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a b s t r a c t

Changes in the levels of gamma-aminobutyric acid (GABA) are known to occur in different parts of the
brain during aging. In our study we attempted to define the effect that aging has on glutamate decar-
boxylase (GAD), the key enzyme in the synthesis of GABA, in the central parts of the auditory system.
Age-related changes in GAD65 and GAD67 levels were investigated using immunohistochemistry and
Western blotting in the inferior colliculus (IC), the auditory cortex (AC) and the visual cortex in
Long-Evans rats. The results show that aging is associated with a decrease in the numbers of
GAD65- and 67-immunoreactive neurons and the optical density of their somas in both the IC and
AC. Western blot analysis revealed a pronounced age-related decline in the levels of GAD65 and 67 pro-
teins in both the IC and AC. For comparison, in the visual cortex the decrease in both proteins was less
pronounced than in the IC and AC. A similar pattern of age-related changes was found in Fischer 344
rats, a strain that manifests a rapid loss of hearing function with aging. The observed age-related
decline in the levels of GAD65 and 67 may contribute significantly to the deterioration of hearing func-
tion that accompanies aging in mammals, including man.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

Auditory function in mammals is known to be significantly af-
fected by aging, ultimately resulting in presbycusis (for review
see Syka, 2002; Gates and Mills, 2005; Ohlemiller and Frisina,
2008). In the human population, a loss of speech understanding
with aging constitutes an important health and social impairment
(Frisina and Frisina, 1997; Mazelová et al., 2003; Gordon-Salant
et al., 2007). Pathological changes in presbycusis occur both in
the inner ear and in the central auditory system. The peripheral
component of presbycusis, which comprises mainly alterations of
the inner and outer hair cells and/or stria vascularis, is relatively
well understood (Schuknecht and Gacek, 1993; Parham, 1997;
Spongr et al., 1997; Harding et al., 2005; Buckiova et al., 2007).
The central component of presbycusis is thought to be associated
with age-related alterations in the processing of the temporal
parameters of complex acoustical stimuli occurring within the cen-
tral auditory system. Inhibitory systems in the brain are apparently
strongly involved in the temporal processing of acoustical stimuli
with the aim of sharpening responses to rapid complex sounds
(Walton et al., 1997; Strouse et al., 1998; Krishna and Semple,
2000; Liang et al., 2002; Tremblay et al., 2002; Ostroff et al.,
2003; Mazelová et al., 2003). Since gamma-aminobutyric acid
(GABA) is a major inhibitory neurotransmitter in the central
auditory system (Markram et al., 2004), a decrease in GABA inhibi-

tion may significantly contribute to hearing deterioration with
aging.

Recently, growing evidence has accumulated about the role of
GABA-expressing neurons in inhibitory networks in different parts
of the brain (Caspary et al., 1995; Gupta et al., 2000; Buzsáki et al.,
2007). The distribution of GABA-immunoreactive (-ir) neurons and
inputs in the auditory cortex has been described in detail for cats
and monkeys and implies that GABA-ir neurons are present in
the AC in relatively large numbers, approximately 20–25% of the
total population of neurons (Hendry et al., 1987; Prieto et al.,
1994a,b). In the IC, a similar portion, 20–30% of the total number
of neurons, was found to be GABA-ir in cats and rats (Oliver
et al., 1994; Merchán et al., 2005). GABA is synthesized by the
decarboxylation of glutamate, and the reaction is catalysed by
the key rate-limiting enzyme glutamate decarboxylase (GAD). In
the mammalian brain, two GAD isoforms of 65,000 and 67,000
molecular weight (GAD 65 and GAD 67) are present (Erlander
et al., 1991). Most GABA-expressing neurons contain both iso-
forms, with GAD 65 being more prevalent in axonal terminals
and membranes preferentially synthesizing GABA for vesicular re-
lease, while GAD 67 is distributed throughout the neuron including
the soma, preferentially synthesizing non-vesicular cytoplasmic
GABA (Erlander and Tobin, 1991; Feldblum et al., 1993, 1995;
Esclapez et al., 1994; Hendrickson et al., 1994). The two GAD iso-
forms might be differently involved in the spatial and temporal
processing and/or coding of information by GABA-expressing neu-
rons (for review see Soghomonian and Martin, 1998; Wei and Wu,
2008).
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Several lines of evidence suggest a decreasing function of GABA-
mediated inhibition within the central auditory pathway in aged
animals. For example, single unit recordings illustrate the presence
of a less precise processing of complex sounds and extended excit-
atory areas in the IC (Palombi and Caspary, 1996; Walton et al.,
1998, 2002; Simon et al., 2004). Age-related alterations in the fine-
tuned receptive fields and a relative increase in poorly tuned recep-
tive fields could influence the processing of sounds in the central
auditory system (Turner et al., 2005a,b). The results of measure-
ments of GABA or GAD levels and GABA receptor subunit levels
and binding intensity correspond with the electrophysiological
reports. In Fischer 344 rats, a significant age-related decrease in
the number of GABA immunoreactive cells was found in the central
nucleus of the IC (CIC) combined with a decrease in the enzymatic
activity of GAD and in the release of GABA (Caspary et al., 1990,
1995; Raza et al., 1994). In addition, a decline in the number of
GABA-ergic synaptic terminals and synapses of GABA-ir neurons
was observed in the CIC with no detectable neuronal losses (Helfert
et al., 1999). Also GABA-A and GABA-B receptor binding intensity
was reported to decline, and the protein levels of the receptor
subunits were found to be altered during aging in the IC of
Sprague–Dawley and Fischer 344 rats (Gutiérrez et al., 1994;
Milbrandt et al., 1994, 1997; Caspary et al., 1999; Schmidt et al.,
2008). Decreases in the levels of GAD65 and GAD67 mRNAs and in
the optical density of GAD67-immunoreactive cells were observed
in the auditory cortex of old Fischer 344/Brown Norway rat (Ling
et al., 2005).

However, it is not well known whether the age-related decline in
the GABA system is activity-dependent and primarily follows the
deterioration of the sensory inputs with aging or whether it rather
results from changes occurring within the central auditory system
with aging (for review see Caspary et al., 2008). In addition, no clear
evidence of inter-strain differences in these changes has been re-
ported, in contrast to the findings in calcium binding proteins that
are well known to colocalize in neurons with GABA (Kosaka et al.,
1987; Kawaguchi and Kubota, 1998). In this case, a significant
strain-specificity in their age-related expression was shown for cal-
retinin and parvalbumin (Zettel et al., 1997, 2001; Ouda et al., 2008).

In our study we attempted to evaluate the age-related changes
in both GAD isoforms in the central auditory system in Long-Evans
rats, a strain with a very limited age-related loss of hearing func-
tion (Syka et al., 1996; Popelar et al., 2006). Immunohistochemistry
and Western blot protein analysis were used to compare GAD 65
and 67 expression in the inferior colliculus (IC) and auditory cortex
(AC) in young and old rats. In addition, the same analysis was also
performed on a representative sample of Fischer 344 rats, a strain
with pronounced hearing deterioration with aging, with the aim of
studying possible inter-strain differences.

2. Materials and methods

2.1. Animals

Thirty rats, strain Long-Evans (15 young animals 3–5 months
old and 15 aged animals 30–35 months old), and 12 rats of the
strain Fischer 344 (7 young animals 3–5 months old and 5 aged
animals 24 months old) were used in the experiments. The Long-
Evans rats were obtained from a local facility and, starting at 2
months of age, were reared and aged (aging group) in-house, under
known rearing conditions and with a known health history. Fischer
344 rats were purchased at 2 months of age from Charles River
Deutschland (Sulzfeld, Germany) and then reared in-house under
the same conditions. No signs of middle ear infection were present
in any animal during their stay in the animal facility. The care and
use of the animals and all experimental procedures were
performed in compliance with the guidelines of the Ethical Com-

mittee, Institute of Experimental Medicine, Academy of Sciences
of the Czech Republic, and the Declaration of Helsinki.

2.2. GAD67 immunohistochemistry

Long-Evans rats, 3–5 (n = 5) and 30–35 (n = 5) months old, and
Fischer 344 rats, 3–5 (n = 5) and 24 (n = 3) months old, were placed
under deep anesthesia (ketamine 35 mg/kg + xylazine 6 mg/kg,
i.m.) then transcardially perfused with saline followed by 4% para-
formaldehyde fixative in 0.1 M phosphate buffer (pH 7.4). Brains
were removed within 15 min of perfusion, postfixed 1 h at 4 �C
(same fixative) and then cryoprotected with 30% sucrose in phos-
phate buffer overnight. Coronal sections (40 lm thick) were cut
with a freezing microtome.

Free-floating sections were preblocked in normal serum for 1 h
and then incubated at 4 �C with anti-GAD67 (mouse monoclonal,
Chemicon, 1:2000) diluted in PBS containing 1% normal serum.
After 24 h, sections were incubated with a biotinylated secondary
antibody (Vector, 1:200) for 45 min and then with peroxidase-la-
beled ABC reagent (Vector). The antibody labeling was visualized
by incubating the sections for 3 min in 0.05% diaminobenzidine
(DAB) with 0.01% hydrogen peroxide. Sections were mounted on
slides, dehydrated and coverslipped.

2.3. GAD65 immunohistochemistry

Long-Evans rats, 3–5 (n = 4) and 30–35 (n = 4) months old, were
subjected to the same procedure leading to the preparation of his-
tological sections as in the case of rats for GAD 67 staining.

Free-floating sections were preblocked in normal serum for 1 h
and then incubated at 4 �C with anti-GAD65 (rabbit polyclonal,
Chemicon, 1:750) diluted in PBS containing 1% normal serum. After
72 h, sections were incubated with a biotinylated secondary anti-
body (Biosource, 1:200) for 1 h and then with peroxidase-labeled
ABC reagent (Vector). The antibody labeling was visualized by
incubating the sections for 3 min in 0.05% diaminobenzidine
(DAB) with 0.01% hydrogen peroxide. Sections were mounted on
slides, dehydrated and coverslipped.

2.4. Western blot protein analysis

Long-Evans rats, 3–5 (n = 6) and 30–35 (n = 6) months old, and
Fischer 344 rats, 4 (n = 2) and 24 (n = 2) months old, were used in
the analysis. Anesthetized rats (ketamine 35 mg/kg + xylazine
6 mg/kg, i.m) were decapitated, their brains quickly extracted
and rinsed in ice-cold physiological solution, and the inferior colic-
ulli (ICs) and auditory (ACs) and visual cortices (VCs) were rapidly
removed bilaterally. The samples included the whole IC, the
Te1 + Te3 (Zilles, 1985) areas of the AC and the V1 + V2 areas of
the VC (Paxinos and Watson, 1998). All samples were immediately
put into dry ice after extraction and stored frozen at �80 �C until
processed.

For the analysis, ICs, ACs and VCs were homogenized by a Pot-
ter–Elvehjem homogenizer in 0.05 M Tris–NaCl (pH 7.4) buffer
with protease inhibitors (Sigma). The homogenate was centrifuged
at 10,000g for 10 min at 4 �C. To ensure similar protein loading, the
total protein concentration of these extracts was determined by
using the Bradford method with BSA as the standard. Samples
(cytosolic fraction) were incubated in boiling water for 10 min at
80 �C in sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis buffer containing 10% glycerol, 2% SDS, 0.05% bromphenol blue
and 4 M dithiotreitol. Samples were then subjected to Tris/Tricine/
SDS–PAGE on a 3% bis-acrylamide polyacrylamide gel at 30 mA/gel
for 150 min on a Mini-Protean II apparatus (Bio-Rad). After electro-
phoresis, the resolved proteins were transferred (Bio-Rad Mini Pro-
tean II transblot apparatus at 350 mA for 60 min at 4 �C in 25 mM
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Tris, 192 mM glycine, 20% methanol, 0.1% SDS) to a nitrocellulose
membrane (Amersham, Biosciences). Membranes were incubated
in 5% non-fat dry milk in 10% Tris-buffered saline with 0.05%
Tween 20 (TBST) for 60 min at room temperature to block non-spe-
cific protein binding. After being washed in TBST buffer (three
times quickly, 3 � 5 min each), the membranes were probed with
GAD 67-specific (mouse monoclonal, Chemicon, 1:5000 in TBST),
GAD 65-specific (rabbit polyclonal, Chemicon, 1:1200 in TBST) or
actin-specific (mouse monoclonal, Chemicon, 1:10,000 in TBST)
primary antisera overnight at 4 �C. The membranes were washed
again and incubated with goat anti-mouse IgG or anti-rabbit IgG
antibody conjugated with horse radish peroxidase (Upstate,
1:7500; Chemicon, 1:3333 in TBST) for 2 h at room temperature.
Before enhanced chemiluminescence (ECL), the membranes were
washed as described above and stored in TBST for at least 2 h.
For ECL, substrates A (Luminol solution) and B (H2O2 solution)
were prepared, mixed 40:1 (Amersham Biosciences) just before
use, and poured on the membranes. The specific signals were de-
tected on autoradiographic film (Kodak MXB). Films were devel-
oped at room temperature, stopped, fixed, washed under running
cold water and air-dried. Scanning (Canon CanoScan 8400F) and
ImageQuant software were used for quantifying the relative abun-
dance of GAD and actin in individual samples. The amount of pro-
tein applied to the gel varied for each isoform and fraction to
achieve linearity with the intensity � area (volume) of the band
on the Western blot. To ensure the specificity of GAD67, GAD65
and actin immunoreactive proteins, prestained molecular weight
protein standards were used (Invitrogen). The levels of GAD65
and GAD67 were calculated as the ratio of the optical density of
the antibody of interest to the optical density of the antibody direc-
ted against b-actin.

2.5. Immunohistochemistry – stereological quantification

GAD65 and 67 immunoreactivity was examined in all sections
containing the inferior colliculus, auditory and visual cortices,
delineated according to anatomical atlases (Zilles, 1985; Paxinos
and Watson, 1998) and with the help of Nissl-stained sections
(topographical borders of cortical areas) (Fig. 1A and B). For the

IC, sections were sampled from bregma �8.0 to �9.2 mm. Sections
containing the auditory cortex were sampled from bregma �4.2 to
�6.0 mm (Zilles, 1985), identified by measuring 2.0–2.5 mm from
the rhinal fissure for Te3 and 3.5–4.0 mm for Te1. As an auxiliary
criterion, the line going through the dorsal margin of the dienceph-
alon indicated the control dorsal (upper) border of the auditory
cortex. For the visual cortex (V1, V2 – Paxinos and Watson,
1998), sections were sampled from bregma �5.0 to �8.0 mm. To
estimate the total number of GAD65 and 67-ir neurons, an
unbiased stereological method, the optical fractionator, was used
(West et al., 1991; for review see Mayhew and Gunderesen,
1996). The optical fractionator method is unaffected by tissue
shrinkage, and therefore it was not necessary to measure this var-
iable. Measurements were determined using bright-field micros-
copy (Leica DMRXA microscope) connected to a video camera,
which transmitted the microscopic image to a monitor (Optronics,
1600 � 1200 px) coupled with Neurolucida software (MicroBright-
Field). Two sets of motors were connected to the microscope to
move the section a known distance in the x- and y-directions.
The z-direction was measured using a microcator. A 10� objective
lens was used to delineate the regions of interest and the starting
position of the counting frame. We adapted the Neurolucida-gen-
erated grid superimposed on the screen with the use of a random
number table to establish the random starting position of the
counting frame in the area of interest.

A 100� oil-immersion objective was used and the appropriate
counting frame superimposed on the screen. The counting frames
used to obtain the sampling had the same size (3880 lm2). The
upper and lower surfaces of the sections were examined to deter-
mine if the margins of the tissue sections were depleted of neuro-
nal nuclei, as suggested by Andersen and Gundersen (1999). The
height of the optical dissector was constant at 5 lm, and the first
and last 5 lm of the section thickness was omitted from the anal-
ysis. Approximately 200 neurons per animal were counted in each
examined structure. Each neuron in the counting frame was
counted when its distinct nucleus came to maximum focus. At
maximum focus, the cell body was outlined by a cursor on the
computer screen, and the morphological parameters and optical
density were measured automatically using Neurolucida software.

Fig. 1. Topographical overview of the IC (A), AC and VC (B) and their subdivisions. Drawings adapted from Paxinos and Watson (1998) and Zilles (1985); (A) bregma
�8.8 mm; (B) bregma �5.0 mm. Par, parietal cortex; Hip, hippocampus; PRh, perirhinal cortex; V1,2, visual cortex 1,2; RSD, RSV, retrosplenial cortex, dorsal and ventral.
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Only positive somas that exceeded 5 lm in diameter and with a
distinct nucleus were counted and used for analysis.

Variation in the background immunostaining affects the real
values of the optical density of the neuronal soma. In studies of
aging, there are not specific ‘‘indifferent reference structures”
available in the brain for normalization, hence we calculated
the normalized value of the optical density in each section as
the ratio between the average optical density of the analyzed
GAD-ir neurons in the section and the average optical density
of a corresponding number of immunonegative cells in the same
section (compare Ling et al., 2005). In most cases the immunop-
ositivity of the neurons was explicit; in a few disputable cases,
a selected neuron was omitted from the analysis as ‘‘non-GAD-
ir” unless the measured optical density of its soma was higher
than double the average optical density of immunonegative cells
in the same section.

