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a b s t r a c t

Loss of spiral ganglion neurons is a major cause of age-related hearing loss (presbycusis). Despite being
the third most prevalent condition afflicting elderly persons, there are no known medications to prevent
presbycusis. Because calcium signaling has long been implicated in age-related neuronal death, we
investigated T-type calcium channels. This family is comprised of three members (Cav3.1, Cav3.2, and
Cav3.3), based on their respective main pore-forming alpha subunits: a1G, a1H, and a1I. In the present
study, we report a significant delay of age-related loss of cochlear function and preservation of spiral
ganglion neurons in a1H null and heterozygous mice, clearly demonstrating an important role for Cav3.2
in age-related neuronal loss. Furthermore, we show that anticonvulsant drugs from a family of T-type
calcium channel blockers can significantly preserve spiral ganglion neurons during aging. To our
knowledge, this is the first report of drugs capable of diminishing age-related loss of spiral ganglion
neurons.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Functional decline of the nervous system is a cardinal feature of
normal aging. In the central nervous system, loss of neuronal
connections, rather than loss of neurons, may be the major cause of
age-related functional decline (Morrison and Hof, 1997). In the
peripheral nervous system, however, age-related loss of neurons
significantly contributes to functional decline (Bao and Ohlemiller,
2010; Rattner and Nathans, 2006; Thrasivoulou et al., 2006). The
mammalian cochlea typically displays progressive age-related
hearing loss (presbycusis), starting in the high frequencies. This

loss primarily reflects the loss of hair cell receptors and their post-
synaptic targets, the spiral ganglion neurons (SGNs), in the basal
region of the cochlea (Ohlemiller and Frisina, 2008; Schacht and
Hawkins, 2005). Currently, there is no effective medication to
prevent or treat presbycusis, which affects about half of the pop-
ulation over 75 years old (Gates and Mills, 2005).

Disturbance of neuronal calcium homeostasis has long been
suggested to be an important factor underlying age-related
impairment of neuronal function (Bao et al., 2005; Buchholz et al.,
2007; Toescu et al., 2004; Zettel et al., 1997, 2003). Human pop-
ulation studies have linked use of calcium channel blockers to better
hearing thresholds in females during aging (Mills et al., 1999), sug-
gesting that calcium dysregulation contributes to presbycusis. In
both hair cells and SGNs, intracellular calcium levels are regulated,
in part, by several types of calcium channels, including voltage-
gated calcium channels (VGCCs) (Lee et al., 2007; Lopez et al.,
2003; Nie et al., 2008; Shen et al., 2007). These VGCCs can be
divided into two groups: high-voltage activated and low-voltage
activated calcium channels (Errington et al., 2005). The family of

Abbreviations: SGN, spiral ganglion neuron; VGCC, voltage-gated calcium
channel; OHC, outer hair cell; IHC, inner hair cell; ABR, auditory brainstem
response.
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low-voltage activated, or T-type, calcium channels, is comprised of
three members (Cav3.1, Cav3.2, and Cav3.3), based on their respec-
tive main pore-forming alpha subunits: a1G, a1H, and a1I (Perez-
Reyes et al., 1998). It has been shown that expression of the a1G,
a1H, or a1I subunit alone can reproduce characteristics of T-type
calcium channels (Lacinova, 2004; Perez-Reyes, 2003; Yunker and
McEnery, 2003). With regard to distribution, T-type calcium chan-
nels are found throughout the nervous system (Talley et al.,1999). In
the organ of Corti, where hair cell receptors are located, a1G and a1I
subunits are weakly expressed in both outer and inner hair cells
(OHCs and IHCs), while robust a1H expression and moderate
expression of the other two subunits are found in SGNs (Shen et al.,
2007). One recent study implicated the role of the a1G gene in
a hypoxia-like neuronal death (Kim et al., 2011). To date, no studies
have explored possible functions of T-type calcium channels in age-
related neuronal loss in vivo.

