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Abstract

Age-related hearing loss, presbycusis, can be thought of, in part, as a slow progressive peripheral
deafferentation. Previous studies suggest that certain deficits seen in preshycusis may partially result
from functional loss of the inhibitory neurotransmitter glycine in dorsal cochlear nucleus (DCN).
The present study assessed age-related behavioral gap detection changes and neurochemical changes
of postsynaptic glycine receptor (GlyRs) subunits and their anchoring protein gephyrin in fusiform
cells of young (7-11 month) and aged (28-33 month) Fischer Brown Norway (FBN) rats. Aged rats
showed significantly (20-30 dB) elevated auditory brainstem-evoked response thresholds across all
tested frequencies and worse gap detection ability compared to young FBN rats. In situ hybridization
and quantitative immunocytochemistry were used to measure GlyR subunit message and protein
levels. There were significant age-related increases in the o4 subunit message with significant age-
related decreases in o4 subunit protein. Gephyrin message and protein showed significant increases
in aged DCN fusiform cells. The pharmacologic consequences of these age-related subunit changes
were assessed using [3H] strychnine binding. In support of the age-related decrease of o4 subunit
protein levels in DCN, there was a significant age-related decrease in the total number of GlyR
binding sites with no significant change in affinity.

These age-related changes may reflect an effort to re-establish a homeostatic balance between
excitation and inhibition impacting on DCN fusiform cells by down-regulation of inhibitory function
in the face of an age-related loss of peripheral input. Age-related decrease in presynaptic glycine
release results in altered subunit composition and this may correlate with loss of temporal coding of
the aged fusiform cell in DCN. The previously reported role for gephyrin in retrograde intracellular
receptor subunit trafficking could contribute to the o4 decrease in the face of increased message.
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Age-related hearing loss, presbycusis, is defined as a bilaterally, progressive symmetrical
sensorineural hearing loss associated with difficulty in central auditory processing, which

Correspondence to: Dr. Donald M. Caspary, Phone: 217-545-2195, Fax: 217-545-0145, Email: dcaspary@siumed.edu.

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.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 2

affects approximately 30-35 percent of the population between 65 and 75 years of age and 40—
50 percent of people older than 75 years (NIDCD report, 2006). The most common type of
preshycusis occurs at the high frequencies and is caused by hair cell degeneration at the basal
end of the cochlea (Keithley et al., 1982; Spongr et al., 1997; Pichora-Fuller and Souza,
2003) which can be induced/exacerbated by lifetime noise exposure, ototoxic agents and
heredity.

As the first nucleus in the central auditory pathway and part of the cochlear nucleus complex,
dorsal cochlear nucleus (DCN) is thought to have a role in temporal coding of envelope
frequencies, signal detection in noise, echo suppression, and responding to spectral localization
cues (Rhode and Greenberg, 1994; Frisina et al., 1994; Joris and Smith, 1998; Spirou et al.,
1999; Qertel and Young, 2004; Reiss and Young, 2005). Human studies indicate age-related
changes in temporal activity and cortical processing between young and aged subjects with
normal hearing (Schneider et al., 1994; Snell, 1997; Ostroff et al., 2003). These data suggested
that age-related hearing loss alters temporal response properties in the central auditory system,
which may be related to age-related changes regulating excitatory and inhibitory
neurotransmission (Tremblay et al., 2002, 2003; Caspary et al., 1995; Palombi and Caspary,
1996). DCN is organized into three layers: a deep layer that primarily receives acoustic nerve
inputs; a superficial layer that receives input from non-auditory as well as descending auditory
structures forming a cerebellar-like network; and a middle layer containing fusiform, cartwheel
and granule cells. Fusiform cells comprise the major output cells of the DCN, projecting
primarily to the contralateral inferior colliculus (Beyerl, 1978; Paloff and Usunoff, 1992; Zhang
and Oertel, 1994). Fusiform cells receive focused glycinergic input from vertical cells in DCN
(Rhode, 1999) and less narrowly tuned inhibitory projections from glycinergic D-multipolar
cells in the ventral cochlear nucleus (VCN) (Saint-Marie et al., 1991; Kolston et al., 1992;
Doucet et al., 1999). DCN rodent aging studies show decreased glycine immunostaining
(Willott et al., 1997) along with an age-related reduction in cochlear nucleus (CN) glycine
levels (Banay-Schwartz et al., 1989). Caspary and colleagues (Caspary et al., 2005; Schatteman
et al., 2008) showed significant age-related functional changes in the response properties of
fusiform cells, suggestive of a selective down regulation of glycinergic inhibitory processing
in the DCN.