2.6. Statistical analysis

The results of the statistical analysis were expressed as mean-
s ± S.E.M. The significance of the differences between young and
old groups of rats was assessed by the non-parametric two-tailed
Mann–Whitney test with the use of GraphPad Prisma software
(version 4.0) for both immunohistochemistry and Western blots.
The significance of differences in Western blot protein analysis
among protein levels and among the magnitudes of changes in dif-
ferent brain structures (IC vs. AC vs. VC) in young and in old rats
was assessed by a one-way ANOVA test and Bonferroni’s multiple
comparison test with the use of GraphPad Prisma software (version
4.0). P values of 0.05 or less were considered statistically signifi-
cant. For each statistical test, each examined animal was repre-
sented by one number to ensure the maximal independence of
the data entering the tests.

3. Results

3.1. GAD65 and 67 changes with aging in the Long-Evans strain

3.1.1. Inferior colliculus
GAD65 and 67-ir neurons were distributed in both young and

old animals throughout all three subdivisions of the IC. In the cen-
tral nucleus of the IC, cell bodies of variable sizes and shapes pre-
vailed, with a large variation in the intensity of immunostaining.
The majority of GAD-ir neurons in the external cortex of the IC
(EIC) were large spindle and multipolar cells or smaller oval neu-
rons, in both the 2nd and 3rd layers of the EIC (for details see Oliver
et al., 1994). Only a few small immunoreactive neurons were pres-
ent in the dorsal cortex of the IC (Fig. 2A and B).

Significant age-related changes in GAD immunoreactivity were
found in the CIC and EIC (Fig. 3A–D). In the CIC, the optical density
of GAD65 and 67-ir neuronal somas decreased by 23% (P = 0.028,
U = 0) and 25% (P = 0.008, U = 0), respectively. The number of
GAD65 and 67-ir cells decreased slightly by 17% (P = 0.028, U = 0)
and 9% (N.S.), respectively. In the EIC only in GAD67-ir somas the
optical density decreased significantly by 14% (P = 0.032, U = 2),
while the number of GAD65 and 67-ir did not differ between old
and young animals. No significant age-related changes in the vol-
ume of GAD-ir somas were found in the IC with aging.

Western blot analysis demonstrated a significant age-related
decline in the levels of GAD65 and GAD67 proteins in the whole
IC of old rats in comparison with young animals of 51% and 49%,
respectively (both P = 0.002, U = 0) (Fig. 4). The analyzed samples
included all three subdivisions of the IC. A remarkable finding of
the additional statistical analysis, in both young and old animals,
the levels of GAD65 and GAD67 proteins in the IC were almost

three times higher compared to the levels in both the auditory
and visual cortices (both proteins P < 0.001, Bonferroni’s multiple
comparison test).

3.1.2. Auditory cortex
Independently of age, GAD65 and 67-ir cells were scattered

throughout all layers, with slightly higher numbers observed in
the superficial cortical layers (I–IV) than in the deeper layers (V–
VI) (for description see Prieto et al., 1994a,b). The neuropil staining
followed the same pattern with greater positivity in the superficial
layers (II–IV) (Fig. 2C and D).

The results of immunohistochemical staining indicated a signif-
icant decrease in the optical density of GAD65 and 67-ir somas in
old animals of 21% (P = 0.028, U = 0) and 22% (P = 0.016, U = 1),
respectively (Fig. 3A–D). The number of GAD65-ir neurons did
not change in old rats in comparison with young animals (only a
slight decrease of 7%, N.S.), while the number of GAD67-ir neurons
decreased more markedly by 13% (P = 0.032, U = 2). No layer-spec-
ificity or inter-areal differences (Te1 vs. Te3) of these changes were
observed; similarly, the average volume of GAD-ir somas did not
change with aging.

Western blot protein analysis revealed a significant age-related
decrease in the levels of GAD65 and GAD67 of 43% and 52%, respec-
tively (both P = 0.002, U = 0) (Fig. 4). The analyzed samples in-
cluded the Te1 + Te3 areas. Differences in GAD65 and 67 protein
levels between the auditory and visual cortices were non-signifi-
cant in young animals. In old rats, GAD67 protein levels in the
auditory cortex were lower than in the visual cortex (P < 0.05, Bon-
ferroni’s multiple comparison test), whereas for GAD65 protein
levels, the difference between the auditory and visual cortices
was still non-significant. The declines found in all three examined
brain regions are apparent on representative blots shown in Fig. 5.

3.1.3. Visual cortex
GAD65 and 67 immunoreactive neurons were present in all cor-

tical layers of the visual cortex; their distribution and neuropil
staining followed a similar pattern as in the auditory cortex.

The optical density was found to decrease by 11% for GAD65-ir
somas (N.S.) and 18% for GAD67-ir somas (P = 0.016, U = 1.5)
(Fig. 3A–D). In contrast, the numbers of GAD65 and 67-ir neurons
did not change with aging (the decrease was in the range of 5%,
N.S). As in the AC, no significant changes in the average volumes of
immunoreactive somas or layer-specificity were found with aging.

In Western blot analysis, decreases in the levels of GAD65 and
GAD67 proteins were found in the visual cortex as well: a decrease
of 22% for GAD65 (P = 0.041, U = 5) and 20% for GAD67 (P = 0.028,
U = 2) (Fig. 4). However, the decrease was less apparent compared
to both the auditory cortex and the IC (P < 0.01, Bonferroni’s multi-
ple comparison test), while a comparison between decreases in the
IC and AC showed no difference. These results held true for both
GAD65 and GAD67.

3.2. GAD65 and 67 changes with aging in the Fischer 344 strain

In principle, the age-related changes in Fischer 344 rats
followed the same pattern as the age-related changes in the
Long-Evans animals; however, the relatively low number of ani-
mals of this strain used in our study precluded a detailed statistical
evaluation of the results. Using immunohistochemistry, only dif-
ferences in GAD67 staining were studied: the optical density of
GAD67-ir neuronal somas decreased by 21% (P = 0.035, U = 0),
13%, 14% and 15% in the CIC, EIC, AC and VC, respectively, while
the number of GAD67-ir cells decreased by 6%, 10%, 10% and 6%
in the same structures (Fig. 3E–F).

Both GAD65 and GAD67 proteins were examined by Western
blot protein analysis. In the IC, GAD65 protein levels decreased
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by 46% and GAD67 levels by 44% (Fig. 4). The decline of GAD65
protein levels in the AC was 34% and that of GAD67 was 49%;
in the VC decreases of 19% in GAD65 protein levels and 20% in
GAD67 levels were observed. In young and old Fischer 344 ani-
mals, the relative ratios between GAD65 and GAD67 protein lev-
els in the IC, AC and VC followed a very similar pattern as that
seen in young and old Long-Evans rats. However, due to the lim-
ited number of animals, the data did not show statistically signif-
icant differences (P < 0.05 only when GAD65 or 67 protein levels
in the IC were compared with the levels in the AC and VC corti-
ces, Bonferroni’s test).

4. Discussion

Our results demonstrate significant age-related changes in
GAD65 and 67 immunoreactivity in the inferior colliculus and
auditory cortex of the rat auditory system, which comprise
decreases in the number and optical density of GAD65 and 67-ir
neuronal somas and a decline in the levels of GAD65 and 67 pro-
teins. The obtained data demonstrate a rather uniform character
of the changes. First, the age-related changes in both GAD65 and
67 proteins shared very similar patterns. Second, the results ob-
tained with immunohistochemical techniques were in good agree-
ment with the results acquired with Western blotting. Third,
similar tendencies in the changes were present in both the IC
and AC. In summary, the decrease in GAD expression with aging
occurs similarly at both the subcortical and cortical levels of the
rat central auditory system and involves both GAD isoforms.

The overall reductions in the levels of GAD65 and 67 proteins
reported in the present work are in accordance with previous pub-
lications that reported an age-related decline in GABA and GAD
levels in the IC and AC. In the IC, the number of GABA immunore-
active cells was described to be decreased in the central nucleus of
the IC (CIC) in old rats. This decrease was associated with a
decrease in enzymatic activity, the levels of GABA and the release
of GABA (Caspary et al., 1990, 1995; Raza et al., 1994; Gutiérrez
et al., 1994). No changes in the optical density of GABA or GAD
stained cells in the IC with aging have yet been reported, but such
a decline, comparable to our results, was observed in the auditory
cortex of old Fischer 344/Brown Norway F1 hybrid rats (Ling et al.,
2005). In addition, the authors also reported a decline in GAD65
and 67 mRNA labeling in the auditory cortex, consistent with the
decreased optical density of GAD67-ir neurons. No cortical layer
specificity for the reported changes was found in their study, which
is in agreement with our results. A decline in the optical density of
neuronal somas may reflect either a decrease in the expression of
the protein or changes in the volume of the cell (for example,
Krzywkowski et al., 1995). Since there were no significant changes
in the average volume of GAD-ir somas in the present work, the re-
sults support the diminished expression of the proteins in this
case. This is in agreement with the decreased levels of GAD pro-
teins found in our Western blotting analysis.

The observed decreased number of GAD-ir (GAD65 and GAD67)
neurons in the IC and AC in the present paper cannot be explained
simply by a non-selective neuronal loss because in our previous
experiments, we did not find any reduction in the total number

Fig. 2. Illustration of GAD67 immunoreactivity in the EIC (A), CIC (B) and in the deep and superficial layers of the AC (C and D) of young Long-Evans rats.
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of neurons in old Long-Evans and Fischer 344 rats on Nissl-stained
sections (Ouda et al., 2008). This finding is in agreement with the
data of other authors, who reported no significant changes accom-
panying aging in the total number of neurons in the inferior col-
liculus, hippocampus or cortex in rats (Helfert et al., 1999; Poe
et al., 2001; Merrill et al., 2001; Stanley and Shetty, 2004). In our
experiments, the decrease in the optical density of GAD-immuno-
reactive somas rather suggests the diminished expression of the
protein, beyond the level detectable by immunohistochemical
methods, as the major reason for the reduced number of GAD-ir
neurons.

An interesting finding in our experiments is the striking differ-
ence in the regional levels of GAD found with Western blotting. The
approximately 3-fold higher levels of GAD65 and 67 in the IC in
comparison with the auditory and visual cortices are in good

agreement with previously reported ratios of both isoform levels
in the midbrain and thalamus on one side and the neocortex on
the other side (Sheikh et al., 1999). The functional implication of
these differences remains to be determined. In our immunohisto-
chemical analysis, no significant indication of striking differences
between the IC and cortex was observed. Nevertheless, our immu-
nohistochemical method was not designed to evaluate dendritic
branching or GAD-ir puncta, which could contain a significant pro-
portion of GAD. The fundamental role of inhibition in the IC is well
known, including the strong representation of GABA terminals,
which also implies the presence of high GAD levels in the IC
(Gerken, 1996; Pollak et al., 2002; Frisina, 2001; Batra and Fitzpa-
trick, 2002; Merchán et al., 2005).

In addition to the Long-Evans strain, a relatively small but
representative sample of young and old Fischer 344 rats was exam-

Fig. 3. Results of the quantitative evaluation of GAD65 and 67 immunoreactivity in Long-Evans and Fischer 344 rats. Light columns represent young animals, dark columns
old animals. The error bars represent S.E.M. The optical density of neuronal somas is expressed as 100% for young animals. (A and B) Number and optical density of GAD65-
immunoreactive neurons in the CIC, EIC, AC and VC of young (n = 4) and old (n = 4) Long-Evans rats. (C and D) Number and optical density of GAD67-immunoreactive neurons
in the CIC, EIC, AC and VC of young (n = 5) and old (n = 5) Long-Evans rats. (E and F) Number and optical density of GAD67-immunoreactive neurons in the CIC, EIC, AC and VC
of young (n = 5) and old (n = 3) Fischer 344 rats (*P < 0.05, **P < 0.01).
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ined in the present work. Long-Evans and Fischer 344 represent
two rat strains with a variety of morphological, physiological and
behavioral differences. For example, similarly to other inbred
strains (Wistar, Sprague–Dawley and Dark-Agouti), Fischer 344
rats display large cognitive deficits in different tests of spatial
memory in contrast to wild rats and Long-Evans rats (Harker and
Whishaw, 2002). A faster and more pronounced deterioration of
hearing function with aging was found in the Fischer 344 strain
in comparison with Long-Evans rats, resulting in larger hearing
threshold shifts, a diminution of distortion product otoacoustic
emissions and a decrease in middle-ear compliance (Popelar
et al., 2003, 2006). In addition, the deterioration of the stria vascu-

laris and ligamentum spirale was observed in aged Fischer 344 rats
(Buckiova et al., 2006, 2007). Age-related sensory deficits in this
strain are also present in visual function due to retinal degenera-
tion (Di Loreto et al., 1994). In spite of this, we observed very sim-
ilar age-related changes in GAD65 and 67 protein levels and in the
immunohistochemical results in Fischer 344 rats and Long-Evans
rats. Taking into account the similar effects of aging on GAD levels
described in the Fischer 344/Brown Norway hybrid rats (Ling et al.,
2005), it might be suggested that age-related changes in GAD pro-
teins in the IC and AC share a uniform tendency, which is not
dependent on the rat strain. A similar situation exists in another
species, in mice: hearing function in the CBA/CaJ strain of mice
deteriorates very slowly as in the Long-Evans strain of rats,
whereas the C57BL/6J strain is known to undergo rapid deteriora-
tion with early deafness (Parham, 1997; Spongr et al., 1997). In
spite of these differences in age-related defects of auditory func-
tion, which are mostly caused by pathologies in the inner ear, sig-
nificant age-related alterations of the inhibitory function in the
central auditory system were reported in both strains of mice
(Walton et al., 1998, 2002; Felix and Portfors, 2007). Therefore,
we may tentatively suggest that the age-related decline in GAD
expression in the IC and AC demonstrated in our experiments does
not depend primarily on peripheral deafferentation but is, at least
partially, of central origin.

The present results are to some extent different from our previ-
ous findings concerning age-related changes in parvalbumin
immunoreactivity in the IC and AC of Long-Evans and Fischer
344 rats (Ouda et al., 2008). Specifically, there was no reduction
in parvalbumin immunoreactivity in old Long-Evans rats, while
there was a pronounced decline in the number of parvalbumin-ir
cells in the AC of old Fischer 344 rats. Since parvalbumin-express-
ing cells in the central nervous system form a subpopulation of
GABA-expressing neurons (Kosaka et al., 1987; Freund and Buzsa-
ki, 1996; Kawaguchi and Kubota, 1998), it could be expected that
the changes in parvalbumin and GAD expression with aging would
have a more similar character. However, different age-related
changes in the immunoreactivity of parvalbumin and the expres-
sion of GABA (GAD) were reported, for example, in the rat septum,
hippocampus and sensorimotor cortex (Krzywkowski et al., 1995;
Vela et al., 2003; Potier et al., 2006; Shi et al., 2006).

Age-related alteration in GABA inhibition was a feature also
present in the visual cortex. Our observation of decreased GAD65
and 67 immunoreactivity and protein levels in the visual cortex
is in agreement with Hua et al. (2008), who found a reduction in
the number of GABA-ir neurons in the primary visual cortex of
the cat with aging while no changes in the total number of neurons
were observed. In addition, a decreased function of the GABA sys-

Fig. 4. Results of Western blot GAD65 and GAD67 protein analysis in young (6 for
Long-Evans and 2 for Fischer 344) and old (6 for Long-Evans and 2 for Fischer 344)
animals of both examined strains. The error bars represent S.E.M. Arbitrary units
were calculated as the ratio of the optical density of the examined protein and actin
(in scanned films analyzed using ImageQuant software) (*P < 0.05, **P < 0.01).

Fig. 5. Representative films of the Western blot analysis of GAD 65 (left panel) and 67 (right panels) protein isoforms developed with the enhanced luminescence method.
Actin, used as an internal control, was detected at a position corresponding to a molecular weight of 42 kDa. Note the partial non-specific labeling on the left panel (non-
labeled upper stripes) using polyclonal antibody (for GAD 65). The abbreviations are: AC, auditory cortex; IC, inferior colliculus; VC, visual cortex; Y, young and O, old animals.
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tem was reported in the primary visual cortex of aged monkeys
(Schmolesky et al., 2000; Leventhal et al., 2003). Western blot pro-
tein analysis in our experiments showed a statistically less pro-
nounced decline in GAD65 and GAD67 levels with aging in the
VC compared to the AC, which may signal different GABA-related
aging processes in the two cortical sensory areas. A decreased func-
tion of the GABA inhibitory system with aging was also docu-
mented in the rat hippocampus (Shetty and Turner, 1998;
Stanley and Shetty, 2004; Shi et al., 2004; Ling et al., 2005), while
no reduction in the number of GABA neurons or GAD immunoreac-
tivity was found in the septum, sensorimotor cortex or parietal cor-
tex (Krzywkowski et al., 1995; Poe et al., 2001; Ling et al., 2005; Shi
et al., 2006). Therefore, it is evident that aging is not necessarily
accompanied with a homogenous decline of GABA levels in all
brain regions.

