.3% in cases and 57.8% in controls for the
European replication group. The odds ratio for this SNP was
2.56 (95% confidence interval of 1.23–5.30) in the replication
group. As no Finnish replication subjects could be collected,
the SNPs within GRM7, significant in the Finnish group,
rs779706 and rs779701, could not be replicated. These latter
SNPs could also not be replicated in the European group,
nor could the rs11928865 be replicated in the Finnish group.
These association signals seem to be independent of each
other. The joint analysis P-value for rs11928865 (the repli-
cated GRM7 SNP) in the European, European replication
and Finnish group was 9�10E25. The Cochran–Mantel–
Haenzel test yielded a P-value of 0.0001 (Supplementary
Material, Table S4).

GRM7 fine mapping

The GRM7 gene measures approximately 880 kb. Fine
mapping was restricted to a region of 400 kb surrounding
rs11928865. Based on HapMap data, 75 GRM7 tag SNPs
were selected and genotyped on all European samples (first
European group as well as European replication group).
Figure 2 illustrates the fine mapping of the GRM7 locus in
the European replication group. rs11928865 remained the
most significantly associated individual SNP, while haplotype
blocks 7 (consisting of SNPs rs6804466, rs3828472,
rs12497688, rs9819783, rs11920109) and 6 (consisting of
SNPs rs11928865 and rs9877154) were the most significantly
associated haplotype blocks (Table 2). One million permu-
tations of the data resulted in a P-value of 0.0013 and
0.0266 for haplotype blocks 7 and 6, respectively. Because
haplotype blocks 6 and 7 were in close proximity and
because of the fairly high level of LD between them, we
forced both blocks into a single block. This joint 6–7 haplo-
type had a P-value of 0.0004 which was the most significant
of all permuted P-values. We have calculated the odds ratio
for the joint 6–7 haplotype in the replication group, resulting
in an odds ratio of 12.01 (95% confidence interval of 3.68–
20.34). This odds ratio is likely inflated due to the limited
size of the replication cohort.

We have genotyped a large number of closely spaced SNPs
across the GRM7 gene locus to further examine the associ-

Figure 1. Study outline. Laboratory steps are indicated with white rectangles.
Statistical analysis steps are indicated with shaded rectangles with rounded
corners. Ca, cases; Co, controls.
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ation signal, and this indicated that the putative causative
allele is likely positioned within a 150 kb region surrounding
GRM7 exon 2. We resequenced exon 2 and the intron–exon
boundaries in 100 random ARHI subjects. The only two
SNPs that we observed were already known: rs35106713
and rs3749448. Subsequent analysis of these two SNPs on
all samples did not result in significant associations (P-value
of 0.1 and 0.114, respectively).

mGluR7 expression in the mouse and human inner ear

mGluR7 expression was studied by immunohistochemistry in
three different stages of development of the mouse inner ear
(postnatal day (PD)1, PD21 and adult; Fig. 3). Negative con-
trols without primary antibody and/or without secondary anti-
body showed no staining (data not shown). In every one of
these developmental stages, mGluR7 expression was concen-
trated in the neural cell bodies of the spiral ganglion
(Fig. 3A), in the inner hair cell and outer hair cells of the
organ of Corti (Fig. 3A, D, E and F), and the hair cells of
the vestibular apparatus: the saccule (Fig. 3C), the utricule
(data not shown) and the cristae ampullaris (Fig. 3B).
At PD1, while mGluR7 labeling was not as bright as in the
older stages, a clear specific signal was detected in
the sensory epithelium of the organ of Corti (Fig. 3D), in
the hair cells of the vestibular apparatus, and in the spiral
ganglion. At PD21 and in adult inner ears, expression of
mGluR7 was more abundant. There were no differences
observed in staining intensity or staining pattern between
basal and apical turns of the cochlea.

mGluR7 expression was also studied in celloidin embedded
adult (83-year-old male with Pure Tone Average of 22 dB)
human temporal bone specimens using immunohistochemistry.

mGluR7 was detected in the interdental cells of the spiral
limbus, the inner and outer hair cells and Hensens’ cells of
the organ of Corti and the type II fibrocytes of the spiral liga-
ment (Fig. 4A–C). As in the mouse, mGluR7 was also detected
in the spiral ganglion neurons (Fig. 4D).

