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ABSTRACT
Presbycusis, as the deterioration of hearing ability occurring with aging, can be manifested

PT

not only in a shift of hearing thresholds, but also in a deterioration of the temporal processing
of acoustical signals, which may in elderly people result in degraded speech comprehension.

RI

In this study we assessed the age-related changes in the temporal processing of acoustical

SC

signals in the auditory system of pigmented rats (Long Evans strain). The temporal resolution
was investigated in young adult (3-4 months) and old (30-34 months) rats by behavioral and

NU

electrophysiological methods: the rats’ ability to detect and discriminate gaps in a continuous

MA

noise was examined behaviorally, and the amplitude-rate function was assessed for the middle
latency response (MLR) to clicks. A worsening of the temporal resolution with aging was

ED

observed in the results of all tests. The values of the gap detection threshold (GDT) and the
gap duration difference limen (GDDL) in old rats increased about two-fold in comparison

PT

with young adult rats. The MLR to a click train in old rats exhibited a significantly faster
reduction in amplitude with an increasing stimulation rate in comparison with young adult

CE

rats. None of the age-related changes in the parameters characterizing temporal resolution

AC

(GDT, GDDL and MLR to a click train) correlated with the degree of the age-related hearing
loss. However, the age-related changes in MLR amplitude-rate function correlated with the
age-related changes in GDDL, but not with the changes in GDT. The behavioral and
electrophysiological data clearly show that aging in rats is accompanied with a pronounced
deficit in the temporal processing of acoustical signals that is associated with the deteriorated
function of the central auditory system.

KEYWORDS: aging, gap detection, gap duration discrimination, middle latency response,
stimulation rate, auditory temporal resolution.

ABBREVIATIONS: dB SPL – dB sound pressure level, GDDL - gap duration difference limen,
GDT- gap detection threshold, MLR - middle latency response
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1. INTRODUCTION
Within the elderly segment of society, hearing deterioration is one of the most significant

PT

handicaps. Older people often experience difficulty in understanding speech, which may also
appear in subjects without a significant hearing loss. Speech perception has been widely

RI

studied in connection with the temporal resolution of the auditory system. Many researchers

SC

have found a significant relationship between abnormalities in temporal processing and a
deterioration of speech perception [1-6].

NU

Gap detection threshold (GDT) and gap duration difference limen (GDDL) are usually

MA

used as indices of auditory temporary resolution in man [1, 7-12]. GDT is the smallest
duration of a silent interval in a sound that a subject is able to detect; GDDL is defined as the

ED

smallest change in the duration of a silent interval that a subject may discriminate from the
duration of another interval. A significant deficit in gap detection [4-6, 13, 14] as well as in

PT

gap discrimination [11, 12, 15, 16] has been shown in older people.
Age-related changes in temporal processing in the auditory system have also been studied

CE

in animal models. As a behavioral method for assessing auditory temporal resolution in

AC

animals, the gap detection task has been frequently used (e.g., rat [17-19], mice [20, 21],
chinchilla [22, 23]; ferret [23], gerbil [25], starling [26], budgerigar and zebra finch [27]. A
deficit in gap detection with aging was demonstrated in mice [20, 28] and gerbils [29].
Another approach to studying the problem of age-related changes in auditory temporal
resolution is the use of electrophysiological methods, when either neuronal activity or evoked
potentials are recorded in response to a gap in noise or to two acoustic stimuli separated by
various gaps [28, 30-33] or to a train of acoustical stimuli with different repetition rates [3437]. The results of electrophysiological studies have demonstrated abnormal temporal
processing in the central auditory system of aged animals [28, 31, 33, 36, 38, 39].
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The purpose of our study was to assess the age-related changes in auditory temporal
resolution in rats of the Long-Evans strain. Long Evans rats, with a life-span of about three

PT

years and with a relatively slowly-progressing hearing impairment with age, represent a
suitable model for investigating presbycusis [40]. In contrast to the Fischer 344 strain, which

RI

is frequently used as a model of fast aging (see [41] for a review), Long-Evans rats serve as a

SC

model of relatively normal aging. Three different measures of temporal auditory resolution
were used in the study: i) GDT, ii) GDDL and iii) MLR amplitude-rate function for click

NU

stimulation. The tests were performed in a group of young (three months old) and a group of

MA

aged (30-34 months old) animals. The parameters characterizing temporal auditory resolution

ED

were compared with each other and were also related to the degree of hearing loss.