The alteration of GABA-mediated inhibition in the central audi-
tory pathway may have functional implications. The decreased inhi-
bition may result in a broadening of the excitatory areas and thus in
the poorer tuning of the neuronal receptive fields, which is in agree-
ment with existing electrophysiological reports (Palombi and Casp-
ary, 1996; Walton et al., 2002; Turner et al., 2005a,b). The reduction
of fine-tuned receptive fields results in poorer discrimination of the
temporal parameters of sounds (Narayan et al., 2005). The reduced
temporal acuity limits the gap detection thresholds and gap duration
difference limen, which are believed to be essential for the successful
processing of complex sounds including language (Gordon-Salant
and Fitzgibbons, 1993; Grose et al., 2006; Gordon-Salant et al.,
2007). With aging, the gap detection thresholds significantly
increase and gap duration difference limen worsens (Rybalko
et al., 2008) These data support the conclusion that the age-related
decline of GABA levels could contribute significantly to the deteri-
oration of hearing function associated with aging in mammals,
including presbycusis in man.
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Age-related changes in the levels of major intracellular calcium buffers are known to occur in different parts of the
mammalian brain, including the central auditory pathway. In the present study, we evaluate with immunohisto-
chemistry and thewestern blot technique the effect that aging has on the calbindin- and calretinin-expressing sys-
tem of neurons in the higher structures of the central auditory pathway, in the inferior colliculus (IC), medial
geniculate body (MGB) and auditory cortex (AC) of two rat strains, the slowly aging Long-Evans and the fast
aging Fischer 344. Interestingly, the age-related changes demonstrated a similar character regardless of the rat
strain. In the IC of young animals, the majority of calbindin and calretinin immuno-reactive (CB and CR-ir) cells
were found in the dorsal and external cortices and only sparse positive cells were present in the central nucleus
of the IC.With aging, the number of CB-ir and CR-ir neurons decreased significantly in both the dorsal and external
cortices. Furthermore, these declines were accompanied by an age-related reduction in the mean volumes of CB-
and CR-ir neuronal somas. In theMGB of young rats, CB-ir neuronswere present in abundant numbers in both the
dorsal and ventral subdivisions,whileCR-ir neuronswere practically absent in this structure.With aging, the num-
ber andmean volume of CB-ir cells in the ventral subdivision of theMGBwere significantly decreased. In compar-
isonwith the IC andMGB, age-related numerical and volumetric declines of both CB-ir and CR-ir neurons in the AC
were less pronounced. Western blot protein analysis revealed a pronounced age-related decline in the levels of
calbindin in both strains and in all examined brain regions. In contrast, the decline in calretinin levels with
aging was less prominent, with a significant decline only in the IC of both strains. The observed age-related
changes in the calbindin- and calretinin-expressing systems may contribute significantly to the deterioration of
hearing function known as central presbycusis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The calcium binding proteins (CBPs), calbindin (CB), parvalbumin
(PV) and calretinin (CR), are among the major fast cytoplasmic calcium
buffers in the central nervous system and thus protect neurons from in-
sults that induce an elevation of intracellular Ca2+ (Baimbridge et al.,
1992; Elston andGonzález-Albo, 2003). The disruption of neuronal calci-
um homeostasis and consequent molecular events affect neuronal via-
bility and synaptic plasticity and may represent early steps in the
development of neuronal degeneration (Foster, 2007). Changes in calci-
um homeostasis in the brain during aging are thought to be tightly
linked to a decline in neuronal performance (Khachaturian, 1989;
Verkhratsky and Toescu, 1998).

The calcium binding proteins are widely expressed in different
brain regions; however, their expression in the mammalian neocortex
and hippocampus is predominantly localized in GABAergic inhibitory

neurons. In contrast to excitatory pyramidal neurons, the inhibitory
neurons are typically local circuit neurons, variable in theirmorphology,
types of their responses to sensory stimuli and their expression of
different biochemical markers (Freund and Buzsáki, 1996; Markram et
al., 2004; Wang et al., 2002). The distribution of CB-immunoreactive
(CB-ir) and parvalbumin-immunoreactive (PV-ir) neurons in the cen-
tral nervous system of the rat was first described in a summary by
Celio (1990). Their distribution seems to be complementary to some ex-
tent with a slightly higher occurrence of PV in the primary and CB in the
non-primary auditory or visual regions, as also described in mice
(Cruikshank et al., 2001), monkeys (Jones, 2003) and humans (Tardif et
al., 2003). Interestingly, the mutual colocalization of CB, PV and CR in
one neuron is very rare, and they mainly represent three distinct neuro-
nal populations (Demeulemeester et al., 1989; Gonchar and Burkhalter,
1997; Gonchar et al., 2007; Jinno and Kosaka, 2002; Kubota et al., 1994).

Age-related changes in the expression of CBPs in the brain have
been described in both animal and human studies. A significant loss of
CB-ir neurons, but only small changes in the occurrence of PV-ir neu-
rons, was observed in the aged rabbit hippocampus (De Jong et al.,
1996). In the brain of hamsters, calretinin and parvalbuminmRNA expres-
sion remained unchanged during aging, while calbindin-D28k mRNA
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expression diminished (Kishimoto et al., 1998). In rats, Krzywkowski et
al. (1995) found a reduction in the somatic cross-sectional areas and a
decrease in the numerical density of PV-ir neurons in the cingulate cor-
tex. In the same species, Hwang et al. (2003) reported an age-related
decline in the number of PV-ir neurons together with othermorpholog-
ical changes in the olfactory bulb. Furthermore, Shetty and Turner
(1998) reported a parallel decline in the number of CB-, PV- and CR-ir
neurons in the hippocampus of aged Fischer 344 rats. In human studies,
a reduction in CBPs has been reported in different human psychiatric
and neurological diseases (Mikkonen et al., 1999; Woo and Lu, 2006).
On the other hand, even in men with no sign of such an illness, Bu et
al. (2003) reported an overall age-related decrease in the numerical
density of calbindin- and calretinin-positive neurons in most of the
cortical regions, including the auditory cortex (AC), while parvalbumin
immunoreactivity remained virtually unchanged.

In the auditory pathway, age-related changes in the levels of the calci-
um binding proteins have been demonstrated in mice and rats. In the co-
chlear nuclei, the changes were reported for all three calcium binding
proteins in different mouse strains (Idrizbegovic et al., 2001, 2004,
2006). Significant strain-dependent differences were found in the superi-
or olivary complex and inferior colliculus (IC) of the CBA/CaJ and C57/BL/
6J mouse strains: an age-related decline in calbindin-immunoreactivity
was found in the medial nucleus of the trapezoid body only in C57
mice, not in CBA mice (O'Neill et al., 1997). With aging, both strains
show a decline in the number of calbindin-ir neurons in the IC, whereas
calretinin-ir neurons increase with age only in the IC of CBA mice, not in
C57 mice (Zettel et al, 1997). In addition, this up-regulation of calretinin
was shown to be dependent on preserved sound-evoked activity, since
in CBA mice bilaterally deafened in youth, the increase with age does
not occur (Zettel et al., 2001). Significant strain-specific changes were
found in parvalbumin immunoreactivity with aging in the IC and AC of
Long-Evans rats, an outbred strainwith normal aging andpreservedhear-
ing function up to late senescence, and in Fischer 344 rats, an inbred fast
aging strain with early and severe hearing deterioration. While in the
Long-Evans rats rather mild age-related changes occurred, a significant
decline in the number of cortical PV-ir neurons was observed in Fischer
344 rats (Ouda et al., 2008).

In the present study, Long-Evans and Fischer 344 rats were studied
in order to determine the strain-specificity of age-related changes in
calbindin- and calretinin-expressing neurons in the inferior colliculus
(IC), medial geniculate body (MGB) and auditory cortex (AC). The
major outcome of this study is that significant changes in calbindin-
and calretinin-expressing neurons occurred with aging in both strains,
but they are likely not strain-dependent.

2. Materials and methods

2.1. Animals

Thirty-six rats of the Long-Evans (18 animals) and Fischer 344 (18
animals) strains were used in the experiments. The Long-Evans rats
were obtained from a local facility and, starting at 2 months of age,
were reared and aged (aging group) in-house, under known rearing
conditions and with a known health history. Fischer 344 rats were pur-
chased at 2 months of age from Charles River Deutschland (Sulzfeld,
Germany) and then reared in-house under the same conditions. No
signs of middle ear infection were present in any animal during their
stay in the animal facility. The care and use of the animals and all exper-
imental procedures were performed in compliance with the guidelines
of the Ethical Committee, Institute of Experimental Medicine, Academy
of Sciences of the Czech Republic, and the Declaration of Helsinki.

2.2. Immunohistochemistry

Long-Evans rats, 3–5 (n=5) and 28–33 (n=5) months old, and
Fischer 344 rats, 3–5 (n=5) and 18–24 (n=5) months old, were

placed under deep anesthesia (ketamine 35 mg/kg+xylazine 6mg/kg,
i.m.), then transcardially perfusedwith saline followed by 4% paraformal-
dehyde fixative in 0.1 M phosphate buffer (pH 7.4). Brainswere removed
within 15 min of perfusion, postfixed 1 h at 4 °C (same fixative) and then
cryoprotected with 30% sucrose in phosphate buffer overnight. Coronal
sections (40 μm thick) were cut with a freezing microtome and stained
for either calbindin or calretinin.

Free-floating sections were preblocked in normal serum for 1 h and
then incubated at 4 °Cwith anti-calbindin (rabbit polyclonal, Chemicon,
1:1000) or anti-calretinin (rabbit polyclonal, Millipore, 1:5000) diluted
in PBS containing 1% normal serum. After 48 h, sectionswere incubated
with a biotinylated secondary antibody, anti-rabbit IgG (Vector, 1:200),
for 1 h and then with peroxidase-labeled ABC reagent (1:100, Vector)
for 1 h. The antibody labeling was visualized by incubating the sections
for 5 min in 0.02% diaminobenzidine (DAB)with 0.01% hydrogen perox-
ide. Sections were mounted on slides, dehydrated and coverslipped.

2.3. Stereological quantification

Calbindin (CB) immunoreactivity was examined in all sections
containing the inferior colliculus, medial geniculate body and audi-
tory cortex, delineated according to anatomical atlases (Paxinos
and Watson, 1998; Zilles, 1985) and with the help of Nissl-stained
sections (topographical borders of cortical areas) (Fig. 1A,B,C). Sec-
tions for the auditory cortex were sampled from bregma −4.2 mm
to bregma −5.8 mm (Zilles, 1985), identified by measuring
2.0–2.5 mm from the rhinal fissure for Te3 and 3.5–4.0 mm for Te1.
As an auxiliary criterion, the line going through the dorsal margin
of the diencephalon indicated the control dorsal (upper) border of
the auditory cortex. For the IC, sections were sampled from bregma
−8.0 to −9.2 mm, for the MGB from bregma −5.0 to −6.2 mm
and for the visual cortex (V1, V2 - Paxinos and Watson, 1998) from
bregma −5.0 mm to −8.0 mm.

To estimate the total number of CB- and CR-ir neurons, an unbi-
ased stereological method, the optical fractionator, was used (West
et al., 1991; for review see Mayhew and Gundersen, 1996). Measure-
ments were performed using bright-field microscopy (Leica DMRXA
microscope) connected to a video camera, which transmitted the mi-
croscopic image to a monitor (Optronics, 1600×1200 px) coupled
with Neurolucida software (MicroBrightField, Inc.). Two sets of mo-
tors were connected to the microscope to move the section on a
known distance in the x- and y-directions. The z-direction was mea-
sured using a microcator. A 10× objective lens was used to delineate
the regions of interest and the starting position of the counting
frame. We adapted the Neurolucida-generated grid superimposed
on the screen with the use of a random number table to establish
the random starting position of the counting frame in the area of
interest.

A 100× oil-immersion objective was used and the appropriate
counting frame was superimposed on the screen. The counting
frames used to obtain the sampling had the same size (3850 μm²–
70×55 μm). The upper and lower surfaces of the sections were exam-
ined to determine if the margins of the tissue sections were depleted
of neuronal nuclei, as suggested by Andersen and Gundersen (1999).
The height of the optical dissector was constant at 10 μm, and the first
and last 5 μm of the section thickness were omitted from the analysis.
At least 200 neurons per animal were counted in each examined
structure. Each neuron in the counting frame was counted when
its distinct nucleus came to maximum focus. At maximum focus,
the cell body was outlined by a cursor on the computer screen,
and the cross-sectional area was measured automatically using
Neurolucida software. The mean volume was consequently recal-
culated from the values of the cross-sectional areas. Only positive
somas exceeding 5 μm in diameter and with a distinct nucleus
were counted and used for analysis.
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2.4. Western blot protein analysis

Long-Evans rats, 3–6 (n=4) and 30–33 (n=4) months old, and
Fischer 344 rats, 4 (n=4) and 21–25 (n=4) months old, were used
in the analysis. Anesthetized rats (ketamine 35 mg/kg+xylazine
6 mg/kg, i.m.) were decapitated, their brains quickly extracted and
rinsed in ice-cold physiological solution, and the inferior coliculli (ICs)
and auditory (ACs) and visual cortices (VCs) were rapidly removed

bilaterally. The samples included the whole IC, the Te1+Te3 (Zilles,
1985) areas of the AC and the V1+V2 areas of the VC (Paxinos and
Watson, 1998). All samples were immediately put into dry ice after ex-
traction and stored frozen at−80 °C until processed. In contrast to the
IC or cortical areas, the medial geniculate body was practically im-
possible to extract quickly and precisely enough from the fresh
brain tissue due to anatomical localization of this structure. There-
fore, this structure was not included into the western blot protein
analysis.

For the analysis, ICs, ACs and VCs were homogenized by a Potter-
Elvehjem homogenizer in 0.05 M Tris-NaCl (pH 7.4) buffer with protease
inhibitors (Sigma). The homogenate was centrifuged at 10 000 g for
10 min at 4 °C. To ensure similar protein loading, the total protein
concentration of these extracts was determined by using the Bradford
method with BSA as the standard. Samples (cytosolic fraction) were
incubated in boiling water for 10 min at 80 °C in sodium dodecyl
sulfate–polyacrylamide gel electrophoresis buffer containing 10% glycer-
ol, 2% SDS, 0.05% bromphenol blue and 4M dithiotreitol. Samples
were then subjected to Tris/Tricine/SDS-PAGE electrophoresis on a 3%
bis-acrylamide polyacrylamide gel at 30 mA/gel for 150 min on a Mini-
Protean II apparatus (Bio-Rad). After electrophoresis, the resolved
proteins were transferred (Bio-Rad Mini Protean II transblot apparatus
at 350 mA for 60 min at 4 °C in 25 mM Tris, 192 mM glycine, 20% meth-
anol, 0,1% SDS) to a nitrocellulose membrane (Amersham, Biosciences).
Membranes were incubated in 5% non-fat dry milk in 10% Tris-buffered
saline with 0.05% Tween 20 (TBST) for 60 min at room temperature to
block nonspecific protein binding. After being washed in TBST buffer
(3 times quickly, 3×5 min each), the membranes were probed with
anti-calbindin (rabbit polyclonal, Chemicon, 1:500 in TBST), anti-
calretinin (rabbit polyclonal, Millipore, 1:200 in TBST) and anti-actin
(mouse monoclonal, Chemicon, 1:1000 in TBST) primary antisera
overnight at 4 °C. The membranes were washed again and incubated
with goat anti-mouse IgG or anti-rabbit IgG antibody conjugated with
horseradish peroxidase (Upstate, 1:7500 in TBST) for 2 h at room temper-
ature. Before enhanced chemiluminescence (ECL), the membranes were
washedasdescribed above and stored in TBST for at least 2 h. For ECL, sub-
strates A (Luminol solution) and B (H2O2 solution) were prepared, mixed
2:1 (Sigma) just before use, and poured on the membranes. The specific
signals were detected on autoradiographic film (Kodak MXB). Films
were developed at room temperature, stopped, fixed, washed under run-
ning cold water and air-dried. Scanning (Canon CanoScan 9000F) and
ImageQuant software were used for quantifying the relative abundance
of calbindin, calretinin and actin in individual samples. The amount of
protein applied to the gel varied for each isoform and fraction to achieve
linearity with the intensity×area (volume) of the band on the western
blot. To ensure the specificity of CB-, CR- and actin-immunoreactive
proteins, prestained molecular weight protein standards were used
(Sigma). The levels of calbindin and calretinin were calculated as
the ratio of the optical density of the antibody of interest to the
optical density of the antibody directed against β-actin.

2.5. Statistical analysis

The significance of the differences between young and old groups of
rats was assessed by the non-parametric two-tailed Mann–Whitney
test for the immunohistochemistry and by the one-way ANOVA test
and Bonferroni's multiple comparison test for western blots, both
with the use of GraphPad Prisma software (version 4.0). In addition,
the significance of differences inwesternblot protein analysis amongpro-
tein levels in different brain structures (IC vs. AC vs. VC) in young and old
rats was also assessed by the one-way ANOVA test and Bonferroni's mul-
tiple comparison test. P values of 0.05 or less were considered statistically
significant. For each statistical test, each examined animal was repre-
sented by one number to ensure the maximal independence of the data
entering the tests.

Fig. 1. Topographical overview of coronal sections including the IC, MGB and AC. Draw-
ings adapted from Paxinos and Watson (1998) and Zilles (1985); (A) bregma
−8.8 mm, (B) bregma −5.1 mm, (C) bregma −5.3 mm. CIC — central nucleus of the
inferior colliculus; DIC — dorsal cortex of the IC; EIC — external cortex of the IC;
MGB-V, D — ventral and dorsal divisions of the medial geniculate body; AC — auditory
cortex, Te1 and Te3 areas, Par — parietal cortex; Hip — hippocampus; PRh — perirhinal
cortex; V1,2 — visual cortex 1,2; RSD, RSV — retrosplenial cortex, dorsal and ventral.
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3. Results

3.1. Calbindin

3.1.1. Inferior colliculus
CB-ir neurons were observed throughout all three subdivisions of

the IC; however, the majority of CB-ir cells were found in the dorsal
and external cortices (Fig. 2A,B), while only a few were present in the
central nucleus of the IC. Significant age-related changes in CB immuno-
reactivity were found predominantly in the dorsal (DIC) and external
cortices (EIC). With aging, the number of CB-neurons decreased signif-
icantly in the DIC and EIC cortices of both rat strains (by 21% and 16% in
Long-Evans and by 18% and 13% in F344 rats, respectively, Pb0.05,
Pb0.01 in the DIC of LE rats; Fig. 4A,B). The average volumes of CB-ir
neuronal somas significantly decreased only in the dorsal cortex of the
IC (by 18% in Long-Evans and 16% in F344 rats, respectively, Pb0.05;
Fig. 4C,D).