GRM7 mRNA expression in the mouse inner ear

GRM7 mRNA expression was examined by in situ hybridiz-
ation in the postnatal mouse cochlea (P6). Sense riboprobe
showed no staining above background levels (data not
shown). Antisense riboprobe demonstrated GRM7 expression
in the neurons of the spiral ganglion, but no expression was
detected above background in the hair cells or supporting
cells of the organ of Corti (Fig. 5). The absence of a signal
in these regions, in contrast to the immunohistochemical
expression patterns, can likely be explained by low but
undetectable mRNA expression in the cochlear epithelium
because of the lower sensitivity of in situ hybridization com-
pared to immunohistochemistry.

DISCUSSION

Presbycusis, or ARHI, was characterized histopathologically by
Schuknecht and Gacek (30) in 1993. The two major types,
sensory and neural, involve varying degrees of hair cell and
cochlear neuronal cell loss and can often be found together.
Loss of cochlear neurons is the most consistent finding in the
aging ear. Cochlear neuronal counts can be as high as 40 000
in the first decade of life and decrease by more than 50% by
the ninth decade in affected individuals (31). The genetic mech-
anism underlying this age-related loss of approximately 2100
neurons per decade is not understood. The current study

Table 1. Replication genotyping results and statistical analysis

SNP Gene Alleles Associated allele HWpval MAF Case–control frequencies Chi-square P-value Permuted P-value�

rs11928865 GRM7 T:A T 0.6287 0.32 0.793, 0.578 12.931 8.00E204 0.0011
rs1016730 ASTN2 T:A A 1 0.362 0.405, 0.323 1.789 0.181 0.9814
rs6890492 KIAA0194 A:G G 0.3129 0.117 0.144, 0.092 1.605 0.2052 0.9897
rs3794261 METAP2 G:T T 1 0.083 0.103, 0.063 1.272 0.2594 0.9982
rs2628235 C:G G 0.4231 0.045 0.061, 0.031 1.264 0.261 0.9983
rs10193454 TTC15 G:A G 0.3429 0.154 0.864, 0.828 0.619 0.4315 1
rs10134299 RIN3 T:G G 1 0.14 0.155, 0.127 0.397 0.5284 1
rs2104237 RIN3 A:G G 1 0.138 0.153, 0.125 0.391 0.5318 1
rs16834361 C:T C 1 0.049 0.958, 0.945 0.201 0.6542 1
rs2295956 T:G G 0.337 0.209 0.219, 0.200 0.137 0.7115 1
rs16899799 FGFR10P A:G A 1 0.02 0.983, 0.977 0.118 0.7317 1
rs9942 C:T C 0.9165 0.143 0.864, 0.849 0.115 0.735 1
rs2280307 RHOH G:A A 0.5475 0.371 0.381, 0.362 0.104 0.747 1
rs6035106 DTD1 C:T T 1 0.456 0.466, 0.446 0.099 0.7528 1
rs603446 ZNF259 C:T T 0.4951 0.456 0.466, 0.446 0.099 0.7528 1
rs2584622 SMARCD2 T:C T 0.9708 0.073 0.932, 0.923 0.077 0.782 1
rs1340668 TINAG C:T C 0.1679 0.028 0.975, 0.969 0.075 0.7836 1
rs6132107 DTD1 A:G A 1 0.159 0.847, 0.836 0.061 0.8048 1
rs8079727 NLRP1 A:C A 0.4681 0.24 0.767, 0.754 0.06 0.806 1
rs4813338 DTD1 G:A A 0.9506 0.451 0.458, 0.444 0.043 0.8362 1
rs6136423 DTD1 G:A G 1 0.165 0.839, 0.831 0.03 0.8619 1
rs10996614 T:C C 1 0.024 0.025, 0.023 0.014 0.9044 1
rs9845917 DLEC1 T:C C 0.9838 0.319 0.322, 0.315 0.013 0.9106 1

HWpval, Hardy–Weinberg P-value; MAF, minor allele frequency.
�The permuted P-value is derived from one million permutations of the data in Haploview.
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provides convincing genetic evidence that variation in a
metabotropic glutamate receptor (GRM7) plays a role in
ARHI. This includes data obtained in the Finnish population
identifying two significant SNPs in GRM7 and significant
data obtained in non-Finnish European subjects that replicated
in an independent European replication group.