To investigate how T-type calcium channels may affect age-
related loss of spiral ganglion neurons, we examined mice homo-
zygous or heterozygous for a null allele of the a1H calcium channel
subunit on a C57BL/6 (B6) genetic background. The aging B6 mouse
cochlea reproduces several characteristics of the aging human
inner ear and is commonly used to study processes that underlie
presbycusis (Ohlemiller, 2006). In the present study, we demon-
strate that B6 mice homozygous or heterozygous for a null allele of
the a1H calcium channel subunit show significant delay of age-
related increase in auditory brainstem response (ABR) thresholds,
and that this delay is associated with a dramatic decrease in age-
related SGN loss. In addition, we show that members of a family
of anti-epileptic drugs that block T-type calcium channels can delay
age-related SGN loss and preserve ABR thresholds in B6 mice. Our
findings implicate T-type calcium channels in age-related SGN loss
and demonstrate a possible therapy for presbycusis using FDA-
approved drugs that regulate these channels.

2. Materials and methods

2.1. Animals and treatments

B6 congenic a1H�/þ and a1H�/� mice were housed five per cage,
with food and water available. Both a1H�/þ and a1H�/� mice had
been backcrossed to B6 over 10 generations. Mice were maintained
in a noise-controlled environment on a 12 h light/dark cycle, with
light onset at 6:00 a.m. T-type channel blockers trimethadione and
ethosuximide were obtained from Sigma Chemical Co. (St. Louis,
MO). To determine the appropriate dosage of these drugs for mice,
with guidance from previous studies (Barton et al., 2001; Shen
et al., 2007; Zhang et al., 1996), we treated four groups (10 mice
per group) with trimethadione or ethosuximide at 0, 40, 200, and
400 mg/kg body weight in drinking water for two months. Gross
and histopathological examination of the liver and kidney showed
no differences between control and drug-treated groups at the
three dosages. Thus, drug-treated groups were administered tri-
methadione or ethosuximide (200 mg/kg body weight) and 1%
sucrose in drinking water. The drug solution was adjusted to body
weight, maintained in colored bottles, and changed once every
three days. Control mice were given drinking water containing 1%
sucrose only. The body weight and general health of all mice were
monitored daily. All procedures were approved by the Animal
Studies Committee at Washington University in St. Louis.

2.2. Functional assays

ABR testing was performed in a foam-lined, double-walled
soundproof room. Animals were anesthetized (80 mg/kg ketamine,
15mg/kg xylazine, i.p.) and stabilized in a custom head holder. Core

temperature was maintained at 37 �C using a thermostatically
controlled heating pad in conjunctionwith a rectal probe. Platinum
needle electrodes were inserted subcutaneously just behind the
right ear (active), at the vertex (reference), and in the back
(ground). Electrodes were led to a Grass P15 differential amplifier
(100 Hze10 kHz, �100), then to a custom broadband amplifier
(0.1 Hze10 kHz, �1000), and digitized at 30 kHz using a Cambridge
Electronic Design Micro1401 data acquisition unit in conjunction
with SIGNAL and custom signal averaging software operating on
a 120 MHz Pentium PC. Sine wave stimuli generated by a Wavetek
Model 148 oscillator were shaped by a custom electronic switch to
5ms total duration, including 1 ms rise/fall times. The stimulus was
amplified by a Crown D150A power amplifier with output to
a KSN1020A piezo ceramic speaker located 7 cm directly lateral to
the right ear. Stimuli were presented freefield and calibrated using
a ¼ inch microphone placed where the pinna would normally be.
Toneburst stimuli at each frequency and level were presented 1000
times at 20/s. The minimum sound pressure level required for
a response (short-latency negative wave) was determined at 5, 10,
14.2, 20, 28.3, 40, and 56.6 kHz, using a 5 dB minimum step size.
The experimenter was blind to the experimental conditions.

2.3. Real-time RT-PCR and immunostaining assays

Total RNAs from individual mice (two cochleae) at each age
group were extracted using RNAqueous (Ambion, Austin, TX). To
avoid any DNA contamination during RNA extraction, at the final
step of extraction, 1 mL of DNase I was added to 49 ml elution buffer
to extract total RNA from an RNA extraction column. The solution
was incubated at 37 �C for 15 min and heated to 100 �C for 5 min to
kill the DNase I. Then the RNA was quantified with RiboGreen RNA
quantitation reagent (Molecular Probes, Eugene, OR). Prior to
reverse-transcription to generate cDNA, the quality of RNA was
determined by checking ribosomal RNA integrity on a 3% denatured
agarose gel. Ten microliters of a total of 50 ml RNA were reverse
transcribed in total 20 ml using random hexamers and Superscript II
reverse transcriptase (Invitrogen, Carlsbad, CA). Standard curves for
GAPDH and three a1 subunits were made using their respective
cDNA plasmids at five dilutions. Primers used for real-time RT-PCR
of these mouse genes were:

GAPDH:5-CCTGGCCAAGGTCATCCATGACAAC-3 and 5-TGTCATACC
AGGAAATGAGCTTGAC-3;a1GSubunit: 5-ATGGCAAGTCGGCTTCAGG-
and 5-TGTCAGAGACCATGGACACCAG-3; a1H Subunit: 5-TGTTCCG
GCCCTGTGAGGA-3 and 5-CCATGACGTAGTACATGATGTCC-3;a1I Sub-
unit: 5-ATCTGCTCCCTGTCGG-3 and 5-GAGAACTGGGTCGCTATG-3;

The change of each a1 subunit during aging wasmeasured using
the LightCycler System 1.5 (Roche, Mannheim, Germany). PCR
protocols of the LightCycler System for GAPDH and each a1 subunit
were optimized with the LightCycler FastStart DNA MasterPLUS

SYBR Green I kit (Roche, Mannheim, Germany). Two microliters of
each 20 ml cDNA was added to a 20 ml PCR reaction mixture con-
taining 1� PCR buffer, 0.5 mM of each primer, and Master Mix from
the kit. The number of PCR cycles until the fluorescence intensity
exceeded a predetermined threshold was measured automatically
during PCR. Quantification of the initial amount of template
molecules was achieved by calculating this number of PCR cycles
with the number from the standard samples. The difference in the
initial amount of total RNA among the samples was normalized
using the housekeeping gene GAPDH. Besides using melting curve
analysis to ensure the right PCR product, we also examined each
PCR product on a 3% agarose gel after each experiment.

Immunocytochemisty was performed as described previously
(Bao et al., 2004). Cochleae were removed under a dissection scope,
and were fixed overnight at 4 �C and decalcified for 2 days in 0.1 M
sodium phosphate solution (PBS, pH 7.4) containing 4%
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paraformaldehyde and 0.25 M EDTA. The cochleae were cry-
oprotected in 20% glycerol in PBS at �20 �C. The tissue was then
embedded in Tissue-Tek Optimal Cutting Temperature (OCT)
compound (Sakura, USA) on dry ice. Frozen sections were cut
vertically to the axis of the cochlea. Sections were rinsed in PBS and
permeabilized in 0.3% Triton X-100 for 20 min. Next, tissues were
incubated in the primary antibody for a1 subunits (1:100, Santa
Cruz) overnight at 4 �C. The tissues were then washed in PBS three
times for 10 min each, and incubated with secondary antibodies of
Alexa Fluor 660-conjugated anti-rabbit IgG, Alexa Fluor 660-
conjugated anti-goat IgG, or Alexa Fluor 488-conjugated anti-
sheep IgG (both from Molecular Probes) at a dilution of 1:200 for
1 h. All sections were washed and coverslipped for observation.
Images were captured using a Nikon microscope. Control experi-
ments were performed to verify that specific immunostaining did
not occur in the absence of primary antibodies.

2.4. Quantification of SGNs, IHCs, and OHCs

Cochleae were sectioned parallel to the modiolar axis at
a thickness of 50 mm. A Nikon microscope was equipped with
a motorized stage controlled by the Stereo Investigator software for
precise, well-defined movements along the x, y, and z axes. High-
resolution images and a thin focal plane were obtained using
a 60� oil immersion objective lens from Nikon with a numerical
aperture of 1.40. The optical fractionator method was used to
estimate the total number of SGNs in each spiral ganglion by the
optical dissector. A clear nucleolus, a large nucleus, and a clearly
defined oval body were used to distinguish SGNs from glial cells.
The specific feature chosen for counting was the nucleolus of each
SGN. For quantification of missing IHCs and OHCs, the whole length
of mouse cochlea basilar membrane was measured using Stereo
Investigator software by focusing on the pillar heads between the
IHCs and OHCs. All hair cells throughout the cochlea were exam-
ined with the 60� oil immersion objective lens. The percent loss of
IHCs and OHCs throughout thewhole cochleawas then divided into
five segments that represented 20% of the organ of Corti length.