Western blot analysis revealed a significant age-related decline in
the levels of calbindin in the whole IC of old rats of both species in
comparison with young animals of 49% for LE and 45% for F344
(both Pb0.001) (Fig. 6A). The analyzed samples included all three
subdivisions of the IC.

3.1.2. Medial geniculate body
In the MGB, CB-ir neurons were present in both the dorsal and

ventral subdivisions in a markedly higher numerical density com-
pared to the IC and auditory cortex (Fig. 2C–E). In comparison with
young rats, the number of CB-ir cells in the ventral subdivision was
significantly decreased in both aged Long-Evans and F344 rats, by
18% and 23%, respectively (both Pb0.01,Fig. 4A,B). Furthermore, in
the dorsal subdivision of old F344 rats, the number of CB-ir neurons
also decreased significantly (by 21%, Pb0.01); Fig. 4A,B. Similarly,
the average volume of CB-ir neuronal somas was smaller with aging
in the ventral subdivisions of both rat strains and in the dorsal

Fig. 2. Illustration of CB immunoreactivity in the dorsal (A) and external (B) cortices of the IC in young Long-Evans rats, in the MGB (C) of a young Fischer 344 rat, in detail in the
ventral MGB of young (D) and old (E) Fischer 344 rats, and in the Te1 auditory cortical area in young (F) and old (G) Long-Evans rats.
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subdivision of F344 rats (all Pb0.05; Fig.4C,D). The difference in the nu-
merical density of immunoreactive neurons between young and old ani-
mals was visible to the naked eye in some cases (Fig. 2D,E). The smaller
cross-sectional size of themedial division of theMGBand the lownumber
of CB-ir neurons per section in this structure resulted in a considerably

higher S.E.M. in comparison with all other analyzed structures, which
would not allow us to conduct any meaningful statistical analysis, there-
fore we decided to omit the medial division from our calculations.

Due to methodological reasons, the MGBwas not included into the
western blot protein analysis (see Section 2.4).

Fig. 3. Illustration of CR immunoreactivity in the dorsal (A) and external (B) cortices of the IC of a young adult Long-Evans rats, and in the Te1 auditory cortical area of a young
Fischer 344 rat (C).

Fig. 4. Results of the quantitative evaluation of calbindin immunoreactivity in the external and dorsal cortices and central nucleus of the inferior colliculus, in the ventral and dorsal
subdivisions of the medial geniculate body, and in the Te1 and Te3 auditory cortical areas of young and old Long-Evans (A,C) and Fischer 344 (B,D) rats. A,B — Numerical density of
CB-ir neurons. C,D — Mean volumes of CB-ir neurons. The error bars represent S.E.M. (* — Pb0.05, ** — Pb0.01).
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3.1.3. Auditory cortex
The CB-ir cells in both LE and Fischer 344 rats were scattered

throughout cortical layers II–VI in the Te1 and Te3 areas with a

markedly higher numerical density and stronger neuropile immunos-
taining in the superficial layers (I–IV) than in the deep layers (V–VI).
These features were present in both young and old animals (Fig. 2F,
G). The neurons in the superficial layers were more weakly stained
when compared with CB-ir cells in the deep layers, and in few cases
their morphology was reminiscent of pyramidal neurons. In compar-
ison with age-related changes in the IC and MGB, the numerical
changes of CB-ir neurons in the AC were less pronounced (by 14%
and 16% in LE and F344 rats, respectively). The decrease in the num-
ber of CB-ir neurons with aging in the Te1 area of old rats reached the
level of statistical significance (Pb0.05); Fig. 4A,B. On the other hand,
the volumetric changes of CB-ir neuronal somas were rather small
and non-significant.

Nevertheless, western blot protein analysis revealed a significant
age-related decrease in the total levels of calbindin of 54% for LE
and 48% for F344 (both Pb0.001) (Fig. 6A). The analyzed samples in-
cluded both the Te1 and Te3 areas. A significant age-related decline in
the protein levels of calbindin of 42% in LE and 50% in F344 rats was
also observed in the visual cortex (both Pb0.001) (Fig.6A). The age-
related declines found in the subcortical and cortical auditory brain
regions are clearly seen on the representative blots shown in Fig. 7.

Interestingly, the levels of calbindin, in both young and old ani-
mals, were approximately two times higher in the AC than in the IC
and visual cortex (Pb0.01, Bonferroni's multiple comparison test).

3.2. Calretinin

3.2.1. Inferior colliculus
CR-ir neurons were found throughout all three subdivisions of the

IC; however, the majority of CR-ir cells were present in the dorsal and
external cortices (Fig. 3A,B) and only a few were scattered in the cen-
tral nucleus of the IC. Age-related changes were similar regardless of
the examined strain and comprised a tendency towards a decline in
the number of CR-ir neurons as well as a decrease in the mean vol-
umes of the remaining CR-ir neuronal somas in all subdivisions of
the IC. The number of CR-neurons decreased significantly in the dor-
sal cortex of the IC in both rat strains by 16% in Long-Evans and by 20%

Fig. 5. Results of the quantitative evaluation of calretinin immunoreactivity in the external and dorsal cortices and central nucleus of the inferior colliculus, and in the Te1 and Te3
auditory cortical areas of young and old Long-Evans (A,C) and Fischer 344 (B,D) rats. A,B— Numerical density of CR-ir neurons. C,D—Mean volumes of CR-ir neurons. The error bars
represent S.E.M. (* — Pb0.05, ** — Pb0.01).

Fig. 6. Results of western blot protein analysis of calbindin (A) and calretinin (B) in young
and old Long-Evans and Fischer 344 rats. Arbitrary unitswere calculated as the ratio between
the optical density of the examined protein and the optical density of actin (in scanned
films analyzed using ImageQuant software). The abbreviations are: AC — auditory cortex,
IC — inferior colliculus, VC — visual cortex. The error bars represent S.E.M. (* — Pb0.05,
***— Pb0.001).
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in F344 rats (both Pb0.05; Fig. 5A,B). In addition, the average volumes
of CR-ir neuronal somas were significantly decreased in both the DIC
and EIC cortices when compared with the situation in young animals,
by 19% (Pb0.05) and 15% (Pb0.05) in Long-Evans and by 25% (Pb0.01)
and 18% (Pb0.05) in F344 rats, respectively (Fig. 5C,D).

Western blot analysis demonstrated a significant age-related de-
cline in the levels of calretinin in the IC of both rat strains, of 22%
for the LE and 21% for the F344 strain (both Pb0.05) (Fig. 6B). The an-
alyzed samples included all three subdivisions of the IC. Interestingly,
the levels of calretinin, in both young and old animals, were almost
two times higher in the IC than in the cortical tissue (either AC or
VC) (Pb0.01, Bonferroni's multiple comparison test), as also visible
on the representative blots in Fig. 7.

3.2.2. Medial geniculate body
Practically no calretinin-immunoreactive cells were present in any

section containing the MGB in either young or old animals of either
strain. In some cases, regardless of strain or age of animals, few CR-ir
cells might have been situated within the outer superficial part of the
dorsal MGB, however, the precise borders to the surrounding nuclei
were not clear in these instances.

3.2.3. Auditory cortex
CR-ir neurons were present in all cortical layers regardless of the

rat strain or the age of the examined animals; however, they were
more prevalent in the superficial layers (II–III). In the Te3 auditory
area, the number of CR-ir cells was slightly higher when compared
to the Te1 auditory area in both examined strains, especially in the
superficial layers, but the distribution of CR-ir neurons throughout
the cortical layers was practically identical in both auditory cortical
areas. The positive neurons with well-stained processes predomi-
nantly showed restricted horizontal and long vertical arborizations
(Fig. 3C). With aging, the number of CR-ir neurons in the Te1 and
Te3 areas decreased; however, the decline was non-significant in
both LE and F344 rats. The difference in the mean volumes of CR-ir
somas between young and old animals was negligible (Fig. 5C,D). In-
terestingly, when determined for particular cortical layers separately,
the decrease in the number of CR-ir neurons was more pronounced in
cortical layers I–III and VI, while in layers IV–V, the number of CR-ir
cells was only very slightly decreased with aging.

In western blotting, only a non-significant decline in the levels of
calretinin was associated with aging, as observed in both the auditory
and visual cortices. In the AC, the percentage age-related decrease,
26% for LE and 20% for F344 rats, was greater when compared to the
VC (16% for LE and 15% for F344 rats) and more similar to the findings
in the IC. However, due to a greater variability among values in partic-
ular animals (calretinin protein levels in particular auditory cortices),

the differences were in comparison with the situation in the IC non-
significant (Fig. 6B).

4. Discussion

Our results demonstrated significant age-related changes in calbindin
and calretinin immunoreactivity in the upper parts of the auditory path-
way in two rat strains, which comprised a significant decrease in the
number and volumes of immunoreactive neurons and decreased protein
levels. The obtained data demonstrated a rather uniform character of the
changes. First, the observed changes were relatively similar at both the
subcortical and cortical levels of the rat central auditory system and
also in the visual cortex. Second, age-related changes in both rat strains,
Long-Evans and Fischer 344, shared very similar patterns. Third, the re-
sults obtained with immunohistochemical techniques were in principle
in agreementwith the results acquiredwithwestern blotting. In addition,
the decline in calbindin levels wasmore pronounced in comparisonwith
the changes in calretinin immunoreactivity.

Our findings of a significant decrease in calbindin protein levels
and the number of CB-ir neurons with aging in the central auditory
system and visual cortex are in agreement with previous reports
that demonstrated a prevalent age-related decline in calbindin im-
munoreactivity in different brain regions. In the brain of hamsters,
calretinin and parvalbumin mRNA expression remained unchanged
during aging, while calbindin‐D28k mRNA expression diminished
(Kishimoto et al., 1998). Shetty and Turner (1998) reported a parallel
decline in the number of CB-, PV- and CR-ir neurons in the hippocam-
pus of old Fischer 344 rats. In the perirhinal cortex of Sprague–Dawley
rats, a significant decline in the number of CB-ir neurons was found,
while no changes in the number of CR-ir or PV-ir neurons were
found (Moyer et al., 2011). The age-related loss of CB has been
evaluated in the cerebellum as well as the olfactory bulb and nucleus
basalis of Meynert (Geula et al., 2003; Iacopino and Christakos,
1990; Kishimoto et al., 1998).

It follows that age-related changes in calretinin expression are rather
more complex and multivalent in comparison with age-related changes
in calbindin. This has also been shown in the central auditory system
where a similar complexity of changes has been demonstrated to some
degree. In the cochlear nuclei of mice, the number of CB-ir cells did not
changed with aging in BALB/c mice, while number of PV- and CR-ir
neurons increased significantly (Idrizbegovic et al., 2006). Significant
strain-dependent differences were found in the inferior colliculus of the
CBA/CaJ and C57/BL/6J mouse strains: with aging, both strains showed
a decline in the number of calbindin-ir neurons in the IC, whereas
calretinin-ir neurons increased with age only in the IC of CBA mice (a
mouse strain with preserved hearing function up to an advanced age),
not in C57 mice (Zettel et al, 1997). The increase in the number of CR-ir
neurons in the IC of CBA mice contrasts in some degree with our finding

Fig. 7. Representativefilms of thewestern blot analysis of calbindin and calretinin protein isoforms developedwith the enhanced luminescencemethod. Actin, used as an internal control, was
detected at a position corresponding to a molecular weight of 42 kDa. The abbreviations are: AC— auditory cortex, IC – inferior colliculus, VC— visual cortex, Y— young and O— old animals.
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of a decrease in the number of CR-ir neurons in the IC of Long-Evans rats.
The reason for this difference is not clear; however, it may reflect inter-
species differences as well as the discussed complexity of age-related
changes in calretinin expression.

The Long-Evans and Fischer 344 rat strains involved in our experi-
ment represent two strainswith a variety ofmorphological, physiological
and behavioral differences (Harker and Whishaw, 2002). While Long-
Evans rats showpreserved hearing function up to late senescence, Fischer
344 rats represent a fast aging strainwith an early onset of severe hearing
deterioration with aging (Popelar et al., 2003, 2006; for review see Syka,
2010). The age-related pathology linked to hearing deterioration in
Fischer 344 rats includes changes in both the middle and inner ear
(Buckiova et al., 2007; Popelar et al., 2006) and apparently also the dis-
ruption of prestin in the outer hair cells of old animals of this strain
(Chen et al., 2009).

However, despite the differently preserved function of the periph-
eral part of the auditory system with aging, Long-Evans and Fischer
344 rats demonstrated almost identical age-related changes in
calbindin and calretinin. In our previous experiments, we found anal-
ogous uniform age-related changes in glutamate decarboxylase (the
key rate-limiting enzyme for the synthesis of GABA) in the central au-
ditory system of both Long-Evans and Fischer 344 rats. Similarly as in
the present results, the observed changes were expressed as a uni-
form homogenous decline in the number of glutamate decarboxylase
positive neurons in the IC and AC accompanied by a notable decrease
in protein levels in the IC, AC, and also VC of both strains as assessed
by western blotting (Burianova et al., 2009). These findings suggest
that certain age-related changes in the central auditory system may
not be exclusively dependent on the loss of peripheral inputs but
may represent, at least partially, a feature of the aging brain. On the
other hand, in spite of the fact that parvalbumin-expressing neurons
form a significant subpopulation of GABA-expressing cells in the IC
and AC of the rat (Fredrich et al., 2009; Gonchar and Burkhalter,
1997), the age-related changes in the PV-ir neuronal population
were rather mild in Long-Evans rats, while in old Fischer 344, the ob-
served changes included large deficits in the local occurrence of PV-ir
cells, especially in the AC (Ouda et al., 2008).

The expression of major intracellular calcium buffers – calbindin,
calretinin and parvalbumin – in the higher levels of the central audi-
tory system as well as in most cortical non-auditory areas is distinc-
tive for the system of GABAergic neurons, with the partial exception
of calbindin. Simultaneously, the mutual colocalization of CB, PV and
CR in one neuron is very rare, and they mainly represent three dis-
tinct neuronal populations (Demeulemeester et al., 1989; Gonchar
and Burkhalter, 1997; Gonchar et al., 2007; Jinno and Kosaka, 2006;
Kubota et al., 1994). These neuronal populations also mostly repre-
sent different neuronal types with respect to morphology, synaptic
connection, electrophysiological responses and function in neuronal
networks (Markram et al., 2004), which may result in their different
roles and different manifestations of changes, including the divergent
strain-dependency of these changes, during aging.

As mentioned above, among the three major discussed CBPs, cal-
bindin may not belong exclusively to the GABAergic neuronal popula-
tion: especially some weakly stained CB-ir cells in the superficial
cortical layers are known to be pyramidal neurons (De Felipe, 1997;
Kubota et al., 1994; Van Brederode et al., 1991). This fact must be spe-
cifically recognized in the MGB, since in rodents, this auditory region
contains only very few GABAergic neurons (Winer and Larue, 1996).
In contrast, the presence of CB-ir neurons in the MGB is abundant,
even in comparison with the IC and AC, therefore most of them are ev-
idently non-GABAergic cells. On the other hand, only very few PV-ir and
CR-ir neurons are present in the rat MGB, as shown in both the present
study and also in our earlier work (Ouda et al., 2008). However, despite
these facts, the age-related decline in the number of CB-ir neurons in
our findings was uniform in all three examined auditory structures,
the IC, MGB and AC.

An interesting finding in our experiments is the significant region-
al difference in the protein levels found with western blotting, which
includes approximately two-fold higher levels of calbindin in the AC
in comparison with the IC and visual cortex and almost two-fold
higher levels of calretinin in the IC in comparison with the AC and
VC. The background and functional implications of this variation re-
main to be determined. The regional differences in calretinin protein
levels are in agreement with our previous finding of almost three-fold
higher GAD protein levels in the IC when compared to the AC and VC
(Burianova et al., 2009). On the other hand, higher levels of calbindin
in the AC could simply reflect the amount of calbindin in neurons, in-
cluding the intensely stained neuropile, in the superficial cortical
layers. However, this reasoning does not apply for the comparison be-
tween the AC and VC.

When comparing our results obtained by immunohistochemistry
with the results from western blotting, the age-related changes ob-
served in immunohistochemistry were generally less pronounced.
This finding could be, at least partially, attributed to a more complex
interpretation of the immunohistochemical data. Not only changes in
the total number of immunoreactive neurons, but also in the intensity
of immunostaining (a variable, which is profoundly dependent on
renormalization against the background staining) and the volumes
of the stained neurons are necessary to take into account. Therefore,
the changes in the total protein levels as indicated by immunohisto-
chemistry are difficult to estimate, and a comparison with the results
obtained by western blotting is not straightforward, as also shown for
CBPs by other authors who used both immunohistochemistry and
western blotting (Choi et al., 2010; Kim et al., 2010; Ng et al., 1996).
However, a qualitative agreement between the results obtained by
both techniques in our experiments is evident. For technical reasons,
the medial geniculate body could not be included into the western
blot protein analysis (see Section 2.4); therefore, we cannot deter-
mine whether the more pronounced decline in the number of CB-ir
neurons found by immunohistochemistry in this structure, when
compared to the IC and AC, would also be associated with a more pro-
nounced decline in calbindin protein levels in western blot results.