We believe that the GRM7 association is genuine for
several reasons. First, we were able to replicate this associ-

ation in a European replication group. The size of the replica-
tion group was small, and it is known that a replication group
of smaller size than the original group used for association
testing may lead to a lack of power for replication, and sub-
sequent non-replication of results (known as the winner’s
curse) (32). It is therefore possible that we have missed repli-
cation of other genuine results in our replication step.
However, the result for GRM7 was significant. A second

Figure 2. Finemapping of the GRM7 locus in the European replication group. Haplotype tagging SNPs in the 400 kb region surrounding rs11928865 were
identified and assayed. On top of the figure, the positions of the GRM7 exons within the 400 kb region are indicated with numbered vertical bars. The individual
significance values for each SNP are indicated with filled black circles on their respective locations within the GRM7 locus. The LD structure is illustrated at the
bottom of the figures with the haplotype blocks numbered in brackets. The statistical significances for each haplotype block are shown in the figure as well, with
each horizontal red bar representing both the significance level and genomic location.
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strong argument is that we have found association for GRM7
in the Finnish population, independently from the (replicated)
association found in the non-Finnish European population. It
must be noted that the association in the Finnish group was
found in a different region of the gene than the association
in the European group. GRM7 is a large gene, and the European
and the Finnish association signals are approximately 300 kb
apart. As the Finnish are known to be genetically distinct
from the rest of Europe, possibly due to the documented
historical population bottleneck (33), this finding may be the
result of allelic heterogeneity at the GRM7 locus. Allelic het-
erogeneity is frequently mentioned as a factor leading to the
inability to replicate the exact SNP discovered and sometimes
as the cause of lack of replication at an entire genetic locus.
Some recent examples include reports on associations for
rheumatoid arthritis (34) and bipolar disorder (35). However,
allelic heterogeneity may not be the sole reason for replication
of the association signal in a different region of the GRM7
gene. It is possible that the rs11928865 SNP exerts a smaller
effect in the Finnish population or, if the effect size is
similar, that the disease-associated allele frequency is small
in Finland and therefore we may have been underpowered to
detect the effect at that specific GRM7 SNP. A similar
finding regarding disease allele frequency was discussed in a
recent article (36). Population specific differences in allele fre-
quency of putative interacting SNPs could also lead to these
findings. If the interacting locus is present at an altered
allele frequency, there will be a large decrease in power to
detect an association (37). Lastly, we cannot rule out the possi-
bility that our observation is a false positive association.

Individual genotyping of our large sample set was cost-
prohibitive at the time this study was initiated; therefore,
we based our GWAS on a pooling approach. It is important to

recognize the advantages, as well as the disadvantages of such
an approach, and we took several measures to overcome some
of the limitations of pooled association experiments. First, to
control for error, each pool was created de novo in triplicate
and allelotyped independently on three separate arrays. Second,
we analyzed our data in perhaps an overly strict fashion permit-
ting only those SNPs with alleles associated in the same
manner across all populations through to the next stage of analy-
sis. Thirdly, before investigating the top most hits in our replica-
tion cohort, we individually genotyped a selected list of SNPs
(detailed above) using an entirely different chemistry to provide
further evidence that our initial findings were not due to
pooling and/or microarray artifacts. This validation step indeed
confirmed that the pooling approach led to reliable results as we
confirmed the association of more than 35 and 90% of the selected
SNPs in the European and Finnish samples, respectively.