Glycine is the primary inhibitory neurotransmitter in DCN and glycine receptors (GlyRs) are
made up of subunits which form pentameric protein complexes constituting a ligand-gated ion
channel permeable to chloride ions (Langosch et al., 1990). The nature of the subunit
composition impacts the physiology and the pharmacology of GlyRs (Betz et al., 1999;
Legendre, 2001). GlyRs are traditionally believed to be heteromeric, composed of three o and
two 3 subunits (3a2pB) (Betz et al., 1999; Legendre, 2001). A recent stoichiometric study using
co-expression of wild type a or  subunits with a4 3 tandem constructs, suggested a 2033 subunit
stoichiometry (Grudzinska et al., 2005). Alpha subunits are able to assemble into functional
homomeric GlyRs which may predominant during development (Legendre, 2001). The a4
subunits are widespread in brainstem and spinal cord including the brainstem central auditory
pathway (Lynch, 2004). The a, subunits are not only abundant during embryonic development
(Sato et al., 1992) but to some extent persist into adulthood (Danglot et al., 2004). The ag
subunit distribution resembles o4 and is expressed at a lower level during development
(Malosio et al., 1991; Lynch, 2004). Gephyrin, a tubulin-binding protein, binds to the
cytoplasmic loop of the B subunits and is essential for GlyR clustering at postsynaptic
membrane sites (Meier et al., 2000). In addition to age-related changes, inhibitory amino acid
receptors have been shown to undergo plastic changes with partial deafferentation (Krenning
etal., 1998; Caspary etal., 1999; Fukuoka et al., 1998). The present study examined age-related
changes in the makeup and pharmacology of the GlyR. Fusiform cell glycine receptor subunits
and gephyrin message and protein levels were assessed. Quantitative receptor binding
autoradiography was used to assess receptor function.
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Subjects were male young adult (7-11 months of age; 40) and aged (28-33 months of age; 36)
Fischer Brown Norway (FBN) rats from Harlan Sprague-Dawley Inc. (Indianapolis, IN), under
a contract through the Office of Biological Resources of the National Institute on Aging. Rats
were generally housed at Southern Illinois University (SIU) and used under protocols approved
by the SIU Laboratory Animal Care Committee.

Auditory brainstem response

The degree of age-related hearing loss was measured by auditory brainstem response (ABR)
for both left and right ears. ABR testing was conducted in a double-wall sound-attenuation
chamber using an Intelligent Hearing Systems (Miami, FL) high-frequency system. Subdermal
electrodes were inserted posterior to each pinna and an apex reference electrode was placed at
the dorsal cranial midline, with the ground electrode in the animal's hind leg. ABR thresholds
were obtained for clicks and 5 msec tone bursts presented at a rate of 50/sec. Tone bursts (4,
10, 16, 20, 24 and 32 kHz) were gated using a Blackman envelope (2.5 msec rise/decay, 0 msec
plateau). Evoked potentials were averaged over 1024 sweeps. Amplifier gain was set at 200X
and waveforms were filtered using a 100-3000 Hz bandpass filter.

Gap detection testing

Testing was conducted using the Kinder Scientific startle reflex hardware and software
customized for this application by the manufacturer (Kinder Behavioral Testing Systems,
Poway, CA). Sixteen young and 15 aged FBN rats were tested using the equipment with similar
procedures described to Turner et al. (2006). Briefly, animals were tested inside a sound-
attenuating box with background noise presented through one speaker (Vifa XT25TG30-04)
and the startle stimuli presented through a second speaker (Powerline CTS KSN-1005)
mounted in the ceiling of the testing chamber, 15 cm above the animal. A clear polycarbonate
animal holder with slits cut for sound passage was suspended above the floor allowing the
animal to turn around freely while minimizing excessive movement. A piezo transducer plate
was attached to the animal holder and provided a measure of the startle force applied by the
animal. An adjustable-height roof was set to a level so that the animal was unable to rear up;
a behavior that adds variability to the startle response. The background signal in the chamber
consisted of 75 dB SPL broadband noise (BBN) calibrated using a cloth model rat with a Bruel
and Kjaer Pulse System via a 2 inch free field microphone (Bruel and Kjaer Model 4191-A).
Baseline noise levels in the test chamber (with background test noise turned off) were measured
below 20 dB SPL in the 4-40 kHz range. The session began with a 2-min acclimation period
followed by 2 startle-only trials (noise burst at 115 dB SPL, 20 msec in duration) to habituate
the startle response to a more stable baseline. These 2 data points were not used in the analysis.
The remainder of the session consisted of additional startle-only trials pseudo-randomly mixed
with gap trials. Gap trials consisted of startle stimuli preceded by 100 ms by one of eight
different gaps (10 trials each) of variable duration (1, 2, 3, 4, 5, 10, 15 and 50 ms) and were
shaped with a 0.1 ms rise/ fall time. The presence of a detectable gap in the background inhibits
the subsequent startle reflex amplitude in a reliable manner. If the animal cannot detect a gap,
startle reflex amplitude is no different than the control (no gap, startle only) condition. Startle
testing does not cause a temporary or permanent threshold shift in mice (Willott and Turner,
1999). Using this behavioral equipment and stimulus settings, pilot experiments revealed no
pre-to-post ABR threshold shifts either immediately or 1 week post startle testing (Turner et
al., 2006).
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Frequency division of the DCN

Previous studies using c-fos expression and electrophysiological techniques delineated the
tonotopicity gradient along the mediolateral axis of the DCN in rats and cats. Low frequencies
were found laterally with high frequencies represented medially (Rose et al., 1959; Rose,
1960; Yajima and Hayashi, 1989; Rouiller et al., 1992; Friauf, 1992; Saint Marie et al.,
1999). Based on these data, the DCN was divided into three parts, a most medial third, a middle
third and a most lateral third of DCN, representing high, middle and lower frequency areas
respectively (Fig. 1; Ryan et al., 1988; Yajima and Hayashi, 1989; Saint Marie et al., 1999).