2.5. Statistical analyses

Statistical significance was evaluated using two-way ANOVA,
one-way ANOVA, or Student’s t-tests, as appropriate by data set.

3. Results

3.1. Age-related changes in the expression of T-type calcium
channels

Having previously shown that all three T-type calcium channel
subunits are present in SGNs, while only a1G and a1I subunits are
present in the organ of Corti (Shen et al., 2007), we next sought to
determine whether there are age-related changes in the expression
of these subunits. Real-time RT-PCR was used to quantify and
compare mRNA expression levels of specific a1 subunits of T-type
calcium channels in B6 mouse cochleae during aging. The ratio
between the expression level of each subunit and GAPDH for a1G,
a1H, and a1I was 0.25 � 10�2, 0.86 � 10�2, and 2.0 � 10�5 at 2
months old; 0.57 � 10�2, 1.93 � 10�2, and 1.59 � 10�5 at 4 months
old; 0.20� 10�2, 2.63�10�2, and 14.9� 10�5 at 8months old. Thus,
the expression level of the a1H subunit was the highest of the three
subunits, and was significantly higher in older mice (Fig. 1A).
Immunostaining supported the conclusion that the a1H subunit is
co-localized with the other two subunits in SGNs, yet is the mostly
highly expressed of these (Fig. 1B).

Fig. 1. Age-related changes in expression of the a1 subunits in the cochlea during
aging. (A) Mean (þSD) expression of the a1G, a1H and a1I subunits as determined by
real-time RT-PCR quantification in female mouse cochleae at 2, 4, and 8 months of age
(n ¼ 6 per group), and a significant difference was found between adjacent ages for the
a1H gene (t-test, *p < 0.01). The expression level for each subunit was determined by
the ratio between each a1 subunit and GAPDH to eliminate possible differences in the
amount of total RNAs from each sample. (B) Immunocytochemistry showing co-
localization of the a1H subunit with the other two subunits in SGNs at 2 and 8
months of age.
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3.2. Delay of age-related increase of ABR thresholds in a1H null or
a1H heterozygous mice

The age-related increase in ABR thresholds in B6 mice acceler-
ates around 8e9 months of age, particularly above 12 kHz (Ison
et al., 2007; Spongr et al., 1997). We therefore measured ABR
threshold shifts in a1H�/� mice over the interval 9e11 months of
age, and found significant preservation of ABR thresholds in these
mice compared to B6 controls (Fig. 2A). More SGNs were also found
in the a1H�/� mice than in the control mice (Fig. 2B). A potential
caveat to this finding, however, was posed by reports of cardiac
pathology in a1H knockouts (Chen et al., 2003), although cardio-
vascular disease should actually exacerbate hearing loss (Gates
et al., 1993). To rule out this confound, we examined a1H�/þ

mice, inwhich the heart is healthy (Chen et al., 2003). Real-time RT-
PCR showed that the a1H expression level in the cochleae of
heterozygous mice was significantly lower than in controls
(Fig. 2C). We next compared ABR threshold shifts over the interval
between 9 and 11 months of age in B6 WT and a1H�/þ mice.
Threshold sensitivity in a1H�/þ mice appeared significantly
preserved, compared to age-matched controls (Fig. 2D). These data
implicate the a1H subunit of T-type calcium channels in age-related
increase of ABR thresholds in B6 inbred mice.

3.3. Delay of age-related increase of ABR thresholds by blockers for
T-type calcium channels

We next tested whether T-type calcium channel blockers tri-
methadione and ethosuximide can delay age-related increase of

ABR thresholds. One week after administration of trimethadione in
drinking water, ABR showed no difference in hearing thresholds
between treated and untreated mice at 8 months old (Fig. 3A),
demonstrating that this drug has no acute effect on hearing
thresholds. However, after administration of trimethadione to 10-
month-old mice for two months, significant reduction of age-
related ABR threshold shifts was observed compared to controls
(Fig. 3B). The average difference across seven frequencies tested
was 14.9 � 6.5 dB; while the drug treatment had no effect on body
weight or food uptake (Fig. 4). Treatment with ethosuximide
demonstrated a similar level of protection (Fig. 3C). The average
difference across seven frequencies tested was 15.8 � 7.7 dB
between control and treated mice. These data support the
contention that T-type calcium channel blockers can delay age-
related increase of ABR thresholds.