The top 252 SNPs identified in the European sample group
and the top 177 SNPs from the Finnish sample group did not
contain any SNP from the three genes that previously had been
implicated in ARHI: NAT2 (12,13), KCNQ4 (11) and GRHL2
(14). One possibility explaining this seeming non-replication
is that the previously reported associations may have been
spurious. However, this is unlikely as all three reported associ-
ations had previously been replicated in some way. In our
opinion, the reason for not finding NAT2, KCNQ4 and
GRHL2 SNPs among the top SNPs of the pooling experiment
is possibly due to the lack of sensitivity of the pooling
approach in combination with the large number of SNPs that
we screened in the current study (500 K) compared to only a
few dozen in candidate gene association studies. As a
GWAS will pay a much larger multiple testing cost, less sig-
nificant associations will always be ignored and only
top-ranking SNPs will be considered further.

Metabotropic glutamate receptors (mGluRs) are activated
by L-glutamate, the primary excitory amino acid neurotrans-
mitter in the mammalian central nervous system (CNS).
mGluRs are G-protein coupled receptors (GPCRs) functioning
via secondary messenger pathways to modulate neuronal
excitability and synaptic efficacy. The general structure of
the metabotropic receptors consists of a glutamate binding
site, a cystein-rich region, a seven transmembrane domain
and an intracellular C-terminal region. To date, eight subtypes
of mGluRs have been identified. GRM7 (mGluR7) is a
member of the mGluR III group. mGluR7 is negatively
coupled to the enzyme adenylate cyclase, and its activation
results in reduced levels of cAMP. Its expression is temporally
and spatially regulated in the human fetal brain. It is expressed
at much lower levels in the adult brain in the hippocampus,
hypothalamus and thalamus (38). In general, the activation
of presynaptic mGluRs, such as class III mGluRs, has been
found to reduce transmitter release from synapses in many
brain regions (39). The mGluRs have diverse roles in the
forms of synaptic plasticity that are believed to be involved
in learning and memory in vertebrates. As such, mGluRs
have attracted attention since their discovery as putative
targets for many CNS indications, including anxiety, pain,
neuroprotection, epilepsy, Parkinson’s disease and cognitive
disorders. mGluR7 has become particularly interesting since
it was shown that its targeted deletion in mice results in
several interesting neurological phenotypes including altered

Table 2. Associated haplotypes within the GRM7 locus

Haplotype Freq. Case–control
ratios

Chi-square P-value Permuted
P-value�

Block 6
TC 0.524 71.0:47.0,

59.0:71.0
5.421 0.0199 0.6856

AT 0.312 24.0:94.0,
53.3:76.7

12.316 4.00E204 0.0266

TT 0.164 23.0:95.0,
17.7:112.3

1.561 0.2115 1

Block 7
CTTCC 0.361 42.0:76.0,

47.5:82.5
0.028 0.8675 1

TGTTT 0.268 23.4:94.6,
43.1:86.9

5.599 0.018 0.6471

CTCTT 0.145 20.9:97.1,
15.0:115.0

1.894 0.1688 0.9999

CTTCT 0.093 20.6:97.4,
2.5:127.5

17.729 2.55E205 0.0013

CGTTT 0.071 8.0:110.0,
9.6:120.4

0.039 0.8435 1

TTTTT 0.03 0.1:117.9,
7.5:122.5

6.68 0.0098 0.4426

CTTTT 0.02 1.1:116.9,
3.8:126.2

1.226 0.2682 1

�The permuted P-value is derived from one million permutations of the
data in Haploview.
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amygdala-dependent conditioned fear and aversion responses
and reduced anxiety- and stress-related behaviors (40,41).