In situ hybridization and autoradiography

Thirteen rats (seven young adult and six aged) were used for in situ hybridization experiments;
each replication included one young and one aged animal for processing. Animals were
decapitated and their brains were rapidly removed and immediately frozen on powdered dry
ice and stored at —80°C until use. Serial coronal sections (16-pm thick) from bregma —10.52
to —11.6 were cut at —20°C on a cryostat (Leica CM1850 Microsystems, Nussloch GmbH,
Germany) and thaw-mounted on Superfrost/Plus slides (Fisher Scientific, St. Louis, MO,
USA). Tissue preparation and hybridization procedures were performed as described
previously (Milbrandtetal., 1997; Krenning etal., 1998; Ling et al., 2005). In situ hybridization
was performed with 3’ 35S-labelled oligonucleotide probes designed to detect GlyR subunits
(a1-3) and gephyrin. Oligonucleotide probe sequences are detailed in Table 1.

Finally, sections were dipped in Kodak NTB-2 photographic emulsion (VWR, West Chester,
PA, USA) and stored at 4°C for 1 or 2 weeks (depending on the probe and labeling). Sections
were developed in Kodak D-19 (Eastman-Kodak, Rochester, NY, USA) and counterstained
with thionin. No labeling was observed in the two extra sections processed with control
hybridization buffer using an unlabeled oligonucleotide probe.

Autoradiographs (corresponding to 12 or 14 sections per animal) were digitized using a CCD
camera. Hybridization signals (silver grains) were quantified with a computerized image
analysis system (CoolSnap monochrome digital camera interfaced with a Nikon Microphot
light microscope and coupled to an MCID imaging system with Elite 6.0 software). An average
of 15-30 fusiform cells was measured from each section. The numbers of grains over the
fusiform cell soma were expressed as density of silver grains/100 um?, and as such were not
influenced by changes in neuron size and/or neuronal shape. Density values were corrected by
subtracting background labeling obtained from five random areas located off the tissue sections
of each slide (Milbrandt et al., 1997; Krenning et al., 1998).

GlyR subunits and gephyrin protein levels

Immunocytochemistry—The procedure used for quantitative immunocytochemistry was
based on those published by Ling et al. (2005) and Abbott et al. (1994). Briefly, four rats from
each young and aged group were anesthetized with a mixture of ketamine (105 mg/kg body
wt. i.p.) and xylazine (7 mg/kg body wt. i.p.) and transcardially perfused with 500 ml of fixative
containing 4% paraformaldehyde in PBS buffer (pH 7.4). The brains were removed, dehydrated
in 20% sucrose and stored at —80°C until use.

Cryostat frozen sections (16 um) were cut and blocked in 1.5% normal donkey serum in 0.1
M PBS for 30 min, then transferred to purified primary antibody diluted in blocking buffer
(GlyR a3 polyclonal anti-goat primary antibody, 1:100; GlyR a,. polyclonal anti-rabbit
primary antibody, 1:100; GlyR o3: polyclonal anti-rabbit primary antibody, 1:200; Gephyrin:
polyclonal anti-rabbit primary antibody, 1:100; all from Santa Cruz Biotechnology, Inc, Santa
Cruz, CA, USA). For each antibody, one extra slide was processed with the primary antibody
omitted, as a control. In these sections, only background staining was observed. Sections were
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incubated for 1.5 hrs and then at 4°C overnight with agitation. ABC kits (Vector Laboratories,
Burlingame, CA, USA) were used with a secondary biotinylated antibody. Sections were
visualized by exposure to 3,3'-diaminobenzidine (DAB) in PBS for 1-3 min. Images were
captured using a CoolSnap camera interfaced with a Leitz Diaplan microscope coupled to an
ImagePro Plus imaging system. Images were captured at 10X including a calibration
micrograph standard and each section contained an average of 30-40 fusiform cells. Relative
optical density (ROD) for each DCN fusiform cell somawas measured using NIH Scion Image.
ROD is an average measure of density/unit area, therefore, independent of age-related changes
in neuronal size or shape. Estimates of protein expression levels were based on the findings of
Huang et al. (1996). Using an antibody for a GABA receptor /3 subunit, Huang et al.
(1996) found a strong, positive linear relationship between immunostaining intensity and
antigen concentration estimating that this method could detect protein level changes of less
than 10% reflected in immunostaining intensity in brain sections. Notably, fusiform cell bodies
are oriented more horizontally in the high frequency region of DCN than in the middle and
low frequency regions. All values were corrected by subtracting background obtained from
the measurements of negatively stained strial fibers within the deep DCN.