In animal and human studies, increasing evidence has accumulated
about the mutual links among intracellular calcium regulation, alter-
ations in intracellular calciumbinding protein levels and neurodegener-
ative and neuropsychiatric disorders (for review seeWoo and Lu, 2006;
Mattson, 2007). For example, in Alzheimer's disease mouse models,
there was a loss of CB immunoreactivity in the hippocampus that corre-
lated with hippocampal-dependent learning deficits (Palop et al., 2003,
2011). A reduction in CBPs has been also reported in humans diagnosed
with Alzheimer's disease (Mikkonen et al., 1999). On the other hand, a
decline in the number of CB-ir and CR-ir neurons has been observed in
different brain neocortical areas, including the auditory cortex, in old in-
dividuals without any previous signs of psychiatric or neurological dis-
eases (Bu et al., 2003). Since CBPs may play an important role in
neuroprotection and neuronal performance (Foster, 2007; Mattson et
al., 1991; Verkhratsky and Toescu, 1998), their decreased expression
with aging may compromise neuronal function and, further, influence
the viability of the neurons with increased susceptibility to various
disorders.

The functional implication of the age-related decline in the ex-
pression of CB and CR in auditory processing could predominantly in-
volve alterations in the GABA-mediated inhibitory system, which
preferentially includes neuronal populations expressing CBPs, and
consequently affect different populations of pyramidal neurons. Specifi-
cally, large pyramidal neurons in layer V, which exhibit sharp, “V/U”
shaped receptive fields, are likely to have fewer inhibitory inputs on
their somas (Hefti and Smith, 2000, 2003), synaptic connections typical
for fast spiking PV-ir basket cells, and therefore may be under the influ-
ence of otherGABAergic neuronswith synaptic connections preferentially
located on dendrites of pyramidal cells like the CB-ir and CR-ir neuronal
populations (Freund and Buzsáki, 1996;Markram et al., 2004). Therefore,
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age-related changes in the number and function of CB-ir and CR-ir neu-
rons could contribute to the age-related decline in the performance of
sharply tuned pyramidal neurons, since the number and reliability of
“V/U” shaped receptive fields significantly decrease with aging and the
neurons fire less onset responses (Turner et al., 2005a).

The compromised inhibition in the central auditory systemmay result
in a broadening of the excitatory areas and thus in the poorer tuning of
the neuronal receptive fields. The reduction of fine-tuned receptive fields
consequently results in poorer discrimination of the temporal parameters
of sounds (Narayan et al., 2005; Palombi and Caspary, 1996; Turner et al.,
2005a, 2005b; Walton et al., 2002). The reduced temporal acuity limits
the gap detection thresholds and gap duration difference limen, which
are known to worsen with aging and are believed to be essential for the
successful processing of complex sounds, including human language
(Gordon-Salant et al., 2007; Grose et al., 2006; Mazelová et al., 2003;
Suta et al., 2011). From this point of view, the age-related decline in CB
andCR expression levels in the central auditory systemcould also contrib-
ute significantly to the deterioration of hearing function associated with
aging in mammals, including presbycusis in man.

5. Conclusions

In summary, a significant loss of CBPs expression during normal aging
could contribute to a cellular environment that makes neuronsmore sus-
ceptible to dysfunction and degeneration. The disruption of calcium ho-
meostasis in neurons may consequently be involved in both the
impairments that accompanynormal aging andalso in thepathologies as-
sociated with age-related disorders (Foster, 2007; Khachaturian, 1989;
Mattson, 2007; Riascos et al., 2011). Therefore, our findings of age-
related decline in calbindin- and calretinin expression in the central audi-
tory pathwaymay contribute significantly to the deterioration of hearing
function in mammals known as central presbycusis, especially the pro-
cessing of complex sounds including human language. Since in the
human population, a loss of speech understanding with aging constitutes
an important health and social impairment (Gates and Mills, 2005; Syka,
2002), an understanding of themechanisms underlying this deterioration
is important for possible therapeutic intervention. Eventually, the age-
related alterations in calciumbinding proteins in the central auditory sys-
tem as well as alterations in GABA-mediated transmission might present
targets for future treatment in human presbycusis.
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The behavioral consequences of age-related changes in the auditory system were studied in Fischer 344 (F344)
rats as a model of fast aging and in Long Evans (LE) rats as a model of normal aging. Hearing thresholds, the
strength of the acoustic startle responses (ASRs) to noise and tonal stimuli, and the efficiency of the prepulse
inhibition (PPI) of ASR were assessed in young-adult, middle-aged, and aged rats of both strains. Compared
with LE rats, F344 rats showed larger age-related hearing threshold shifts, and the amplitudes of their startle re-
sponsesweremostly lower. Both rat strains demonstrated a significant decrease of startle reactivity during aging.
For tonal stimuli, this decrease occurred at an earlier age in the F344 rats: middle-aged F344 animals expressed
similar startle reactivity as aged F344 animals, whereas middle-aged LE animals had similar startle reactivity as
young-adult LE animals. For noise stimuli, on the other hand, a similar progression of age-related ASR changes
was found in both strains. No significant relationship between the hearing thresholds and the ASR amplitudes
was foundwithin any age group. Auditory PPI was less efficient in F344 rats than in LE rats. An age-related reduc-
tion of the PPI of ASRwas observed in rats of both strains; however, a significant reduction of PPI occurred only in
aged rats. The results indicate that the ASR may serve as an indicator of central presbycusis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Hearing loss associated with the aging process (presbycusis) is the
most common cause of chronic, permanent hearing disability in both
animals and humans (Gates and Mills, 2005; Syka, 2002; Willott,
1991). Pathological changes occur in presbycusis in both the inner
ear and in the central auditory system. The peripheral component
of presbycusis, which comprises mainly alterations of the inner and
outer hair cells and/or the stria vascularis, is relatively well under-
stood (Harding et al., 2005; Parham, 1997; Schuknecht and Gacek,
1993; Spongr et al., 1997). The central component of presbycusis is
thought to be especially associated with age-related decline in the
processing of complex acoustical stimuli including human speech
(Gordon-Salant, 2005; Willott, 1991). In the human population, a loss
of speech understanding with aging constitutes an important health
and social impairment (Frisina and Frisina, 1997; Gordon-Salant et al.,
2007; Mazelová et al., 2003).

Rodents with a life span of two to three years represent a suitable
laboratory model to study the processes associated with the age-
related deterioration of the auditory system. In our previous studies

(for review see Syka, 2010) two rat strains were used as models
of normal and fast aging: Long Evans (LE) rats — an outbred strain
with normal aging and preserved hearing function up to late senes-
cence, and Fischer 344 (F344) rats — an inbred strain with a frequent
occurrence of pathologies, including an early deterioration of hearing
function. Age-related alterations in the function of the inner ear in
F344 rats, including pathology of the hair cells, stria vascularis and
ligamentum spirale, have been described in detail and compared sys-
tematically with the age-related changes in LE rats (Buckiová et al.,
2006, 2007; Popelář et al., 2003, 2006). Age-related changes in the
function of the inner ear were found to be accompanied in both strains
by pathologies in the central part of the auditory system, which com-
prised a significant decline in glutamic acid decarboxylase (GAD) levels
and changes in the occurrence of parvalbumin-immunoreactive neu-
rons (Burianová et al., 2009; Ouda et al., 2008). Another of our recent
studies also demonstrated the existence of age-related changes in the
temporal processing of acoustical signals in LE rats (Šuta et al., 2011).

In the present study, we decided to use the same model of fast
aging F344 rats and normally aging LE rats for assessing the influence
of aging on behavioral reactions to auditory stimuli. Therefore, the
acoustic startle reflex (ASR) (a transient motor response to an intense
unexpected stimulus) was used as an indicator of the behavioral
responsiveness to sound stimuli. As the ASR is an unconditioned
reflex reaction, there is no need for animal training, and the ASR can
be measured at any age. The structural basis of the ASR is represented
by a short neural circuit comprising the cochlear nucleus, the caudal
pontine reticular nucleus and spinal motor neurons (Davis et al.,
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1982; Koch, 1999). In spite of its relative simplicity, the ASR shows
several forms of behavioral plasticity (habituation, facilitation and
prepulse inhibition) that are functionally significant and reflect the
processing of acoustic information at higher levels of the auditory
system than the ASR itself (Ison and Hammond, 1971; Koch, 1999;
Young and Fechter, 1983).

The ASRmay be used to assess behavioral responses only to louder
auditory stimuli (higher than approximately 70 dB SPL). To determine
the auditory function in the range of intensities below the startling
threshold, the measurement of the prepulse inhibition (PPI) of ASR
is widely used in both human and animal studies. In the PPI procedure,
the startle reaction is inhibited by a low-level sound that shortly pre-
cedes the intense startle stimulus. Animal studies have shown that
auditory PPI is associated with the function of the cochlear nucleus,
the inferior and superior colliculi and the pedunculopontine tegmen-
tal nucleus (Koch, 1999). The efficacy of the PPI undergoes a consider-
able modulating influence of the hippocampus, amygdala and the
medial prefrontal cortex (Swerdlow et al., 2001). The PPI of ASR,
which represents a basic inhibitory process regulating sensory inputs
(Geyer and Braff, 1987; Swerdlow et al., 2001), may be used for esti-
mating the age-related changes in inhibitory function.

The aim of the present study was to evaluate age-related changes
in auditory behavior in rat strains with fast and normal aging and to
estimate the behavioral correlates of auditory system aging in animals
with the presence or absence of hearing loss. The hearing threshold
in rats was assessed by recording of auditory brainstem responses
(ABR). The strength of the acoustic startle response and the efficiency
of the prepulse inhibition of ASR to noise and tonal stimuli were mea-
sured and compared in young-adult (approximately 3 months old),
middle-aged (approximately 12 months old), and aged (older than
23 months) animals of the F 344 and LE rat strains.

2. Methods

Behavioral and electrophysiological testing of hearing function
in Fischer 344 and Long Evans female rats of different ages was
performed in this study using measurement of the ASR and its sup-
pression by acoustic prepulse stimuli and the assessment of the rat's
hearing threshold on the basis of the recording of ABR.

2.1. Subjects

The measurements were performed in three age groups: young-
adult rats (3–5 months old: 10 rats of the F344 strain, mean body
weight 198±15 g, and 9 rats of the LE strain, mean body weight
246±14 g), middle-aged rats (12–14 months old: 6 rats of the F344
strain, mean body weight 277±13 g, and 5 rats of the LE strain,
mean body weight 334±14 g) and aged rats (24–26 months old:
7 rats of the F344 strain, mean body weight 291±18 g, and 24–
34 months old, n=9 rats of the LE strain, mean body weight 338±
9 g). The range of animal ages in the aged F344 group was narrower
than in LE rats due to differences in their lifespan (the life span for
F344 rats is about 6–8 months shorter than for LE rats (Sass et al.,
1975; Hoffman, 1979). For this reason, the aged LE group was divided
into two subgroups that were evaluated separately: group LE-A1 with
24–26-month-old rats (n=5, mean body weight 339±14 g), and
group LE-A2 with 29–34-month-old rats (n=4 mean body weight
337±37 g). This allowed us to compare both age-matched F344
and LE rats, and also the oldest animals of both strains. Animals in
all age groups were in good health conditions; the testing period
for each rat did not exceed three weeks. In each rat the normal
otoscopic status of the outer ear canal and middle ear was controlled
periodically using HEINE mini 2000 otoscope to exclude a middle
ear infection.

Fischer 344 rats were purchased from Charles River Deutschland
(Sulzfeld, Germany), while Long Evans rats were obtained from a

local facility. All animals were housed in age-matched groups of two
or three per cage under standard laboratory conditions in a constant
environment and a 12/12 h normal light/dark cycle; food and water
were available ad libitum. The care and use of animals and all experi-
mental procedures were performed in compliance with the guidelines
of the Ethical Committee of the Institute of Experimental Medicine,
Academy of Sciences of the Czech Republic, and followed the guide-
lines of the EU Directive 2010/63/EU for animal experiments.

2.2. Apparatus and procedures

All behavioral tests were performed in a sound attenuated chamber
(Coulbourn Habitest, model E10-21) located in a soundproof room.
During the testing procedure, the rat was confined to a small wire
mesh cage (160×85×90 mm) on a motion-sensitive platform. The
animal's reflex movements were detected and transduced by a piezo-
electric accelerometer. The amplified voltage signal was acquired and
processed using a TDT system III with Enhanced Real-Time Processor
RP2.1 (Tucker Davis Technologies, Florida, USA) and custom-made soft-
ware in the Matlab environment (The MathWorks, Inc.). The startle
responses were evaluated in a 100 ms window beginning at the onset
of the startle stimulus. The magnitude of the ASR was given by the
maximal peak-to-peak amplitude of transient voltage occurring in the
response window. Acoustic startle stimuli (tone pips or noise bursts)
and prepulse stimuli (tone pips) were generated by the TDT system
and presented via a loudspeaker (SEAS, 29AF/W) placed 12 cm above
the platform inside the chamber. Stimulus presentation and data acqui-
sition were controlled by a custom-made application in the Matlab en-
vironment. Calibration of the apparatus was performed for frequencies
between 1 kHz and 32 kHz by a 1/4 in. Brüel & Kjaer 4939 microphone
connected to a Brüel & Kjaer ZC 0020 preamplifier and a B&K 2231
sound level meter. The calibrating microphone was positioned in the
location of the animal's head in the test cage.

The ASRs to 4, 8, and 16 kHz tone pips and white noise (WN)
bursts (50 ms duration, 5 ms rise/fall times, varying intensity levels)
were recorded. Each test session contained 7 trial types presented in a
random order: a baseline trial (–10 dB SPL stimulus intensity) and 7
startle stimuli of different intensities (60, 70, 80, 90, 100, 110, and
120 dB SPL). Each trial type was presented ten times. The inter-trial
interval varied from 15 to 30 s. The mean ASR amplitude of each
trial type was calculated as the average of all the ASR amplitudes for
that given trial type with the highest and lowest ASR amplitudes ex-
cluded. A trial was considered to have evoked a startle reaction if the
mean ASR amplitude for that trial exceeded the average amplitude of
the baseline trial (0.03±0.008 V) by more than twice the standard
deviation (i.e., it was more than approximately 0.05 V). Thereafter,
the ASR threshold was determined as the minimum intensity at
which there was a startle reaction for at least 50% of the trials.

In the prepulse inhibition procedure, 3 different trial types were
used: a baseline trial without any stimulus, an acoustic startle pulse
alone (white noise at 115 dB SPL, 50 ms, 5 ms rise/fall times), and a
combination of the startle pulse and prepulse tone pips (50 ms dura-
tion, 5 ms rise/fall time) at frequencies of 4, 8, and 16 kHz at 75 dB
SPL. The inter-stimulus interval between the prepulse and the startle
stimulus was set to 50 ms. Each of the trial types was presented ten
times. The inter-trial interval varied from 15 to 30 s. The efficacy of
the PPI of ASR was expressed as:

PPI ¼ ½1−ðamplitude of ASR suppressed by prepulse tone

=amplitude of ASR aloneÞ� � 100%:

Thus, a PPI of 100% corresponds to complete suppression of the
ASR, and higher percentages indicate stronger PPI.

To assess the hearing thresholds in rats, ABRs to tonal stimuli were
recorded in anesthetized rats with an intramuscular injection of
38 mg/kg body weight of ketamine (Calypsol, Gedeon Richter Ltd.)
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and 5 mg/kg body weight of xylazine (Sedazine, Fort Dodge) using
three stainless-steel needle electrodes, placed subcutaneously over
the vertex (positive) and the right and left mastoids (negative and
ground electrodes) of the animal. The signal from the electrodes
was amplified by a TDT RA4LI and RA16PA amplifier (filters 300 Hz–
3 kHz) and processed with a TDT data acquisition system (RX5-2
Pentusa Base Station, Tucker-Davis Technologies, Gainesville, FL;
16-bit A/D converter, sampling rate 25 kHz) using BioSig software.
Acoustic stimuli for the ABR recordings were generated by a TDT
RP2.1 Enhanced Real-Time Processor and presented with a repetition
rate of 11 Hz in free-field conditions via two loudspeakers (Jamo
woofer and SEAS T25CF 002 tweeter) placed 70 cm in front of the
animal's head. Tone bursts (burst duration 3 ms, 1 ms rise/fall times)
in one-octave steps, ranging from 2 to 32 kHz were used. The acoustic
system was calibrated with a B&K 4939 microphone, a ZC0020 pream-
plifier, and a B&K 2231 sound level meter. The microphone was placed
in the position of the animal's head and facing the speakers. The hearing
threshold at each frequency was determined visually by reducing the
stimulus intensity from the suprathreshold level in 5 dB steps to obtain
a visually just-detectable response in the expected time window of
the recorded signal. As a rule, responses to 250 acoustical stimuli were
averaged.