To date, little is known about the physiological roles of the
metabotropic glutamate receptors in the human inner ear. The
mGluRI agonist DHPG produced a pronounced increase in
afferent auditory nerve firing in vivo, suggesting a role for
metabotropic glutamate receptors in the mammalian inner
ear (42). Relatively recently, L-glutamate and ionotropic
receptor subunits were detected by immunocytochemistry in
human cochlear sections (43), while mRNA of metabotrophic
receptors group I (mGluRI) was detected in the mammalian
cochlea and spiral ganglion (44–46). Glutamate is known to
be the principle neurotransmitter coupling the mechanoelectri-
cal transduction of sound impulses between the inner hair cells
and the auditory afferent neurons of the inner ear (47,48). This
was further confirmed by the fact that mice lacking Orphan
Glutamate Receptor d1 Subunit (GluRd1), which is normally
expressed robustly in the neurons of the hippocampus,
cochlear inner hair cells, outer hair cells and spiral ganglion
cells, show high frequency sensorineural hearing loss (49).

The current study demonstrates robust mGluR7 expression
in inner and outer hair cells and spiral ganglion neurons.

High concentrations of glutamate are known to be neuro-
toxic, because of its excitatory properties. Glutamate toxicity
has been implicated in several forms of progressive hearing
loss, including noise induced hearing loss and ARHI (50).
The results of our study implicate that GRM7 variants possibly
act on ARHI through excitotoxicity. Because mGluR7 reduces
the release of glutamate, we hypothesize that the causative
allele of GRM7 alters synaptic autoregulation of glutamate
in the synaptic cleft of the sensory cells of the inner hair
cells and the auditory neurons, leading to higher levels of glu-
tamate in the cleft over time with subsequent excitotoxic neur-
onal and/or sensory cell death. Recent support for glutamate
toxicity in the ear comes from studies in cultured spiral
ganglion explants. In a recent study, cultured spiral ganglion
explants were incubated with high concentrations of glutamate
(51). The authors demonstrated concentration-dependent glu-
tamate induced apoptosis of these explants that could be selec-
tively blocked by a caspase-3 inhibitor.

Figure 3. Immunohistochemistry results of mGluR7 in mouse inner ear. (A–C and F) mGluR7 expression in spiral ganglion (SG) neurons (A), IHC (arrow) and
OHCs (arrowheads) of the organ of Corti (A and F), hair cells of crista ampullaris (B) and saccule (C) in adult mice—(D–F) comparison of mGluR7 expression
in the IHC (arrow) and OHCs (arrowheads) of the organ of Corti at stage PD1 (D), PD21 (E) and in adult (F). Scale bar is 20 mm.
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GPCRs are the most successful class of drug targets to date.
The identification of N,N0-dibenzhydrylethane-1,2-diamine
dihydrochloride (AMN082), a highly selective agonist for
mGluR7, has provided a valuable tool for studying the role
of mGluR7 in stress-related CNS disorders (52). AMN082 is
orally active and has been shown to traverse the blood-brain
barrier. Studies of hearing in aging mGluR7 deficient mice
are currently underway and will provide invaluable initial
insights into the molecular pathology of ARHI and a potential
model for developing drug therapies.

In conclusion, the current pooling GWAS has provided con-
vincing evidence that variation in GRM7 is associated with
ARHI. Fine mapping has positioned the causative allele in the
European population in a 150 kb region surrounding GRM7
exon 2. While the causative allele remains to be identified,

this finding suggests a possible role for glutamate toxicity in
the pathophysiology of the disease.

MATERIALS AND METHODS

Study subjects and presbycusis assessment

The subjects have previously been described (13). Briefly,
Caucasian volunteers, 53 to 67 years of age, from eight
centers in six European countries, were collected via popu-
lation registries or via audiological consultations. If the sub-
jects were collected via hearing health services, the subject’s
spouses were also included. Informed consent was obtained
from all volunteers. The study was approved by the ethical
committees of the respective recruiting centers.

All subjects underwent an otoscopic investigation. Subjects
with ear diseases potentially affecting hearing thresholds were
excluded from the study. All subjects completed an extended
questionnaire detailing medical history and exposure to
environmental factors. In general, subjects with pathologies
that could potentially influence their hearing thresholds were
excluded according to an extensive exclusion list (11). Air
conduction hearing thresholds were measured at 0.125, 0.25,
0.5, 1, 2, 3, 4, 6 and 8 kHz, and bone conduction at 0.5, 1, 2
and 4 kHz for all participating volunteers. Audiological exclu-
sion criteria were an air-bone gap of more than 15 dB aver-
aged over 0.5, 1 and 2 kHz in one or both ears or
asymmetrical hearing impairment with a difference in air con-
duction thresholds exceeding 20 dB in at least two frequencies
between 0.5, 1 and 2 kHz.