[3H]Strychnine binding

Four young and four aged rats were decapitated and the brains were stored at —80°C until
sectioned. Strychnine binding sites were examined using a modified protocol of Milbrandt and
Caspary (1995). Tissue sections (16 pm) were pre-washed twice in 50 mM Na-K phosphate
buffer for 25 min and incubated with 0, 2, 4, 8, 12, 16, 32 nM [3H] strychnine (2325 Ci/mmol,
New England Nuclear, Boston, MA, USA) in 50 mM Na-K buffer for 20 min. Non-specific
binding was determined by incubating companion slides with [3H] strychnine and 10 mM
glycine. Incubation was terminated by a quick dip in 50 mM Na-K phosphate buffer followed
by a 2 min wash in the same buffer twice and one quick dip in distilled water, then air dried.
Sections were apposed to tritium sensitive phosphor screens (PerkinElmer Life and Analytical
Sciences, Waltham, MA) with calibrated autoradiographic [3H]-Tritium standard (American
Radiolabeled Chemicals Inc. St. Louis, MO, USA) for 3 days. Images were scanned using a
Cyclone Storage Phosphor System and quantified by using OptiQuant image analysis software
(version 3.10). Average optical density was determined by taking multiple density readings
from the area of interest. There were no significant density differences between low, high and
middle frequency regions, therefore, the combined DCN results are presented. The commercial
standards have been previously calibrated against known amounts of tritium and protein by
the American Radiolabeled Chemicals Inc. Use of these standards allows for the conversion
of areal optical density to fmol/mg protein. Saturation data were determined by using a
Scatchard analysis. Kgand Byax Values were determined for each animal and averaged for each
age group. Images were imported and analyzed in GraphPad Prism (version 4.0). Specific
binding was determined by subtracting nonspecific binding from total binding.

For better resolution of images, the slides were apposed to Tritium Hyperfilm (GE Healthcare,
Piscataway, NJ, USA) for 4-5 weeks at 4°C. The films were later developed in Kodak D19
(Eastman-Kodak, Rochester, NY, USA) for 4 minutes at room temperature, stopped in 1%
acetic acid, fixed in Kodak rapid fixer, washed, and air dried. Films were placed on a light box,
and digitized images were captured by using a CCD video camera.

Statistical analysis

Data were imported to Excel spreadsheets (Excel; Microsoft Corp, Redmond, WA, USA) and
assessed for integrity and distributional characteristics. Descriptive statistics and graphical
depictions were used to determine if transformations and/or adjustments were necessary to
meet the assumptions of the inferential statistical procedures employed. Bonferroni corrections
were used to ensure that experiment-wise Type | error rates did not exceed the stated alpha
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level p<0.05. Statistical procedures were implemented within SPSS 14.0 (SPSS, Chicago, IL,
USA). Statistical differences in ABR's between young and aged groups were determined by a
mixed effects analysis of variance (ANOVA) with repeated measures. For each gap duration,
data from gap detection yielded a single value expressed as a percentage (mean response in
gap trials/ mean response in startle-only trials). ANOVAs were used to compare differences
in gap detection between age groups. Differences between age groups for in situ and
immunochemistry protein data were evaluated using factorial ANOVAs.

1. Age-related threshold shifts

Data from 38 FBN rats are presented in this study. Clicks and six tone bursts (4, 10, 16, 20, 24
and 32 kHz) were used to obtain ABR thresholds. Young rat thresholds (n = 21) were measured
at 7-8 months while aged rats (n = 17) were 28-29 months old (Fig. 2). Aged animals showed
significantly elevated thresholds for all tones tested from 4-32 kHz and for clicks (p < 0.02)
(Fig. 2) and these age-related threshold shifts were greatest at the lowest frequency measured,
4 kHz, likely reflecting previously described apical pattern of outer hair cell loss (Caspary and
Turner, 2005).

2. Gap detection in young and aged FBN rats

Baseline responses reflect the force applied by animals from normal movement when no startle
stimulus is present (Fig. 3). For gap durations above 3 ms (gaps, which normal animals would
be expected to hear), detection was significantly worse in aged FBN rats [Fig. 3. F (1, 58) =
5.07, p = 0.02]. Threshold, defined as a 20% reduction of baseline startle reflex, was
approximately 4 ms in young rats and close to 10 ms in aged rats. Aged rats also exhibited a
shallower slope as a function of gap width than young animals. Whereas young animals showed
marked improvement in gap detection between 3-50 ms, improvements in aged animals across
these same gap widths were more flat. Aged animals also exhibited greater variability in their
gap response evidenced by the larger standard error bars.

3. Age-related fusiform cell GlyR subunit and gephyrin message changes

Distinct labeling indicating mMRNA expression of GlyR ay_3 subunits were observed over DCN
fusiform cells for all subjects (Fig. 4A, B; Table 2). Significant age-related increases in a;
message were found across the entire DCN frequency range (low, middle and high) (p < 0.05,
Fig. 4A, B). Alpha, message levels showed age-related decreases over fusiform cells within
the low and middle frequency regions of DCN with no significant change observed over
fusiform cells in the high frequency region (p <0.05, Fig. 4A). Significant age-related decreases
in a3 subunit message levels were observed throughout the fusiform cell layer (Fig. 4A). The
scaffolding protein gephyrin, which is thought to anchor postsynaptic GlyRs synaptic clusters
through its association with GlyR B subunits, showed significant age-related increases in
message over fusiform cells across all frequency regions of the DCN (Fig. 4A, B).