3.4. Delay of age-related SGN loss by blockers of T-type calcium
channels

Because the a1H subunit is highly expressed in SGNs (Fig. 1),
we hypothesized that preservation of ABR thresholds by down-
regulating the a1H subunit or by blocking T-type channels
reflected improved SGN survival with age. Consistent with this
hypothesis, more SGNs were observed in 12-month-old B6 mice
treated with trimethadione (Fig. 5A). We further quantified the
number of SGNs, IHCs, and OHCs across four groups: B6 controls,
B6 mice treated with trimethadione, a1H heterozygous mice, and
a1H heterozygous mice treated with trimethadione. Age-related
SGN loss was dramatically reduced in the cochleae of B6 mice

Fig. 2. Delay of age-related threshold shifts in a1H null and heterozygous mice. (A) ABR threshold shifts in female B6 WT and a1H�/� occurring between 9 and 11 months (n ¼ 4 per
group; two-way ANOVA, F ¼ 23.916, p< 0.001). (B) Comparison of total SGN number per cochlea between the same control and a1H�/� mice (t-test, *p < 0.01). (C) Real-time RT-PCR
quantification of the a1H subunit in cochleae from female B6 WT and a1H�/þ mice at 4 months of age (n ¼ 6 per group; t-test, *p < 0.01). (D) ABR threshold shifts in female B6 WT
and a1Hþ/� between 9 and 11 months (n ¼ 4 per group; two-way ANOVA, F ¼ 52.155, p < 0.001).
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treated with trimethadione compared to untreated mice (Fig. 5B;
t-test, p < 0.01). Preservation of SGNs during aging was also found
in the cochleae of a1H�/þ mice (one-way ANOVA, F ¼ 16.476,
p < 0.001). Moreover, additional SGN preservation was observed
in a1H�/þ mice after trimethadione treatment (Fig. 5B; t-test,
p < 0.01). Consistent with the expression pattern of T-type
calcium channels in the cochlea, from the apex (0%) to the base
end (100%) of the cochlea, there was no difference in age-related
loss of IHCs among the same four groups of mice (Fig. 5C).
However, significant preservation was found in the three experi-
mental groups for OHCs located 40%e80% from the apex (Fig. 5D).
Because a1H expression was not detected in OHCs (Shen et al.,
2007), the preservation of OHCs could be due to other reasons
such as reciprocal trophic support between hair cells and SGNs
(Fritzsch et al., 2004; Rubel and Fritzsch, 2002). However, no
direct relation between the survival of SGNs and OHCs was
observed. That is, OHC preservation was not clearly greater in
regions that retained more SGNs (Fig. 6).

4. Discussion

We show here that blockers of T-type calcium channels,
specifically, anti-epileptic drugs, can significantly slow age-related
ABR threshold shifts in mice, most likely through effects on the
a1H T-type calcium channel subunit. At the cellular level, slowing of
age-related SGN loss, possibly along with OHC loss, appears to
represent the principal action. Both effects could help account for
the threshold improvements we observed. Our findings suggest
a new use of these anticonvulsants and provide a molecular target
for prevention of age-related hearing and SGN loss. Notably, all
current anticonvulsant drugs produce side-effects such as dizzi-
ness. Nevertheless, because we have now identified the molecular
target, it should be possible to modify these drugs to reduce side-
effects while preserving their therapeutic effects for hearing.