Figure 4. Immunohistochemistry results of mGluR7 in human temporal bone of an 83-year-old male with pure tone average of 22 dB. (A) Anterior basal
segment of horizontally cut temporal bone labeled with mGluR7 as the primary antibody, biotinylated IgG as the secondary antibody and fast red as the chroma-
gen (MBIC). Hematoxylin (H) was used as a counter stain. Red labeling is visible in the interdental cells of the limbus, the hair and Hensen’s cells of the organ of
Corti, and fibrocytes in the type II area of the spiral ligament. Moderate distortion is due to difficulty in mounting deceloidinized sections. (B) Higher power
showing red labeling of interdental cells of the limbus. (C) Organ of Corti with labeled hair cells and Hensen’s cells. (D) Spiral ganglion cells labeled with MBIC
& H. Scale bar is 120 mm for (A), 24 mm for (B) and (D), 12 mm for (C). ID, interdental cells; DC, Deiters’ cells; HC, hair and Hensen’s cells.

Figure 5. In situ hybridization of postnatal (P6) mouse inner ear demonstra-
ting Grm7 mRNA expression in the cells of the spiral ganglion (SG). Scale
bar is 20 mm.
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Z-scores were calculated as described previously (11,53).
Briefly, frequency-specific thresholds were converted to sex
and age independent Z-scores based on the ISO 7029 standard.
These Z-scores represent the number of standard deviations
the actual hearing threshold differs from the median at a
given frequency. Subjects whose hearing is better than the
age and sex specific median at a certain frequency have a
negative Z-score. As a measure of high frequency hearing
impairment, the Z-scores at 2, 4 and 8 kHz were averaged
(Zhigh). This was done separately for both ears but only the
Z-score for the better hearing ear was used. After excluding
phenotypic outliers for Zhigh, we selected the best (controls)
and worst (cases) hearing subjects within each center, for
males and females separately (Fig. 6).

For each of the eight centers separately (each subpopu-
lation), individuals were ranked according to their Zhigh

score. The top and the bottom of this ranking were pooled
into a control pool and a case pool. At least 84 individuals
were included in each pool. The percentile cut-off used at
both extremes for making the pools was variable due to
cohort size and the requirement to include a minimum
number of individuals and ranged from 19 to 33%. Details
of the percentile cut-off used for each subpopulation and
resulting sample size per pool can be found in Supplementary
Material, Table S1.

European replication group

Two centers, Ghent and Antwerp, collected a replication set of
subjects using identical exclusion and inclusion criteria as the
first set of study subjects. Taking the 33 percentile cut-offs at
both extremes of 90 Antwerp and 117 Ghent samples resulted
in a total of 138 samples (69 cases and 69 controls) that were
used for replication purposes.

SNP genotyping

Genomic DNA concentrations were determined through tripli-
cate measurements with the PicoGreen dsDNA Assay Kit

(Invitrogen, Carlsbad, CA, USA). Additionally, the quality
of the genomic DNA was assessed for each sample by
spectrophotometric analysis and gel electrophoresis. Each
individual contributed a total of 200 ng of DNA to the pool,
and each pool was created de novo a total of three times.
Each of these three pools was then genotyped in triplicate
on the GeneChipw Human Mapping 500 K array pair from
Affymetrix (Santa Clara, CA, USA). Individual-based SNP
genotyping was performed by KBiosciences (Hoddesdon,
UK) using fluorescence-based competitive allele-specific
PCR (KASPar). Resequencing was conducted with standard
Sanger sequencing procedures (Applied Biosystems, Foster
City, CA, USA) and subsequent rs35106713 and rs3749448
genotyping was performed using Taqman assays (Applied
Biosystems) on a real-time PCR machine (Roche, Basel,
Switzerland). Individual-based SNP genotype data for the
GRM7 locus can be freely downloaded at http://www.tgen.
org/neurogenomics/data.