4. Age-related fusiform cell GlyR subunit and gephyrin protein changes

Age-related subunit protein changes were not necessarily consistent with, and in some cases
dramatically different from, observed subunit message changes. GlyR a4 subunit
immunopositive cells were evenly distributed throughout the middle layer of DCN (Fig. 5A,
B). In contrast to the observed age-related message increases, there were significant age-related
decreases in the relative optical density (ROD) of the GlyR subunit oy immunolabeling in the
middle and high frequency areas of DCN (p < 0.05, Fig. 5A, B). GlyR ay subunit protein levels
showed significant age-related decreases in middle and high frequency areas of DCN (p < 0.05
Fig. 5A). No significant GIyR ag subunit protein changes were observed across DCN fusiform
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cells (Fig. 5A). Consistent with increased message changes, significant age-related increases
in levels of the GlyR anchoring protein, gephyrin, was observed in middle and high frequency
regions (p < 0.05, Fig. 5A, B).

5. [3H] Strychnine binding

The integrity and pharmacology of GlyRs in the DCN of young and aged animals were assessed
by a GlyR binding saturation analysis using the a4 subunit selective antagonist strychnine
(Legendre, 2001; Kirsch, 2006). Levels of [3H] strychnine binding were high throughout the
young adult DCN and particularly pronounced in the middle (fusiform) layer of DCN (Fig.
6B). Consistent with the previous data from Fischer 344 rats (Milbrandt and Caspary, 1995),
no strychnine binding was observed in cerebellum. Saturation analysis (Fig. 6A) showed
specific [3H] strychnine binding across a series of concentrations in young and aged DCN.
Scatchard analyses revealed linear strychnine binding for both the young and aged group,
reflecting single affinity binding sites. A significant age-related decrease in [3H] strychnine
binding was observed in DCN (p < 0.05) of aged rats (33 mos) compared with young rats (11
mos; Fig. 6A). The total number of binding sites (Bmax) in young rats was higher than aged
rats when the By« values were analyzed based on protein concentration. Scatchard plots
obtained from saturation analysis revealed a By, = 3746 fmol/mg protein for the young rats
and Bynax = 2619 fmol/mg protein for aged rats. No age-related change in the strychnine binding
affinity to fusiform cell GlyRs was observed as indicated by the lack of change in the
equilibrium dissociation constant (Kq). Kg was calculated from saturation isotherms of young
and aged group data and showed no significant age-related slope change (Fig. 6A).

Discussion

In the present study, aged FBN rats exhibited significantly worse gap detection suggesting age-
related deficits in temporal processing. The neurochemistry data showed age-related decreases
of GlyR a4 protein level over fusiform cells in DCN, which was confirmed by the reduction
of binding sites in aged animals. The present studies revealed disconnect between age-related
GlyR a4 message and protein changes.

Age-related hypoxia and/or ischemia in the cochlea can cause excess release of glutamate
leading to excitotoxicity which could cause age-related loss of auditory inputs triggering
activity-dependent pre- and postsynaptic plastic changes in the central auditory pathway (Pujol
et al., 1990; Puel et al., 2002; Mazurek et al., 2006). These changes may include altered
neurotransmitter release, receptor composition (seen as receptor subunit changes) and
modifications in receptor intracellular trafficking, insertion or location (Milbrandt and
Caspary, 1995; Magnusson et al., 2002; Vela et al., 2003; Rissman et al., 2006, 2007; Caspary
et al., 2008). Present findings support an age-related loss of normal adult fusiform cell
glycinergic inhibitory neurotransmission due to altered postsynaptic receptor subunit number
and/or composition, location and/or receptor function in DCN.

1. Age-related ABR threshold shifts

Consistent with previous findings (Caspary and Turner, 2005; Caspary et al., 2005) for FBN
rats, aged FBN rats displayed significant, 20-30 dB, threshold shifts across all tested
frequencies with the largest shift at the lowest frequency (4 kHz). The greater ABR threshold
elevations are likely related to age-induced cochlear hair cell loss or dysfunction. Age-related
hair cell loss has been confirmed in mice, rats, guinea pigs and humans (Nadol, 1979; Keithley
and Feldman, 1982; Keithley et al., 1992; Ingham et al., 1999; Francis et al., 2003; Turner and
Caspary, 2005). The spiral ganglion neurons (SGNs) of the auditory nerve have also been
shown to degenerate with age (Otte et al., 1978; Keithley and Feldman, 1979; Keithley and
Ryan, 1989, Keithley and Croskrey, 1990; Keithely et al., 1992; Dazert et al., 1996; Spoendlin
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and Schrott, 1988, Schrott et al., 1990; Stamataki et al., 2006). Keithly et al. (1992) reported
that the greatest age-related SGN loss was found at cochlear apical turns of Brown Norway
rats, consistent with age-related apical turn outer hair cell loss in FBN rats (Caspary and Turner,
2005). Recent research by Kujawa et al. (2008) reported adult mice with hearing recovery 16
weeks after sound exposure showed no loss of hair cells but significant loss of SGNs suggesting
SGN levels do not necessarily reflect hair cell levels.