2.3. Statistical analysis

Most of the parameters of interest: ABR thresholds, ASR thresholds,
ASR amplitudes, and PPI of ASR, were evaluated in two ways: across-
strain comparisons between age-matched animal groups (comparing,
for example, young-adult F344 and young-adult LE rats), and age-
related dependence within each rat strain (comparing, for example,
young-adult and middle-age F344 rats). This approach allowed us to
lower the number of free variables in each test and hence to use
two-dimensional tests instead of three-dimensional ones, and to
focus more precisely on the selected parameter by omitting the data
that did not carry any relevant information. All tests employed two-
way repeated-measures ANOVA with the Bonferroni posthoc test. The
repeated-measures matching reflected the fact that each tested animal
provided parameter values at all tested spectral contents: tones at 2, 4,
8, 16 and 32 kHz in the case of ABR thresholds, white noise and tones at
4, 8 and 16 kHz in the case of ASR thresholds and amplitudes, and tones
at 4, 8 and 16 kHz in the case of PPI of ASR. The first type of analysis used
three tests (one for each age group: young-adult,middle-age, aged), the
grouping variables were stimulus spectral content and rat strain. In the
second type of analysis, two tests were performed (one for each strain),
the grouping variables were stimulus spectral content and age. Despite
the fact that the ASR reactivity was measured at several levels of the

startle stimulus, the statistical evaluation of ASR amplitudeswas carried
out at a single stimulus intensity, 120 dB SPL.

To test whether there was any dependence of the ASR amplitude
on the hearing threshold, linear regression analysis was used, with
an additional F-test to determine whether the slope of the linear fit
was significantly different from zero.

3. Results

3.1. ABR hearing thresholds

An estimation of hearing sensitivity based on ABR recording was
conducted in each rat. The mean ABR thresholds evaluated for both
strains in the individual age groups are shown in Fig. 1.

Comparing the hearing thresholds between the two strains, we
found that ABR thresholds in young-adult F344 rats tended to be slightly
higher than in age-matched LE rats (see also Table 5, test ABR-Y); the dif-
ferences were significant only at 32 kHz (pb0.01). In the middle-aged
group, F344 rats already had significantly higher ABR thresholds than
age-matched LE rats in the whole frequency range (see also Table 5,
test ABR-M). A comparison of the hearing thresholds in the aged group
revealed a similar impairment in both strains (animal groups F344
aged, LE-A1 and LE-A2); significantly higher ABR thresholds in F344
rats were present only at 32 kHz (see also Table 5, test ABR-A).

Comparing the age-related threshold elevations within each strain,
the results show that for frequencies 16–32 kHz, the hearing thresholds
were already significantly elevated in the middle-aged F344 rats; fur-
ther deterioration of the hearing thresholds across thewhole frequency
range occurred during the second year of life (see also Table 5, test
ABR-F344). In contrast to the F344 strain, the hearing thresholds in
middle-aged LE rats were similar to those of young-adult LE rats (see
also Table 5, test ABR-LE). A slight, but not significant increase of the
hearing threshold relative to that of the young-adult animals was
observed in the 24-26-month-old LE rats (aged group LE-A1, see also
the Methods section), while a significant elevation of the hearing
threshold relative to that of the young-adult animals was found only
in the oldest LE rats (aged group LE-A2, 29–34 months old).

3.2. Acoustic startle response

The results of the experiments showed that the acoustic startle
reactivity was different in F344 and LE rats; in addition, different age-
related changes in the ASR amplitude were observed in each strain.

Comparing the ASR thresholds in age-matched F344 and LE rats, the
mean values were similar in young-adult (see also Table 5, test ASRt-Y),
middle-age (see also Table 5, test ASRt-M), and in aged animals (animal
groups F344 aged, LE-A1 and LE-A2; see also Table 5, test ASRt-A). The
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Fig. 1. Average hearing thresholds (mean±SEM) in young-adult, middle-aged, and aged F344 and LE rats. Aged LE rats were divided into two subgroups: LE-A1 (24–26-month-old
rats) and LE-A2 (29–34-month-old rats), see the Methods section.
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ASR thresholds in both strains ranged between 75 and 90 dB SPL for
4–16 kHz tones with a shift toward larger values at higher frequencies,
and 70–75 dB SPL for white noise. There was a trend of higher ASR
thresholds in the aged rats, especially at higher frequencies. The differ-
ences in comparison with young-adult rats were not significant in F344
rats (see also Table 5, test ASRt-F344); in LE rats, there was a significant
increase of ASR threshold in the oldest animals compared with young-
adult rats at 8 and 16 kHz (see also Table 5, test ASRt-LE).

Fig. 2 shows average amplitude-intensity ASR functions for young-
adult, middle-aged, and aged rats of the F344 and LE strains obtained
for noise-bursts and tone-pips of various frequencies (4, 8, 16 kHz).
Due to monotonic course of ASR amplitude-intensity functions and
similar ASR changes at different intensities the statistical evaluation
of the startle reactivity was performed at a single stimulus intensity,
120 dB SPL, that evoked usually a maximal ASR amplitude (Tables 1
and 2).
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Fig. 2. Amplitude-intensity ASR functions (mean±SEM) for young-adult, middle-aged, and aged F344 and LE rats obtained for white noise (WN) and tone pips of 4, 8, and 16 kHz.
Aged LE rats were divided into two subgroups: LE-A1 (24–26-month-old rats) and LE-A2 (29–34-month-old rats), see the Methods section.
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Comparing the two strains of rats, the amplitudes of the startle re-
sponses were generally lower in the F344 rats (Fig. 2, Table 1). The
difference was more pronounced for noise-bursts and low frequency
tones and was manifested especially in young-adult and middle-aged
animals: white noise and 4 kHz tones elicited approximately two-fold
smaller ASR amplitudes in young-adult and middle-aged F344 rats in
comparison with age-matched LE rats. In young-adult rats, the ampli-
tude differences between the F344 and LE rats were significant only
for noise bursts and tones at 4 kHz (see also Table 5, test ASRa-Y);
in middle-aged rats, significantly lower ASR amplitudes were ob-
served in F344 rats for noise bursts and tones at 4 to 8 kHz (see also
Table 5, test ASRa-M). In the aged rats, the ASR amplitudes were
similar in both strains (animal groups F344 aged, LE-A1 and LE-A2)
irrespective of the stimulus (see also Fig. 2, Table 1) (see also Table 5,
test ASRa-A).

During aging, the rats of both strains demonstrated a decrease in
their startle reactivity; however, the age-related decrease in ASR am-
plitudes occurred at an earlier age in F344 rats compared with the LE
rats (Table 2). In F344 rats, the age-related decrease in the amplitude
of the ASR to tonal stimuli was already evident at 12–14 months
of age: for tone-pips of all frequencies, the ASR amplitudes were sig-
nificantly lower in the middle-aged F344 rats compared with the
young-adult F344 rats (see also Table 5, test ASRa-F). Importantly,
there was no significant difference between the ASR amplitudes of
middle-aged and aged F344 rats for tonal stimuli. In contrast to the
tonal stimuli, white noise stimuli elicited similar ASR strengths in
young-adult and middle-aged F344 rats and significantly larger ASR
amplitudes in middle-aged F344 rats compared with aged F344 rats.
In LE rats, on the other hand, there was no significant difference be-
tween the ASR amplitudes of middle-aged and young-adult animals;
furthermore, aged LE rats of both subgroups had significantly smaller

ASR amplitudes than middle-aged LE rats for all stimuli except for the
16 kHz tone (see also Table 5, test ASRa-L). In summary, in F344 rats,
middle-aged animals tended to have similar startle reactivity as aged
animals, whereas in LE rats, middle-aged animals had similar startle
reactivity as young-adult animals.

In the rats of both strains, the strength of the ASR exhibited a sub-
stantial dependence on the spectral content of the stimulus (see, e.g.,
Fig. 2). Generally, broad-band noise and low frequency tones evoked
considerably higher ASR amplitudes than high frequency tones. The
ASRs to tonal stimuli exhibited a similar frequency-related behavior
in both rat strains: the ASRs to 4 kHz and 8 kHz tones were signif-
icantly different only in young-adult animals, the ASRs to 4 kHz
and 16 kHz tones were significantly different in young-adult and
middle-age groups, the ASRs to 8 kHz and 16 kHz tones were not
significantly different in any age group. On the other hand, the
ASR reactions to a broad-band noise relative to tonal stimuli were
different in the two strains. In the LE rats, there was no significant
difference between ASRs to white noise and to 4 kHz tones in any
age group. Noise bursts only elicited significantly higher ASR am-
plitudes than 8 kHz tones in young-adult group and than 16 kHz
tones in young-adult and middle-age groups (see also Table 5,
test ASRa-L). In the F344 rats, however, noise bursts evoked signif-
icantly higher responses than all tonal stimuli in all age groups, ex-
cept for the 4 kHz tone in young-adult group (see also Table 5, test
ASRa-F).

As the average ABR thresholds elevated with aging and the aver-
age ASR amplitudes decreased with aging, we tested the possibility
that these two parameters are correlated. In each age group in
each rat strain, a linear regression fit was used to quantify the de-
pendence of the ASR amplitude on hearing loss in individual ani-
mals. No statistical deviation of the linear fit from zero slopes was
found, leading to the conclusion that there is no significant depen-
dence of the ASR amplitude on hearing loss. In other words, an elevated
ABR threshold does not generally imply lower ASR amplitude.

3.3. Prepulse Inhibition of the acoustic startle response (PPI of ASR)

The results indicate that auditory PPI of ASR provided by a tone of
75 dB SPL was generally less efficient in F344 rats compared with LE
rats (see Table 3); the differences were dependent on the rat's age
and the stimulus frequency. In young-adult rats, significantly less
suppression of the ASR was found in F344 rats compared with the
LE rats at all tested frequencies (see also Table 5, test PPI-Y). In the
middle-age group, significant differences between the two strains
were found only at 4 kHz (see also Table 5, test PPI-M). In the aged
group, no significant differences between the two strains were

Table 1
Summary of the dependence of ASR amplitude on the rat strain (mean±SEM, two-way
repeated-measures ANOVAs with Bonferroni post-hoc tests, statistical significance
expressed with symbols: ns — not significant, * — pb0.05, ** — pb0.01, and *** —

pb0.001). Aged LE rats were divided into two subgroups: LE-A1 (24–26-month-old
rats) and LE-A2 (29–34-month-old rats), see the Methods section.

Young-adult Middle-aged Aged

F344 LE F344 LE F344 LE-A1 LE-A2

WN 3.7±0.3 6.2±0.6 3.3±0.5 5.9±0.9 1.9±0.2 2.0±0.4 0.8±0.1
*** *** ns

4 kHz 3.2±0.4 5.6±0.6 1.8±0.4 5.6±0.7 0.8±0.1 1.3±0.1 0.9±0.1
*** *** ns

8 kHz 2.3±0.2 3.3±0.6 1.3±0.2 3.8±0.6 0.9±0.1 0.8±0.2 0.7±0.2
ns *** ns

16 kHz 1.5±0.1 1.9±0.3 0.5±0.1 1.7±0.2 0.4±0.04 0.3±0.04 0.3±0.1
ns ns ns

Table 2
Statistical summary of the dependence of ASR on age (two-way repeated-measures
ANOVAs with Bonferroni post-hoc tests, significant difference of means marked
with b or > signs, statistical significance expressed with symbols: ns— not significant,
* — pb0.05, ** — pb0.01, and *** — pb0.001). The rats' ages are denoted with the
letters Y, M, and A, which correspond to the young-adult, middle-aged and aged
groups, respectively. Aged LE rats were divided into two subgroups: LE-A1
(24–26-month-old rats) and LE-A2 (29–34-month-old rats), see theMethods section.

F344 rats LE rats

M vs. Y M vs. A M vs. Y M vs. LE-A1 LE-A1 vs. LE-A2

WN ns ** ns *** ns
4 kHz ** ns ns *** ns
8 kHz * ns ns ** ns
16 kHz * ns ns ns ns

Table 3
Summary of the dependence of the efficacy of PPI of ASR on the rat strain; the numer-
ical values show the percentage by which an uninhibited ASR amplitude decreased as a
result of PPI (mean±SEM, two-way repeated-measures ANOVAs with Bonferroni
post-hoc tests, statistical significance expressed with symbols: ns — not significant,
* — pb0.05, ** — pb0.01, and *** — pb0.001). Aged LE rats were divided into two sub-
groups: LE-A1 (24–26-month-old rats) and LE-A2 (29–34-month-old rats), see the
Methods section.

Young-adult Middle-age Aged

F344 LE F344 LE F344 LE-A1 LE-A2

4 kHz 71.5±1.5 84.7±1.5 69.7±2.2 83.8±1.1 59.1±3.9 70.8±2.6 65.6±1.9
*** * ns

8 kHz 75.7±0.8 85.6±0.8 72.6±1.9 84.9±0.7 62.7±3.8 72.6±4.5 62.9±4.7
*** ns ns

16 kHz 76.3±1.8 82.1±2.1 71.8±5.9 78.7±4.8 64.7±3.7 69.8±1.9 57.7±2.7
* ns ns
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found (animal groups F344 aged, LE-A1 and LE-A2; see also Table 5,
test PPI-A).

Analogously to the ASR, a reduction in the efficacy of the PPI of
ASR with aging was observed in rats of both strains (see Tables 3
and 4). In the F344 rats, the age-related changes in the PPI were sta-
tistically significant only when comparing the young-adult and aged
groups (see also Table 5, test PPI-F). In LE rats, a significant decrease
of the PPI was also found only in aged rats; a further decrease of the
PPI of ASR was observed in the oldest LE animals (29–34-month-old
LE rats), which was significant at 16 kHz (see also Table 5, test PPI-L).

4. Discussion

The results of the present study show that the acoustic startle
reactivity and its age-related changes are different between the fast
aging F344 strain of rats and the normal aging LE strain. First of all,
F344 rats exhibit smaller ASR amplitudes than LE rats in almost all

cases of acoustical stimulation, and the ASR amplitudes in F344 rats
decrease with aging faster than in LE rats. Also, the prepulse inhibi-
tion is less expressed in F344 rats than in LE rats; however, the rela-
tive decrease of the PPI with age progresses in both strains at a
similar rate, with a significantly reduced PPI occurring only in aged
animals.

Differences between individual strains of rats and mice in terms of
ASR and PPI have been described in several previous papers (Błaszczyk
and Tajchert, 1996; Glowa and Hansen, 1994; McCaughran et al.,
1999; Ouagazzal et al., 2006; Swerdlow et al., 2004; Van den Buuse
et al., 2003; Varty and Higgins, 1994). A review of the differences in
ASR amplitudes was presented by Glowa and Hansen (1994) when
comparing the ASR to 110-dB (A) acoustic startle stimulus in forty-six
rat strains. Their data corresponds with our results showing that the
amplitude of the ASR in the LE strain is significantly larger than the
amplitude of the ASR in F344 rats. There might be several reasons for
the differences in ASR amplitudes between the Fischer 344 and the LE
rat strains. Webb et al. (2003) observed that Fischer 344 rats are differ-
ent in several aspects of their morphology, sensory and locomotor abil-
ities compared to Lewis, Long Evans, Sprague–Dawley and Wistar rats.
According to their data, Fischer 344 rats are smaller in physical stature,
have an increased abduction of their distal hindlimbs, and are more
sensitive to mechanical stimulation of their hindlimbs than other
strains. The acoustic startle response, although its pathway is relatively
simple, may be influenced by these facts, occurring in either the afferent
or the efferent part of the response pathway. Interestingly, our data are
analogous to the results of Ison and Allen (2003), who reported a lower
asymptotic level of acoustic startle reactivity prior to the onset of
hearing loss in young C57BL/6 mice compared with CBA mice. These
mouse strains are frequently analogously to Fischer 344 and Long
Evans rats used as models of fast (C57BL/6) and normal (CBA) aging of
the auditory system.

Our results show that the ASR depends on the frequency charac-
teristics of the stimulus. In agreement with previous data (Błaszczyk
and Tajchert, 1997; Pilz et al., 1987; Rybalko et al., 2011), the ASRs
elicited by broad-band noise stimuli and low-frequency tones were
characterized by larger amplitudes compared with those elicited by
high-frequency tonal stimuli. The ASR amplitudes in both F344 and
LE rats depend also on age: both strains were characterized by a
decrease in ASR amplitude with aging, which is consistent with the
results of previous studies in rodents (Ison et al., 1997; McFadden
et al., 2010; Ouagazzal et al., 2006; Parham and Willott, 1988; Varty
et al., 1998) and humans (Ellwanger et al., 2003; Ludewig et al., 2003).
However, the decrease of startle reactivity to tones appeared at an earlier
age in F344 rats than in LE rats. The finding that middle-aged F344
rats have similar startle reactivity as aged F344 rats, whereas middle-
aged LE rats have similar startle reactivity as young-adult LE rats, indi-
cates an earlier onset of presbycusis in F344 animals.

The dynamics of the age-related changes in ASR amplitude in
F344 rats were different for tonal and white noise stimuli; in contrast
to tonal stimuli, the age-related decrease of the ASR to white noise
was manifested only in the aged group. Differences in the age-
related change of the startle reaction to noise and tonal stimuli
were also observed in mice with early onset hearing loss (Ison and
Allen, 2003; McCaughran et al., 1999). The authors associated this
phenomenon with central tonotopic reorganization resulting from
age-related high-frequency hearing loss, which has behavioral conse-
quences only for sinusoidal startle stimuli. Similarly, we assume that
the reaction to noise stimuli may mask the age-related changes that
could be detected when tonal startle stimuli are used.