Statistical analysis

SNPs from the pooled GWAS were ranked using the freely
available GenePool software developed by our group and
reported elsewhere (27). Each subpopulation was evaluated
separately (i.e. Antwerp cases were compared to Antwerp con-
trols to generate the SNP scores and rankings). Using k-
correction factors, allele frequencies and subsequently the
associated allele were determined for each subpopulation sep-
arately as previously described.

For the analysis of the European replication group and for
the finemapping, tests for deviation from HWE and tests for
association (using allele x2 P-values) were applied for all
SNPs using Haploview or SPSS 15.0 software (Chicago, IL,
USA; http://www.spss.com). Permutation testing (n ¼ 1 �
106 permutes) was performed using the module from Haplo-
view.

Mouse immunohistochemistry

Swiss mouse inner ear tissue from PD1, PD21 and adult mice
(age ranging from PD42 to PD70) was prepared as described
previously (54). Briefly, mice were transcardially perfused,
inner ears were removed and postfixed in 4% phosphate-
buffered paraformaldehyde. After fixation, P21 and adult
inner ears were decalcified in phosphate-buffered saline
(PBS) containing 5% ethylenediaminetetraacetic acid. Tissue
was paraffin embedded and mounted on uncoated glasses. Sec-
tions were blocked using an endogenous avidin/biotin block-
ing kit (Zymed Laboratories, San Francisco, CA, USA), as
described by the manufacturer. To avoid non-specific
binding from the primary antibody, sections were blocked
with 50 mM glycin/PBS. Then, slides were incubated in block-
ing buffer containing PBS, 10% normal goat serum, 0.05%
thimerosal, 5% bovine serum albumin (BSA) and 0.3%
Triton X-100. Subsequently, sections were incubated over-
night at 48C with peptide-affinity purified rabbit polyclonal
antibody to mGluR7 (Imgenex, San Diego, CA, USA), at a
dilution of 1:150 in PBS with 0.3% Triton X-100 (tx-PBS).
This antibody was raised against a synthetic peptide corre-
sponding to the N-terminal extracellular domain of human

Figure 6. Selection of the samples based on Zhigh, a gender- and
age-independent measure of high-frequency hearing impairment. The Zhigh-
score of each selected individual is represented by a circle. The two Finnish
groups, Oulu and Tampere, are separated from the general European groups
(AN, Antwerp; CO, Copenhagen; GE, Ghent; NY, Nijmegen; PA, Padova;
TU, Tübingen; OU, Oulu; TA, Tampere).
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mGluR7 and was shown to crossreact with mouse (http://
www.imgenex.com/antibody_details.
php?catalog=IMG-71406). Biotinylated Fab fragments of goat
anti-rabbit immunoglobulin (Ig) G (Rockland, Gilbertsville,
PA, USA), diluted 1:500 in tx-PBS, were added for 2 h. Sec-
tions were washed and incubated in Cy3-conjugated streptavi-
din (Jackson Immunoresearch Laboratories, West Grove, PA,
USA), diluted 1:5000 in PBS. Finally, slides were mounted
with Citifluor (Ted Pella, Redding, CA, USA) and studied
with fluorescence and confocal microscopy.