2. Age-related gap detection testing

Age-related changes of gap detection has been tested using humans, mice and gerbils
(Schneider et al., 1994; Snell, 1997; Walton et al., 1997; Syka et al., 2002; Allen et al., 2003;
Hamann et al., 2004). In our study, aged FBN rats exhibited significantly worse detection at
gap durations above 3 ms (Fig. 3). Even with long gap latencies (50 ms), aged animals were
unable to inhibit the startle reflex to the same extent as young animals. Recent research by our
group and others have suggested that age-related poor gap detection may be related to the loss
of temporal coding of the aged fusiform cell in DCN, which may be due to less tonic glycinergic
inhibition on fusiform cells in aged animals (Banay-Schwartz et al., 1989; Willott et al.,
1997; Caspary et al., 2005, 2006; Schatteman et al., 2008).

3. Age-related GlyR subunits message and protein changes

Age-related GlyR subunit protein data from the present study is consistent with previous GlyR
binding studies, but reveals a striking disconnect between DCN age-related a4 subunit message
and protein changes. In the present study, there was a significant age-related increase in the
ay subunit message expression across all three frequency regions of DCN, similar to that
described for a preliminary Fischer 344 rat aging study (unpublished data), however protein
level changes have not previously been examined. Significant age-related decreases in GlyR
ay protein with a significant increase in GlyR aq message in fusiform cells was found in both
high and middle frequency regions of DCN (Figs. 4A, 5A). This discordance between age-
related inhibitory amino acid receptor subunit message and protein has been reported in
different brain regions. There was a significant decrease in mMRNA expression in the
GABA receptor o4 subunit without changes in protein expression or in [3H] zolpidem binding
sites in cerebellum (Gutiérrez et al., 1997). Present findings suggest altered steps of receptor
biosynthesis during aging, which may be related to functional changes in inhibitory
transmission. The age-related loss of DCN GIlyR subunit a4 in aged rats is likely responsible
for the altered response properties of aged fusiform cells (Caspary et al., 2005;Schatteman et
al., 2008) resulting from impaired glycinergic transmission onto fusiform cells. It is reasonable
to speculate that there would be an abnormal age-related transcription mechanism and/or
translational regulatory dysfunction. The previous findings of an age-related reduction of
glycine tissue levels (Banay-Schwartz et al., 1989) suggest an age-related reduction in the
presynaptic release of glycine onto postsynaptic GlyRs. This could result in a compensatory
upregulation of the transcription machinery (Banay-Schwartz et al., 1989). In turn, this would
result in more a; MRNA. Age-related protein levels may not only correlate with synthesis, but
possibly with post-translational protein modifications and protein degradation rates (Rattan et
al., 1992;Rattan, 1996;Ryazanov and Nefsky, 2002). There is evidence that activities
associated with proteasome and lysosomal pathways of protein degradation are reduced in
senescent cells, and this defect may cause an intracellular accumulation of abnormal proteins
(Dice, 1989;Cuervo and Dice, 2000;Friguet et al., 2000;Keller et al., 2000;Massey et al.,
2006;Kiffin et al., 2007). Age-related deregulation could occur on the degradative side with
changes in transport to endosomes or altered ubiquitin function. Abnormally functioning
receptors might be removed from the membrane surface via endocytosis and internalized. An
invitro study by Huang et al. (2007) demonstrated that the endocytosis of homomeric oy GlyRs
was regulated by protein kinase C (PKC) and previous evidence showed that the quantity of
activated PKC or their cellular distribution was deficient within aging cortex or hippocampus
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(Battaini et al., 1990,Battaini and Pascale, 1995,2005;Colombo et al., 1997,Colombo and
Gallagher, 2002;Pascale et al., 2007). It is possible that newly composed homomeric GlyRs in
aged animals may not be effectively endocytosed, for aged animals, due to age-related
functional deficit of PKC, which may reduce glycine release in DCN. These factors may
ameliorate pathological symptoms of age-related hearing loss.

An in vitro study by Levi et al. (1998) showed strychnine induced GlyR inactivity led to a
significant decrease in the number of cell surface receptor clusters on cultured spinal cord
neurons. This suggested that an age-related loss of glycinergic inhibition could induce a change/
redistribution of postsynaptic membrane GlyRs. The exact relationship between GlyR subunit
changes and neural function will require electrophysiological experiments to characterize
receptor function and electron microscopy to reveal the subcellular distribution of receptor
subunits. Unlike the age-related discordance between GlyR o4 subunit message, protein levels
and receptor binding in DCN, in aged anteroventral cochlear nucleus (AVCN), GlyR a4 subunit
message and strychnine binding were reduced (Milbrandt and Caspary, 1995; Krenning et al.,
1998). This age-related difference between AVCN and DCN is interesting since vertical cells
provide a portion of the glycinergic input to both of these regions (Wickesberg and Oertel,
1988).