A potential source of differences in the age-related changes of the
ASR between F344 and LE rats may be the different time of onset and
the severity of the cochlear damage associated with the age-related
hearing loss. According to our data, the ABR audiograms in LE rats
indicated only small, non-significant age-related hearing threshold
elevations until the age of 24–26 months; the hearing thresholds

Table 5
Results of ANOVA tests performed in the study. All tests comprised a two-way repeated-
measures ANOVA, hence two grouping variables with the corresponding parameters
are listed for each test. The columns denoted Df, F value, and ηp

2 show degrees of
freedom, F value along with the statistical significance of the associated F-test (ns —

not significant, * — pb0.05, ** — pb0.01, and *** — pb0.001), and partial eta squared
(a measure of effect size), respectively. The abbreviations ABR, ASRt, ASRa, and PPI
denote tests on ABR hearing thresholds, ASR thresholds, ASR amplitudes at 120 dB
SPL, and PPI of ASR, respectively. The letters Y, M, A, F, and L correspond to the tests in
young-adult animals, middle-aged animals, aged animals, F344 rats, and Long-Evans
rats, respectively. See also Section 2.3 Statistical analysis of the Methods section.

Grouping variable 1 Grouping variable 2

Name Df F value ηπ
2 Name Df F value ηπ

2

ABR-Y Strain 1 11.22** 0.07 frequency 4 85.69*** 0.73
ABR-M Strain 1 130.1*** 0.31 frequency 4 69.11*** 0.53
ABR-A Strain 2 18.61*** 0.29 frequency 4 52.91*** 0.44
ABR-F344 Age 2 58.96*** 0.30 frequency 4 109.5*** 0.56
ABR-LE Age 3 14.80*** 0.30 frequency 4 87.28*** 0.50
ASRt-Y Strain 1 4.29 ns 0.02 frequency, WN 3 38.17*** 0.66
ASRt-M Strain 1 3.62 ns 0.03 frequency, WN 3 23.71*** 0.63
ASRt-A Strain 2 1.99 ns 0.03 frequency, WN 3 21.01*** 0.54
ASRt-F344 Age 2 2.73 ns 0.03 frequency, WN 3 37.56*** 0.59
ASRt-LE Age 3 5.84** 0.08 frequency, WN 3 37.98*** 0.53
ASRa-Y Strain 1 22.77*** 0.16 frequency, WN 3 26.19*** 0.42
ASRa-M Strain 1 55.42*** 0.35 frequency, WN 3 20.18*** 0.38
ASRa-A strain 2 7.28** 0.07 frequency, WN 3 29.07*** 0.48
ASRa-F344 Age 2 38.66*** 0.29 frequency, WN 3 31.70*** 0.35
ASRa-LE Age 3 38.82*** 0.44 frequency, WN 3 17.64*** 0.17
PPI-Y Strain 1 41.56*** 0.65 frequency 2 1.87 ns 0.03
PPI-M Strain 1 10.65* 0.35 frequency 2 0.61 ns 0.03
PPI-A Strain 2 3.13 ns 0.24 frequency 2 0.14 ns 0.003
PPI-F344 Age 2 5.18* 0.30 frequency 2 3.01 ns 0.06
PPI-LE Age 3 38.27*** 0.74 frequency 2 3.63 * 0.04

Table 4
Statistical summary of the dependence of the efficacy of the PPI of ASR on age (sym-
bols: ns — not significant, * — pb0.05, ** — pb0.01, and *** — pb0.001). The rats'
ages are denoted with the letters Y, M and A, which correspond to the young-adult,
middle-aged and aged groups, respectively. Aged LE rats were divided into two sub-
groups: two-way repeated-measures ANOVAs with Bonferroni post-hoc tests, signifi-
cant difference of means marked with b or > signs, statistical significance expressed
with LE-A1 (24–26-month-old rats) and LE-A2 (29–34-month-old rats), see the
Methods section.

F344 rats LE rats

Y vs. M M vs. A Y vs. A M vs. Y M vs. LE-A1 LE-A1 vs. LE-A2

4 kHz ns ns * ns ** ns
8 kHz ns ns * ns ** ns
16 kHz ns ns ns ns ns *
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increased significantly only in the oldest LE rats (29–34 months of age).
In contrast to the LE rats, the age-related elevation of hearing thresholds
in F344 rats beganmuch earlier andwasmore pronounced: the hearing
thresholds in middle-aged F344 rats (12–14 months of age) were com-
parable with those of the oldest LE rats (29–34 months of age). A simi-
lar relatively early age-related decline in hearing sensitivity in F344 rats
has been reported by several authors (Backoff and Caspary, 1994;
Popelář et al., 2003; 2006).

To determine whether the age-related changes in the ASR appear
as a consequence of the age-related hearing loss, the dependence of
the ASR amplitude on the age-related hearing loss was examined.
Our findings indicate in several ways that the ASR amplitude is not
directly related to hearing sensitivity. First, young adult rats of both
strains had similar hearing sensitivity below 16 kHz, yet they had
significantly different ASR amplitudes. Vice versa, at 24–26 months
of age, the two strains were characterized by highly significant differ-
ences in hearing thresholds while having similar ASR amplitudes.
Finally, no statistically significant relationship between the ASR am-
plitude and the ABR threshold was found in any age group in either
strain. It can be concluded that the age-related hearing loss is not
the determining factor of ASR attenuation with age. Moreover, an
age-related or post-traumatic hearing loss may be associated with
auditory recruitment or hyperacusis (Carlson and Willott, 1996;
Ison and Allen, 2003; Ison et al., 2007; Popelář et al., 2008; Rybalko
et al., 2011). The absence of a direct dependence of ASR amplitude
on the hearing threshold in mice of the same age with different
onset hearing loss was reported by McCaughran et al. (1999) and by
Ouagazzal et al. (2006).

Several age-related changes may contribute to the observed de-
crease in the ASR amplitude with aging. The decline in the function
of the inner ear is combined with the decrease in the function of the
central part of the auditory system and with the impairment of the
motor function. Impairment of the motor functions associated with
aging is well known in rats. During aging, there is a gradual decline
in muscle tone and locomotor activity (Altun et al., 2007; Campbell
and Gaddy, 1987; Gage et al., 1984), which may also be different in
different strains. Several facts demonstrate declining function of the
central auditory system with aging, which may be strain dependent.
For example, more marked decrease of ABR amplitudes was found
in old F344 rats compared to age-matched LE rats (Popelář et al.,
2006). In addition to more pronounced decrease in the ABR ampli-
tudes, faster age-related change of inter-peak latencies (reflecting
the central conduction time)was observed in old F344 rats in compar-
isonwith old LE rats (Popelář et al., 2006). In F344 rats, prolongation of
inter-peak latencies was possible to observe already at 20 months of
age, whereas in LE rats the inter-peak latencies started to be prolonged
not earlier than at 30 months of age.

The ASR reactivity may be also influenced by cognitive, memory
and selective attention deficits, which have been found during aging
in behavioral studies on rats of different strains (Ando and Ohashi,
1991; Gage et al., 1984; Roux et al., 1994). Apparently, the age-related
decrease of ASR amplitudes is closely related to neurochemical, neuro-
anatomical and metabolic changes observed in rats during aging
(Hauger et al., 1983; Sapolsky et al., 1983; Yau, et al., 1995). It should
be noted that in F344 rats, neurochemical changes in the central audito-
ry system are observed already during the first year of life (Milbrandt
and Caspary, 1995; Milbrandt et al., 1994).

An additional factor that could also influence the strain- and age-
related differences in ASR amplitudes is differences in body weight
(Błaszczyk and Tajchert, 1996). We observed that the mean body
weight for F344 rats (for each age group) was about 50 g less in com-
parison with LE rats of the same age group, which might have an
influence on the smaller ASR amplitudes in F344 rats. However, the
finding that the age-related changes in ASR amplitude and body
weight move in opposite directions (middle-aged rats have a greater
body weight compared with young-adult rats while they have a lower

ASR amplitude) indicates that body weight is not the determining
factor underlying the changes in ASR amplitude with aging.

Differences between the F344 and LE strains are also apparent
when evaluating the PPI of ASR. To eliminate possible differences
in the audibility of prepulse stimuli in different rats that had differ-
ent hearing thresholds, prepulse tones of 75 dB SPL (about 5 dB less
than the ASR threshold) were used in our study. The phenomenon
of prepulse inhibition is considered as a form of sensorimotor gat-
ing, which reflects a basic inhibitory process that regulates sensory
input to the brain (Geyer and Braff, 1987; Swerdlow et al., 2004). In
previous studies it was shown that the expression of PPI might be
different in different rodent strains (Ouagazzal et al., 2006; Paylor
and Crawley, 1997; Swerdlow et al., 2004; Varty and Higgins,
1994). The authors assumed that the strain differences in PPI, like
the strain differences in the ASR, are determined by the genetic
background (Geyer et al., 2002; Ouagazzal et al., 2006). Our results
show that PPI in F344 rats is less efficient than in LE rats. In contrast
to our observations, however, Swerdlow et al. (2004) reported that
the efficiency of the PPI of ASR is higher in F344 rats than in LE rats.
Such a discrepancy between results is difficult to explain solely by
differences in the experimental procedures (e.g., the spectral char-
acteristics of the prepulse and startling stimuli, prepulse intensity,
session design, etc.).

In both rat strains, a reduction of PPI efficiency with aging was
present. However, in contrast to the age-related changes of the ASR,
the age-related changes of the PPI of ASR exhibited a similar progres-
sion in both strains, i.e., the decrease of inhibitory efficacy was sig-
nificant only in aged rats. This is in agreement with our previous
findings that in both F344 and LE rats the levels of the key enzyme
in the synthesis of GABA, GAD65 and 67, decrease in the auditory sys-
tem with aging (Burianová et al., 2009). The available published data
concerning age-related changes in PPI are contradictory. The common
assumption that normal agingmust be accompanied by a global decline
in inhibitory function (Woodruff-Pak, 1997) has not been satisfactorily
confirmed. Several authors have reported the absence of age-related
changes in PPI in humans (Harbin and Berg, 1983; Ludewig et al.,
2003). At the same time, according to Ellwanger et al. (2003), PPI in
humans demonstrates an inverted U-shaped function with age (the
greatest PPI at intermediate ages). Similarly to our results, Varty et al.
(1998) reported that auditory PPI was reduced in aged F344 rats
(22 months of age) compared to mature and young rats. However, an
analogous study in CBA/J mice failed to find a significant effect of age
on PPI (Ison et al., 1997).

5. Conclusions

Our data show that Fischer 344 rats, as a model of fast aging, ex-
hibit a different course of age-related changes in the ASR compared
with Long Evans rats as a model of normal aging. Besides differences
in the age-related changes, the absolute values of most of the param-
eters were also different between the two strains. The deterioration of
the hearing threshold and ASR reactivity occurs already in middle-
aged F344 rats, whereas in the LE strain, middle-aged animals
show no differences from young-adult animals. With respect to the
prepulse inhibition of ASR, both strains exhibit similar trends of
age-related changes despite the different efficiencies of the PPI. It is
noteworthy that the age-related ASR changes in F344 rats depend
on the frequency of the startling stimulus. In the case of pure tones,
the decrease in ASR amplitudes is already significant in middle-aged
animals, whereas for white noise, the decrease progresses more slow-
ly and is significant only in aged animals. The results indicate that the
evaluation of the ASR and its suppression by an acoustic prepulse may
serve as an objective measure of age-related changes in auditory
behavior; in particular, the ASR to tonal stimuli is a suitable indicator
of central presbycusis.
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Noise exposure during the critical period of postnatal development in rats results in anomalous processing of
acoustic stimuli in the adult auditory system. In the present study, the behavioral consequences of an acute
acoustic trauma in the critical period are assessed in adult rats using the acoustic startle reflex (ASR) and
prepulse inhibition (PPI) of ASR. Rat pups (strain Long–Evans) were exposed to broad-band noise of 125 dB
SPL for 8 min on postnatal day 14; at the age of 3–5 months, ASR and PPI of ASRwere examined and compared
with those obtained in age-matched controls. In addition, hearing thresholds were measured in all animals by
means of auditory brainstem responses. The results show that although the hearing thresholds in both groups
of animals were not different, a reduced strength of the startle reflex was observed in exposed rats compared
with controls. The efficacy of PPI in exposed and control rats was alsomarkedly different. In contrast to control
rats, in which an increase in prepulse intensity was accompanied by a consistent increase in the efficacy of PPI,
the PPI function in the exposed animals was characterized by a steep increase in inhibitory efficacy at low
prepulse intensities of 20–30 dB SPL. A further increase of prepulse intensity up to 60–70 dB SPL caused only a
small and insignificant change of PPI. Our findings demonstrate that brief noise exposure in rat pups results in
altered behavioral responses to sounds in adulthood, indicating anomalies in intensity coding and loudness
perception.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The effect of early experience on the development of brain sensory
functions is well known [1–3]. Numerous studies have demonstrated
that alterations of cochlear output resulting from a transient or
permanent hearing loss during a sensitive developmental period
affect the development of the central auditory system [4–6].
Consequences of neonatal hearing loss leading to auditory deprivation
during early ontogenesis depend on the maturity of auditory system
at the time of traumatic exposure [7–9]. To study the effects of early
deprivation on the formation of the auditory system, the rat often
serves as a suitable animal model, as rat pups are born with an
immature auditory system. The first reflex responses to acoustic
stimuli in rats appear on postnatal day 10 (P10); later on, the auditory
brainstem response (ABR) thresholds improve rapidly, approaching
adult values between days 24 and 36. The maturation of the rat
hearing function then proceeds up to the 4th–6th postnatal week [10–
12]. Anomalous processing of auditory information in the higher parts
of the auditory system (alterations in the frequency tuning and

tonotopy) in rats exposed to sound in early ontogeny has been
demonstrated in a number of electrophysiological studies [6,13–18].
In an immunohistochemical study of Pierson and Snyder-Keller [4], it
was demonstrated that a brief acute acoustic trauma (125 dB SPL
noise for 8 min) in rat pups on the 14th postnatal day leads to changes
in the tonotopic pattern of pure tone responses in the inferior
colliculus (IC) in adult rats. Diffuse non-structured patterns of Fos
immunoreactivity were observed within the ventral portion of the IC
(with normally structured pattern responses within the dorsal area),
indicating the immature state of the high frequency tonotopic
projections in the IC. In our previous electrophysiological experi-
ments, we used the model of Pierson and Snyder-Keller (1994) and
showed that an 8 minute exposure to 125 dB SPL on P14 in rats results
in permanent alterations of frequency and intensity representation in
the high-frequency IC neurons [17,18]. On the basis of these findings,
we investigated whether the reported alterations of neuronal
responsiveness are also accompanied by abnormal behavioral
responses to sound. The acoustic startle reflex (ASR) was chosen as
an indicator of the behavioral responsiveness to sound stimuli. The
startle reflex – a transient motor response to an intense unexpected
sensory stimulus – is a primitive behavior observed in all mammals.
The structural basis of the startle reflex is represented by a short
neural circuit comprising the posteroventral cochlear nucleus, one or
more nuclei of the lateral lemniscus, the caudal pontine reticular
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nucleus, spinal interneurons and spinal motor neurons [19,20]. In
spite of its relative simplicity, the startle reflex shows several forms of
behavioral plasticity including habituation, sensitization, and
prepulse inhibition, and reveals remarkable sensitivity to a variety
of experimental manipulations [20–23]. Investigations of the
auditory function frequently employ the ASR and prepulse
inhibition (PPI) of the ASR, i.e. the inhibition of the ASR induced
by the presentation of an acoustic stimulus shortly preceding the
startling sound. The PPI phenomenon is considered to be an
example of sensori-motor gating, which reflects inhibitory pro-
cesses that regulate sensory input to the brain. Results of animal
studies have suggested that the effect of auditory prepulse stimulus
on the startle circuit involves primarily the cochlear nucleus, the
inferior and superior colliculus and the pedunculopontine tegmen-
tal nucleus [20,24]. PPI can be modulated by auditory cortex,
thalamus, amygdala, hippocampus, striatum, ventral pallidum, and
globus pallidum [24]. It was shown that evaluating the PPI of ASR is
a simple yet efficient method for estimating supra-threshold
auditory sensitivity [22,25,26].

With the aim of determining the behavioral consequences of
acoustical trauma on the developing auditory system, the ASR and PPI
of ASR were investigated in adult rats that were exposed to broad-
band noise of 125 dB SPL for 8 min on P14. The obtained results were
compared to those of age-matched controls. Hearing sensitivity in the
exposed and control adult rats was assessed by means of auditory
brainstem responses.

2. Materials and methods

2.1. Subjects

Fourteen female pigmented rats of the Long Evans strain with no
primary pathology were used as experimental subjects. The animals
were divided into two groups: 7 rat pups were briefly exposed to a
broad-band noise of 125 dB SPL for 8 min on P14, the other 7 rats,
used as controls, were manipulated similarly as the first group but
without the noise exposure. All animals were housed under standard
laboratory conditions in a constant environment and a 12/12 h
normal light/dark cycle; food and water were available ad libidum.
The rats were tested at 3–5 months of age in the daytime. The care and
use of animals were approved by the Ethics Committee of the Institute
of Experimental Medicine and followed the guidelines of the
Declaration of Helsinki.

2.2. Noise exposure of rat pups

Awake rat pups at P14 were exposed individually to broad-band
noise at 125 dB SPL for 8 min in a specially constructed anechoic box
with inner dimensions 24×24×34 cm, supplied with a loudspeaker
(B&C Speakers DE700) and coupled to a horn. The broad-band noise
was generated with a RFT 03 004 white noise generator and amplified
with a custom-made power amplifier. The sound field within the cage
was measured with a B&K 4939 microphone, a ZC0020 preamplifier
and a B&K 2231 Sound Level Meter. Measurements of sound intensity
obtained at five points within the cage were found to vary by less than
1.5 dB. The frequency spectrum measured in the center of the
exposure box is shown in Fig. 1. During the exposure to noise, the
animal was placed in a roundwire mesh cage (diameter 17 cm, height
10 cm, situated in the center of the exposure box) to prevent the
animal from occluding the ear canal.