Human immunohistochemistry

Human temporal bone sections were embedded in celloidin
and stored in 80% ethanol. The sections were washed in
ethanol followed by a wash in methanol. A non-heated
antigen retrieval reagent [Saturated NaOH (Sigma, St Louis,
MO, USA)] and methanol at a concentration of 1:3 were
applied to the sections for 5 min. Sections were washed in
various concentrations of methanol and rinsed in PBS. Each
section was placed in 0.3% Triton-X100 (Sigma, St Louis,
MO, USA) and washed in PBS. The sections were incubated
in 10% BSA (Sigma) to block non-specific binding. After
blocking, sections were incubated with the primary antibody
(mGluR7, Imgenex) used at a concentration of 2 ml/ml. Sec-
tions were washed in PBS and incubated in 7 mg/ml biotiny-
lated secondary antibody (LSAB2 system, Carpinteria, CA,
USA). Sections were then washed in PBS and incubated in a
tertiary antibody or labeled antibody–Streptavidin conjugated
enzyme (LSAB2 system, Carpinteria, CA, USA). Following
this incubation, the sections were washed in PBS and 20 ml
of fast red chromogen (Chromogen and Substrate Kit, Bio-
genex, San Ramon, CA, USA). The sections were washed in
PBS to stop the chromogen reaction and placed in distilled
water. Each section was then counterstained with Mayer’s
Hematoxylin (Biogenex), rinsed with tap water and 1%
ammonium water. Finally, each section was rinsed in distilled
water and mounted onto a glass slide with aqueous mounting
media (Biogenex) and cover slipped.

Cloning of GRM7 fragment

Mouse brain RNA was isolated using Trizol (Invitrogen) and
reverse-transcribed with the SuperscriptTM III First-strand syn-
thesis system for RT–PCR (Invitrogen). A 839 bp-fragment of
mouse GRM7 [nucleotides 901–1739 (based on numbering by
Kosinski) (55)] was amplified using the iProof High-fidelity
DNA polymerase kit (BioRad, Hercules, CA, USA) according
to the manufacturer’s instructions, in the presence of 200 mM

dNTP mix (BD Biosciences Clontech, Palo Alto, CA, USA)
and 0.5 mM of each primer (50-AGAGCTGACCAAGTAGG
AC-30 and 50-GGGATGTTCTGACAGCCAG-30) (Invitrogen).
PCR product was gel-purified using the QIAquick Gel
Extraction kit (QIAGEN GmbH, Hilden, Germany) and
30A-overhangs were generated by adding 1x PCR-buffer,
200 mM dNTP mix (BD Biosciences Clontech) and 0.1 U/ml
of SilverstarTM Taq polymerase (Eurogentec, Seraing,
Belgium), followed by an incubation at 728C for 10 min.
The fragment was subsequently cloned with the TOPO TA

Cloning kit for sequencing (Invitrogen), following the manu-
facturer’s protocol. Inserts were verified by DNA sequencing.

In situ hybridization

In situ hybridization experiments were carried out in wild-type
C3HeB/FeJ mouse inner ears. For probe labeling, plasmids
were linearized with either NotI or SpeI (Fermentas GmbH,
St Leon-Rot, Germany), and digests were purified using the
Rapid PCR purification system (Marligen Bioscience Inc.,
Ijamsville, MD, USA). Subsequently, digoxigenin (DIG)-
labeled antisense and sense riboprobes were generated with
T3 and T7 polymerase using Riboprobew in vitro Transcrip-
tion Systems (Promega, Madison, WI, USA) and DIG-11-
UTP (Roche Diagnostics, Brussels, Belgium), as prescribed
by the manufacturer. Riboprobes were then hydrolyzed to a
fragment length of approximately 150 bp. After ethanol pre-
cipitation, pellets were dissolved in diethylpyrocarbonate
(DEPC)-treated water. Probe concentrations were determined
using the DIG Nonradioactive Nucleic Acid Labeling and
Detection System (Roche Diagnostics) according to the
instructions of the manufacturer. In situ hybridization on
tissue sections was performed with modifications as described
(56). Briefly, sections were treated with 2 mg/ml proteinase
K. The tissue sections were then delipidated and dehydrated
before hybridization. Hybridization with digoxigenin-labeled
riboprobes was performed at 608C overnight in a hybridization
buffer solution. After hybridization, sections were incubated in
20% heat-inactivated sheep serum in PBS with 0.1%
Triton-X100 (PBT) to block non-specific binding sites. To
visualize the hybrids, the sections were incubated with an anti-
digoxigenin antibody (conjugated with alkaline phosphatase).
The slides were developed after the addition of a chromogenic
substrate, BCIP using NBT as a catalyst. Three PD6 mice ears
were analyzed using the Grm7 probe.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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