4. Age-related strychnine binding change

The significant age-related decreases of GlIyR a4 and ay protein staining of fusiform cells in
middle and high frequency areas of DCN may correlate directly with the loss of strychnine
binding sites (Fig. 6), consistent with previous rat and mouse aging studies (Frostholm and
Rotter, 1985,1986;Glendenning and Baker, 1988;Milbrandt and Caspary, 1995). Strychnine
receptor binding is thought to be a4 sensitive and binds to the interface between o.and 3 subunits
(Young and Snyder, 1973,1974;Betz et al., 1994;Schmieden and Betz, 1995;Legendre,
2001;Grudzinska et al., 2005). Thus, strychnine binding depends on the presence of these two
subunits (Milbrandt and Caspary, 1995;Krenning et al., 1998). Consistent with Milbrandt and
Caspary (1995), the present study finds significant age-related decreases in Byay With little or
no change in Ky which supports an age-related loss in the number of functional membrane
receptors rather than changes in GlyR subunit composition.

Immunocytochemistry detects both assembled receptor subunits and non-assembled
cytoplasmic subunits that are in the process of synthesis or degradation. High-affinity
strychnine binding labels only fully assembled and functional receptors likely concentrated at
synaptic sites. More specific changes regarding the number of surface receptors, their
trafficking or subsynaptic localization remains to be investigated. Age-related pharmacologic
receptor changes could offer a new target for treatment of presbycusis.

5. Age-related gephyrin change

The anchoring protein at glycinergic synapses, gephyrin, binds GlyR via the cytoplasmic loop
of the B subunit (Kneussel et al., 1999; Kneussel and Betz, 2000; Moss and Smart, 2001) and
tubulin via a tubulin-binding domain to stabilize postsynaptic GlyRs on the membrane
(Kneussel et al., 1999; Kneussel and Betz, 2000; Kneussel, 2005). The present study finds that
gephyrin up-regulation was reflected at the transcriptional level, as well as the translational
and/or post-translational level in the high and middle frequency regions of DCN. Kirsch and
Betz (1998) indicated membrane GlyR activation was required for gephyrin clustering to occur
beneath developing postsynaptic sites. It is likely that age-related loss of SGNSs results in
decreased vertical cell excitation, which in turn would result in less glycine being released onto
fusiform cells. This could explain, in part, the disinhibition observed in previous physiologic
studies (Brozoski et al., 2002; Caspary et al., 2005). Previously described age-related loss of
DCN glycine levels (Banay-Schawatz et al., 1989; Willott et al., 1997) suggests that
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postsynaptic GlyRs on fusiform cell membranes may not fully activate due to the insufficient
glycine neurotransmitter in the synaptic cleft. This could underpin the altered receptor
composition and possibly alter gephyrin intracellular aggregation/localization. Gephyrin could
be involved in intracellular GIyR anterograde or retrograde transport (Maas et al., 2006;
Kneussel and Loebrich, 2007; Fritschy et al., 2008). Maas et al (2006) demonstrated that loss
of glycinergic inhibition caused removal of GlyRs from synaptic membranes by the gephyrin
transport complex. Further work will be required to reveal the multiple roles of gephyrin in
this aging system.

6. Age-related functional interpretation

Age-related hearing loss frequently results in a loss in the ability to discriminate speech signals,
especially in noise. An age-related loss of glycinergic inhibition in DCN has been proposed as
a possible cause (Milbrandt and Caspary, 1995; Krenning et al., 1998; Brozoski et al., 2002;
Caspary et al., 2005, 2006; Bauer et al., 2008). As the main output neuron from DCN, fusiform
cells receive inhibitory input from vertical cells and cartwheel cells while sending direct
excitatory projections to the contralateral inferior colliculus (Caspary et al., 1987; Rhode,
1999; Davis and Young, 2000). Vertical cells project strong near-characteristic frequency (CF)
glycinergic inhibition onto fusiform cells, thus shaping the neuron's response to narrowband
stimuli (Voigt and Young, 1980, 1990; Caspary et al., 1987; Saint-Marie et al., 1991; Spirou
et al., 1999). Recent studies from our lab have illustrated that fusiform cells in aged animals
have higher maximum discharge rates to CF tones than those from young FBN rats suggesting
a loss of glycinergic inhibition from vertical neurons in aged animals (Caspary et al., 2005).
This loss of non-monotonic fusiform cell output likely alters temporal processing in the IC
(Walton et al., 1998; Frisina, 2001). Previous studies demonstrated a loss of sound orientation
accuracy when DCN output projections were surgically lesioned (Sutherland et al., 1998; May,
2000). Thus, the age-related changes of DCN fusiform outputs may also impact spatial auditory
processing mechanisms.