2.3. Apparatus and procedures

The ASR and PPI of ASR were measured in seven female rats (3–
5 months, 250–350 g) exposed to broad-band noise on P14, and in
seven age-matched control rats. Behavioral tests were performed in

a sound attenuated chamber (Coulbourn Habitest, model E10-21)
located in a soundproof room. During the testing procedure, the rat
was confined to a small wire mesh cage (160×85×90 mm) on a
motion-sensitive platform. The animal's reflex movements were
detected and transduced by a piezoelectric accelerometer. The
amplified voltage signal was acquired and processed using a TDT
system III with Real-Time Processor RP 2 (Tucker Davis Technolo-
gies, Florida, USA) and custom-made software in a Matlab
environment. The startle responses were evaluated in a 100 ms
window beginning at the onset of the startle stimulus. The
magnitude of ASR was given by the maximal peak-to-peak
amplitude of transient voltage occurring in the response window.
Acoustic startle stimuli (tone pips or noise bursts) and prepulse
stimuli (tone pips) were generated by the TDT system and
presented via loudspeaker (SEAS, 29AF/W) placed inside the
chamber. Stimulus presentation and data acquisition were con-
trolled by a custom-made application in a Matlab environment.
Calibration of the apparatus was performed for frequencies between
1 kHz and 32 kHz by a 1/4 in. Brüel & Kjaer 4939 microphone
connected to a Brüel & Kjaer ZC 0020 preamplifier and a B&K 2231
sound level meter. The calibrating microphone was positioned in
the location of the animal's head in the test cage.

2.3.1. Measurement of acoustic startle reflex
The ASR to 2, 4, 8, and 16 kHz tone pips and to 1.5–45 kHz broad-

band noise (50 ms duration, 5 ms rise/fall times, varying levels) was
recorded. Each test session contained 7 trial types: startle stimuli of
different intensities (70, 80, 90, 100, 110, and 120 dB SPL) and a
baseline trial without the startle stimulus, presented in a random
order. Each trial type was presented ten times. The average inter-
trial interval varied from 15 to 40 s. The mean ASR amplitude of
each trial type was calculated as an average of all the ASR
amplitudes for that given trial type with the highest and the lowest
ASR amplitudes excluded. A trial was considered to have evoked a
startle reaction if the mean ASR amplitude for that trial exceeded
the average amplitude of the baseline trial (0.03±0.008 V) by more
than twice the standard deviation (i.e., it was more than 0.05 V).
Thereafter, the ASR “threshold” was determined as the minimum
startle intensity at which there was a startle reaction for at least 50%
of the trials.

2.3.2. Measurement of prepulse inhibition of ASR
In the prepulse inhibition procedure, 10 different trial types were

used: acoustic startle pulse alone (white noise at 110 dB SPL, 50 ms,
5 ms rise/fall times), 8 combinations of the startle pulse and prepulse
tones (50 ms duration, 5 ms rise/fall time) at different intensities (10,
20, 30, 40, 50, 60, 70, and 80 dB SPL), and a baseline trial (without
acoustic stimulus). The inter-stimulus interval between the prepulse
and startle stimulus was set to 50 ms. Each of the ten trial types was
presented ten times. The average inter-trial interval varied from 15 to

Fig. 1. Spectrum of the noise used for noise exposure.
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40 s. The PPI of ASR was measured for tonal prepulses at 2, 4, 8, and
16 kHz. The efficacy of the PPI of ASR was expressed as:

PPI = ðamplitude of ASR inhibited by prepulse toneÞ
�ðamplitude of ASR aloneÞ × 100%:

2.4. Measurement of ABR hearing thresholds

In order to assess the hearing threshold in adult exposed and control
rats, the auditory brainstem responses (ABR) to tonal stimuli (3 ms
duration, 1 ms rise/fall times, frequency range 2–40 kHz) were
recorded. The conditions of the stimulation and recording of the
auditory brainstem responses were described in detail previously [27].
Briefly, the recording was performed in animals lightly sedated with an
intramuscular injection of 0.03 mg/kg of medetomidin hydro-chloride
(Domitor, Farmos). ABRs were recorded with subcutaneous needle
electrodes placed at the vertex (active electrode) and inside neck
muscles (reference electrode); the signal was processed with a TDT
system III setup using BioSig software. The threshold at each frequency
wasdetermined as theminimal tone intensity that still evoked a visually
noticeable potential peak in the expected timewindow of the recorded
signal.

2.5. Statistical analysis

To determine whether the mean values of the ASR amplitude
differed for different stimuli within a given experimental group and to
test the differences between the mean values of ASR to a given
stimulus and to compare the efficacy of the prepulse inhibition in the
exposed and control groups, analysis of variance (ANOVA) with the
post-hoc Newman–Keuls test was used. The difference of slopes of the
PPI functions was estimated using a t-test or linear regression analysis.

3. Results

3.1. Hearing thresholds in adult exposed and control rats

Hearing thresholds in the range of 2–40 kHz in adult exposed and
control rats were not significantly different (Fig. 1 in the Supplemen-
tary material).

3.2. Acoustic startle reflex

For both experimental groups, themean values of ASR amplitudes
in response to tone pips at 2, 4, 8 and 16 kHz and to white noise
pulses at different stimulus intensities are shown in Fig. 2. The ASR
thresholds in the exposed and control animals were similar:
approximately 100 dB SPL for 2 kHz, 80–90 dB SPL for 4–16 kHz,
and 70 dB SPL for white noise. The ASR amplitudes near the ASR
threshold were also similar in both groups; in contrast, the
magnitudes of the ASR responses to high stimulus levels (110–
120 dB SPL) were markedly lower in the exposed animals (except for
the 2 kHz tone, Fig. 2). In both groups, the ASRmagnitude exhibited a
decreasing trend with increasing stimulus frequency: the high
frequency tones evoked considerably lower ASR amplitudes than
the low frequency stimuli (Fig. 2). In the controls, a significant
decrease of ASR amplitude started at 16 kHz, whereas in exposed
rats the pronounced decrease appeared already at 8 kHz (pb0.05)
(Fig. 3). It should be noted that the startle responses at 16 kHz were
easily detected: the ASR amplitudes at the threshold level in
response to stimuli of 16 kHz were approximately seven times
higher than the average amplitude of the baseline trial. This value
corresponds to more than a 15 dB signal-to-noise ratio.

3.3. Prepulse inhibition of the acoustic startle reflex

The efficacy of the prepulse inhibition of ASR was measured using
2, 4, 8, and 16 kHz tonal prepulses at various intensities. Fig. 4 shows

D E

A B C

Fig. 2. Amplitude-intensity functions of the acoustic startle reflex in response to noise pulses (A) and tone pips of different frequencies (B, C, D, and E); “B”— baseline trial, error bars—
SEM. *pb0.05; **pb0.01, ANOVA with the post-hoc Newman–Keuls test.
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the average relative ASR amplitudes in dependence on the prepulse
intensity (PPI function); 100% corresponds to the amplitude of an
uninhibited ASR (a value marked with “S” on the abscissa). It is
apparent that the PPI functions for the exposed and control animals
have different shapes. In the controls, the PPI functions were
characterized by a steady linear decrease, which at 2 kHz was
preceded by an initial plateau (lack of PPI of ASR at low intensities).
In the exposed rats, the PPI functions were characterized by a steep
decrease in ASR amplitude (i.e., a steep increase of the inhibitory
efficacy) at lower prepulse intensities (20–30 dB SPL), followed by a
phase of a very slow decrease of ASR amplitude (prepulse levels from
20–30 dB SPL to 60–70 dB SPL), where an increase of the prepulse
intensity resulted in only a minor change of ASR magnitude.
Significant differences between the average values of the ASR
amplitudes for control and exposed animals were found at the
following prepulse intensities: 20 and 30 dB at 2 kHz and 4 kHz, 20 dB
at 8 kHz and 30 dB at 16 kHz.

With respect to the shapes of the exposed PPI functions, three
phases of the PPI functions were identified for all tested frequencies.
Phase 1 (a fast decrease of ASR amplitude) begins at the lowest
prepulse level for which the ASR is not significantly different from
100% and ends at the so called transition point defined as follows:
compared with the ASR at the transition point, the prepulse intensity

that is 10 dB below the transition point evokes a significantly higher
ASR and the prepulse intensity that is 10 dB above the transition point
does not evoke a significantly lower ASR. Phase 2 (a slow decrease of
ASR amplitude) begins at the transition point and spans a 40 dB range
of prepulse intensities (the range in which, in most cases, a 10 dB
prepulse intensity increment causes no significant increase in the PPI
efficacy, see Table 1 of the Supplementary material). Phase 3 is the
residual part of the PPI function where the values of PPI of ASR in the
exposed rats were similar to those of controls. In the quantitative
analysis, the first and second phases of the PPI functionwere compared,
as these were the parts of the PPI function where the exposed animals
differedmost from the controls. For all prepulse frequencies, the slope of
phase 1 of the PPI function in exposed rats was significantly larger than
the slope of the corresponding part of the control PPI function (Fig. 5,
upper panels). In contrast to this, the slope of phase 2 was significantly
smaller in exposed animals than in controls (Fig. 5, bottom panels).
Additional statistical analysis of the differences between PPI of ASR in
exposed and control animals, based on ANOVA with the post-hoc
Newman–Keuls test, is presented in Table 1 in the Supplementary
material.

4. Discussion

The results of the present study demonstrate that a brief noise
exposure of rat pups during the critical period of their development
that produces only a temporary threshold shift [16] results in altered
behavioral responses to sounds in adulthood, reflecting anomalies in
the processing of sound intensity and loudness perception.

Our previous experiments revealed that noise exposure (8 min,
125 dB SPL) on P14, which was also used in this study, produced an
immediate elevation of hearing thresholds. The ABR hearing thresh-
olds in control rats at P14 ranged from 60 to 80 dB SPL, while the ABR
hearing thresholds in noise exposed animals were elevated by a
further 15–20 dB over the whole frequency range [17]. While the
hearing thresholds in control animals approached adult values within
the next several days, in the exposed rats, the hearing thresholds
converged slowly to the adult values, fully recovering within the
subsequent two or three weeks [17]. Reversible hearing loss in rat
pups could be related to cochlear injuries induced by stereocilia
lesions and/or glutamate excitotoxicity, which is manifested by the
swelling of the afferent nerve terminals under the inner hair cells

Fig. 3. Amplitude of the ASR (mean values expressed in V and SEM) in response to tones
of 120 dB SPL for different frequencies in exposed (filled bars) and control (open bars)
rats; *pb0.05; ANOVA with the post-hoc Newman–Keuls test.

Fig. 4. Efficacy of the prepulse inhibition: dependence of the mean relative ASR amplitude on the prepulse intensity; 100% corresponds to the amplitude of an uninhibited ASR
(startle response without a prepulse tone, marked as “S” on the abscissa). Dashed lines: linear regression curves for data obtained in control rats; solid lines: linear regression curves
for data obtained in exposed rats. The first and second phases of the exposed PPI function are marked by gray shading. *pb0.05; **pb0.01; ***pb0.001, ANOVA with the post-hoc
Newman–Keuls test.
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(type 1 afferent dendrites) as a result of a brief noise exposure [28–
31]. Such hearing loss may result in a reduction of the neural input
(i.e., sensory deprivation) to the central auditory system, which leads
to pronounced changes in the auditory function of these animals as
demonstrated previously [8,16,32,33].

While both the ABR hearing thresholds and the ASR thresholds
obtained in the present study were similar in adult animals exposed to
noise on P14 and controls, a reduced strength of the startle reflex
in response to intense stimuli in exposed rats was observed in the
frequency range 4–16 kHz in comparison with controls. The decreased
ASR amplitudes could be a behavioral consequence of the reduced
neuronal excitability detected in our electrophysiological study in the IC
of the rats exposed under the same conditions [18], where lower
maximum response magnitudes, a narrower dynamic range of rate-
intensity functions, and a decreased number of monotonically respond-
ing neurons were found.

Our findings are in accordance with several previous studies
[25,34,35] demonstrating that high frequency tones evoke consider-
ably lower ASR amplitudes than do low-frequency stimuli. The
possible mechanism underlying this phenomenon can be related to
the shape of the tuning curves of auditory neurons: neurons in the
cochlear nucleus are not only sensitive to their characteristic
frequencies, but they also respond to loud low frequency stimuli
[36]. Large ASR amplitudes in response to low frequency stimuli may
be attributed to the behavioral meaning of the acoustical stimuli [35].
Even though rats are more sensitive to high frequencies and com-
municate largely using ultrasonic vocalizations, they perceive signals
over a broader frequency range and, moreover, low frequency audible
vocalizations represent important components of their pain-related
behavior [37]. Thus, a large ASR to low frequency sounds can help the
rats to survive in their natural environment.

Although the ASR magnitude showed a decreasing trend with
increasing stimulus frequency in both groups of animals, the most
pronounced decrease of ASR amplitudes was observed at 16 kHz in
control rats, while in exposed rats, the most pronounced decrease of
ASR amplitude occurred already at 8 kHz. Thus, despite the absence of
any change in the auditory thresholds and ASR thresholds, the ASR in

rats exposed to noise was more affected at higher frequencies. Similar
results were observed in C57BL mice with a genetically determined
progressive age-related high-frequency hearing loss [38]. In this
species, the decrease in the ASR amplitude occurred during the first
year of life in the presence of normal hearing thresholds for
frequencies 4–16 kHz. The authors explained this phenomenon as a
reduced potency of the central neural excitation that drives the ASR.

Pierson and Snyder-Keller [4] demonstrated that in rats at P14, the
regions of the auditory system devoted to the processing of high
frequencies are less mature than the structures responsible for the
processing of low frequency sounds. The acoustic trauma thus affects
mostly those parts of the system where the development is in
progress at the time of the trauma, while the regions that are already
mature remain almost unaffected. Several findings have indicated that
the immature auditory system generally exhibits reduced excitability
compared with the adult state [39–41], hence the suppressed ASR
amplitudes for high frequency sounds observed in the present study
may be regarded as an indication of the noise-evoked underdevelop-
ment of the high frequency regions of the auditory system, which
retained the characteristics of the immature circuitry.

An analysis of the suppression of the ASR by preceding stimulation
revealed a number of anomalies in PPI function in the noise-exposed
animals. In comparison with control rats, in which an increase of
prepulse intensity was accompanied by a consistent increase of PPI
efficacy, PPI functions in exposed rats had a different shape with three
distinguishable phases. A significantly stronger ASR inhibition
observed at lower levels of prepulse intensities (20–30 dB SPL) in
the exposed rats (phase 1) may reflect an abnormal sensitivity to
sound (recruitment) at suprathreshold levels. A small and insignifi-
cant change of the inhibitory efficacy during a further increase of the
prepulse intensity up to 60–70 dB SPL (phase 2) indicates a similar
salience of these sounds and thus they are probably perceived as
having similar loudness.

The increased PPI efficacy of low-intensity tones at middle
frequencies was also described in rats after ototoxic treatment with
neomycin [22] and in C57BL mice during young adulthood [25,38].
This phenomenon was considered by the authors [25] to be a

Fig. 5. Slope of the PPI function (filled bars: exposed rats; open bars: controls). Upper panel: phase 1; lower panel: phase 2. The difference between slopes was quantified using an
unpaired t-test (phase 1), and linear regression analysis (phase 2); *pb0.05; **pb0.01.
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manifestation of the increased salience of certain sounds based on
the hearing-loss-induced plasticity of the central auditory system
[16,42,43].

The specifics of PPI in exposed rats observed in our study evidently
reflect experience-dependent plasticity in the central auditory system
caused by noise exposure in the early postnatal period and may be
regarded as a behavioral consequence of anomalous sound level
coding. Although the brain mechanisms underlying PPI are not
completely understood, most authors agree that the effect of a
prepulse on the startle circuit involves the inferior colliculus, superior
colliculus and other central auditory structures including the auditory
cortex [21,24,25]. In this respect, it may be assumed that the observed
anomalies of PPI function primarily reflect changes in the central
auditory system.Our previous electrophysiological study of the changes
in intensity coding at the level of the IC in exposed rats with the same
noise exposure paradigm [17] identified a number of analogieswith the
results of the present behavioral study. It was shown that while the
thresholds of response of IC neurons were comparable in exposed and
control animals, the maximum response magnitudes were lower in the
exposed rats and the neuronal rate-intensity functions in exposed rats
reached saturation at lower stimulus intensities, which corresponds to
a narrower dynamic range and a steeper initial slope of the rate-
intensity functions. Cumulative rate-intensity functions showed a fast
changeoffiring rates for stimulus intensitieswithin thefirst 30 dBabove
the threshold, while for higher sound levels, the flat or even non-
monotonic shape of the cumulative functions indicated a worsened
level-discrimination ability. According to these electrophysiological
data and the results of the immunohistochemical study by Pierson and
Snyder-Keller [4], we can conclude that the behavioral changes
observed using ASR and PPI of ASR are associated with changes in
acoustical signal processing at the IC level. We cannot exclude minor
residual pathological changes in the cochlea and auditory nerve caused
by noise exposure in the sensitive developmental period. However,
normal DPOAEs, indicating the preservation of outer hair cell function
(17), normal ABR thresholds and unchanged ABR amplitude-intensity
functions (17), indicating no changes in the processing of acoustical
stimuli at the brainstem level, suggest that the noise exposure of
juvenile rats did not result in any evident damage of the peripheral
auditory system in adult rats, but rather produced alterations in the
central auditory system.
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