One unresolved issue pertains to the cause of the preservation of
OHCs observed in both older a1H�/þ mice and WT mice treated
with trimethadione. Reciprocal trophic support between OHCs and
SGNs seems unlikely given that, in mice as in all mammals exam-
ined, only about 7% of SGNs (the type II or spiral afferents) inner-
vate OHCs, while 93% (the type I or radial afferents) innervate IHCs
(Ehret, 1979). Another possibility is that interference with T-type
calcium currents extends vitality and lifespan, thereby broadly
preserving the survival of neuronal subpopulations (Evason et al.,
2005). Were that the mechanism, however, IHCs also should have
been preserved, which was not the case. It is also possible that the
a1H subunit is expressed in OHCs, but its expression is too weak to
be detected by immunocytochemistry (Shen et al., 2007). Yet
another possibility is non-specificity of our blockers for the a1H
subnunit. In vitro tests of the neuroprotective effects of T-type
blockers on cortical and hippocampal neurons revealed protection
even for neurons from a1H null mice (Wildburger et al., 2009).
Because these neurons also express a1G and a1I subunits (Talley
et al., 1999), it is possible that the drugs protect neurons by

Fig. 3. Mean (-SD) ABR thresholds showing delay of age-related hearing loss by anti-
epileptic drugs. (A) Thresholds for controls (n ¼ 5, three males and two females) and
mice administered trimethadione in drinking water for one week (n ¼ 6, three of each
sex; all 8-month-old B6 WT mice; two-way ANOVA, F ¼ 2.012, p ¼ 0.162). (B)
Threshold shifts occurring between 10 and 12 months of age for female B6 controls
and mice treated with trimethadione for two months (n ¼ 5 per group, started at 10
months; two-way ANOVA, F ¼ 89.868, p < 0.001). (C) ABR threshold shifts occurring
between 10 and 12 months of age for female B6 controls and mice treated with
ethosuximide for two months (n ¼ 3 per group, started at 10 months; two-way
ANOVA, F ¼ 15.906, p < 0.001).

Fig. 4. Comparison of body weight and food uptake between B6 control mice and mice
receiving trimethadione at 200 mg/kg body weight. (A) No difference in gain of body
weight between control (n ¼ 10, five of each sex) and trimethadione treated (n ¼ 10,
five of each sex) after two months. (B) No difference in food uptake between the same
groups of animals. Food uptake was monitored every five days for two months.
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blocking other a1 subunits. Also of note from the in vitro tests was
the finding that blockers of L-type calcium channels conferred
protection upon neurons in long-term cultures (15 days), while the
same T-type blockers did not. For reasons not presently clear, the
utility of drug screens in long-term neuron cultures in an effort to
identify therapeutic agents against neurodegnerative diseases such
as presbycusis may be limited.

Currently, there are no known effective medications against
age-related cochlear neuronal degeneration. Clinical studies have
correlated use of L-type calcium channel blockers with lower
hearing thresholds in females during aging (Mills et al., 1999),
suggesting that altered calcium regulation contributes to presby-
cusis. This would fit well with the “calcium hypothesis of neuronal
aging,”which attributes age-related neuronal loss to excess calcium
influx via L-type voltage-gated calcium channels and impaired
calcium intracellular buffering (Foster, 2007; Thibault et al., 2007).
Few studies, however, have explored the role of T-type voltage-
gated calcium channels in similar processes. Our findings suggest

that Cav3.2 contributes to age-related SGN loss, and demonstrate
significant delays in in the manifestation of hearing loss by drugs
that block T-type calcium channels.
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months and 12 months old, with or without trimethadione in drinking water (n ¼ 8, four of each sex), and a1H�/þ mice at 12 months with or without trimethadione, 9e11 months
of age (n ¼ 6 per each group, three of each sex). (C) Comparison of missing IHCs by apical-basal cochlear location in the same 12-month-old mice (one-way ANOVA, F ¼ 0.944,
p ¼ 0.442, 0.986, 0.815, 0.978, and 0.461 at 0e20%, 20e40%, 40e60%, 60e80%, and 80e100%, respectively). (D) Comparison of missing OHCs by apical-basal cochlear location in the
same 12-month-old mice (one-way ANOVA, F ¼ 6.314, p ¼ 0.05, 0.743, 0.003, 0.027, and 0.290 at 0e20%, 20e40%, 40e60%, 60e80%, and 80e100%, respectively).

Fig. 6. Comparison of SGN density in B6 WT control mice and mice receiving trime-
thadione at cochlear locations 20e40%, 40e60%, and 60e80% from the apex (5 female
mice in each group; t-test between the control and trimethadione treated groups,
*p < 0.01).
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