In conclusion age-related slow partial deafferentation of acoustic nerve inputs appears to result
in a compensatory down-regulation in the glycinergic activity of the DCN. Glycine receptor
composition may modulate the response of fusiform cells near characteristic frequency and,
therefore, may be involved in the reshaping of the DCN outputs. Our data and previous studies
suggest that the age-related GlyR subunit makeup changes in both the DCN and AVCN may
be one of the cellular mechanisms involved in age-related hearing loss. The present study found
age-related changes in GlyR subunits in DCN. Moreover, the strychnine binding data suggests
that less functional glycine receptors are anchored in the postsynaptic membranes. A better
understanding of the properties of the aged glycine receptor could eventually lead to the
development of selective pharmacotherapies for age-related hearing loss.
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Figure 1.

Cartoon of frontal section through rat brainstem showing approximate tonotopic frequency
divisions of DCN used in the present study. HF = high frequency; MF = middle frequency; LF
= low frequency.
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Figure 2.

Age-related ABR threshold shift for young (7-8 months, n = 21) and aged (28-29 months, n =
17) FBN rats. Mean ABR thresholds are shown for six frequencies and clicks. Aged FBN rats
showed significant threshold elevation across all pure tone frequencies and clicks. Error bars

at 24 and 32 kHz are within the line width (p < 0.05).
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Figure 3.

Response to various gap durations relative to startle only control condition with no gap present.
Baseline score measures force applied by animals from normal movement when no startle
stimulus is present. For gap durations above 3 ms, detection was significantly worse in aged
FBN rats, p = 0.02. Aging appears to affect both the threshold for gap detection as well as the
maximum level of inhibition possible. Threshold, defined as a 20% reduction from baseline
startle reflex, was 4 ms in young and approximately 10 ms in aged FBN rats (n = 16, 15). Even
for long gap latencies aged animals were not able to inhibit the startle reflex to the same extent
as the young.
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Figure 4.

Age-related changes in DCN fusiform cell mRNA levels for GlyRs a.3, and the anchoring
protein gephyrin in the FBN rat. 4A) Bar graphs indicated differential age-related changes for
GlyRs 0.3, and gephyrin messages measured by mean silver grain density/100pm?2 in DCN
fusiform cells. Aged rats showed a significant increase in GlyR a4 subunit message and
gephyrin. Message levels for GIyR oy significantly decreased in middle and low frequency
areas in aged DCN, while GlyR a3 displayed an age-related decrease across all DCN frequency
areas (*: p <0.05, n =7, 6). Error bars represent the standard error of the mean. LF = low
frequency; MF = middle frequency; HF = high frequency. Clusters of silver grains represent
hybridization of transcripts of GIyRs 4.3, and gephyrin with 3°S-labeled selective
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oligonucleotide probes. 4B) Representative in situ hybridization images of stained fusiform

cells from high frequency areas of DCN. Arrows point to fusiform cell soma. D=dorsal,
M=medial, Scale bar = 5um.
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Figure 5.

Age-related protein changes in DCN fusiform cells for GlyRs a3, and anchoring protein
gephyrin in FBN rat. 5A) Relative optical density (ROD) over fusiform cells for GlyR a3,
and gephyrin in young and aged rats. GlyR a4 and a; subunit proteins showed significant age-
related decreases in HF and MF areas of DCN while no significant age-related az subunit
changes were observed. Gephyrin showed a significant age-related increases in HF and MF
areas of DCN (*: p <0.05, n =4, 4). Error bars represent standard error of the mean. LF = low
frequency; MF = middle frequency; HF = high frequency. 5B) Representative images of
immuno-stained fusiform cells from high frequency area in DCN (40x magnification). Arrows
point to fusiform cell somas. Images were captured using exacting parallel conditions and are
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representative of the quantitative data. Arrows point to fusiform cell soma. D=dorsal,
M=medial, Scale bar = 5um.
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Fig. 6A
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Figure 6.

Age-related changes in strychnine binding between young and aged FBN rats. 6A) Scatchard
plots of [3H] strychnine binding in DCN of young and aged groups. A significant age-related
loss of strychnine binding sites (X intercept = Bpmay; Slope = Ky) is seen in aged FBN rats with
no statistically significant change in affinity (p <0.05, n =4, 4). 6B) Color enhanced digitized
images showing strychnine binding changes at 32 nM in DCN between young and aged FBN
rats. The warm colors indicate higher levels of binding.

Neuroscience. Author manuscript; available in PMC 2010 April 21.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Wang et al.

Table 1

Oligonucleotide probe sequences of GlyR a. subunits and gephyrin for in situ hybridization

Probes

Sequence 5'- 3*

GlyR o, (Malosio et al., 1991)

5'-GTT GGC ACC CTT GAC AGA GAT GCC ATC CTT GGC TTG CAG GCA GGC-3'

GlyR a, (Malosio et al., 1991)

5-CTT TTG GGG GTT GCG GAA GTG GGT TGG CAG GTG TAG CCT TGA CAG-3'

Gly Rag (Malosio et al., 1991)

5'-GGC AGT GAA GCT GAG CCG ACT CTC CCT CAC CTC ATC ATC CGT GTC-3'

Gephyrin (Kirsch et al., 1993)

5-CCT TCA ATATCC AAAGTT GCA AAT GTT GTT GGC AAG CCT GGC TTC-3'
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