2. METHODS

PT

2.1. Subjects

Twelve female pigmented rats (strain Long Evans) with no primary pathology, weighing

CE

about 250 grams, were used in the aging experiment. At the age of 3-4 months the rats were

AC

divided into two groups: 6 animals were trained and tested to detect gaps in a continuous
noise (GDT) (Fig. 1A) and 6 animals were trained and tested to discriminate between gaps
with different durations (GDDL) (Fig. 1B). Subsequent measurements of GDT in the rats of
the first group and GDDL in the rats of the second group were performed at the age of 30-34
months. Because one rat of the first group died before the age of 30 months, the retest of
GDT in aged animals was conducted only in 5 rats. All animals were housed under standard
laboratory conditions, 2-3 rats in a cage with a constant climate and a 12/12 h normal
light/dark cycle. Animals had free access to food and water (except during behavioral training
when they were restricted in access to water). The measurements of GDT and GDDL in old
rats required their additional training. The experimental conditions of the additional training
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were the same as in the initial training. At the end of the behavioral experiment, middle
latency responses (MLR) to acoustical stimuli were recorded to evaluate age-related hearing

PT

loss and changes in the recovery function of cortical evoked activity. The MLR thresholds
measured in old rats were compared with the thresholds obtained in 20 control young rats 3-4

RI

months old; in 8 of them the effect of the stimulus repetition rate on the MLR amplitudes was

SC

studied as well. Control animals were housed under standard laboratory conditions as
described above.

NU

All animal procedures were approved by the Animal Care Committee of the Institute of

MA

Experimental Medicine, Academy of Sciences of the Czech Republic, Prague, Czech

ED

Republic.

2.2. Behavioral procedure and apparatus

PT

Behavioral experiments were conducted in a rat test cage (provided with a drinking
apparatus and an optical licometer for the detection of licking) placed in an anechoic,

CE

soundproof room, which was described in detail previously [42]. The floor of the cage was

AC

connected to a precision regulated shocker, which was able to generate a level-adjustable
electric footshock (100–300 µA). Acoustical stimuli were presented from a SEAS T 25 CF
002-06 loudspeaker placed 50 cm in front of the cage wall, where the apparatus for drinking
water was also placed. The acoustic system was calibrated with a B&K 4133 microphone, a
ZC0020 preamplifier and a B&K 2231 sound level meter; the microphone was placed in the
position of the animal’s head and facing the speaker. Variability in the animal’s head position
during acoustic stimulation was minimized because the stimulus was presented only when the
animal was in contact with the spout. The frequency–response curve of the acoustic system
was relatively flat and varied by less than ±7 dB between 1 and 30 kHz. A video camera
situated near the cage allowed visual monitoring of the subject’s behavior during the
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experiment. The equipment for stimulus generation and response acquisition consisted of a
TDT system 3 setup (RP2, PA5, HB7) connected to a PC. Stimulus presentation and data

PT

acquisition were controlled by Matlab custom-made software.
Using a conditioned avoidance response procedure, thirsty rats were trained to stop

RI

drinking when a stimulus was presented (paired with a mild electric shock when the animal

SC

did not stop drinking) and to continue drinking in the case of a “safe” stimulus. As test stimuli,
a series of short silent periods (gaps) embedded in a continuous broad-band noise (500 Hz–25

NU

kHz) of 75 dB SPL intensity was used. For the gap detection task, the warning stimulus was a

MA

series of five gaps of 40 ms duration each, separated by 160 ms of noise; the safe stimulus
was continuous noise with no gap (Fig. 1A). For the gap duration discrimination task, a series

ED

of five gaps of 60 ms duration each, separated by 140 ms of noise, served as the warning
stimulus. A series of five gaps of 15ms duration each, separated by 185 ms of noise, served as

PT

the safe stimulus (Fig. 1B). One experimental session lasted about 20 min and consisted of up
to 150 trials, which were presented in a quasi-random manner with a ratio of warning trials to

CE

safe trials of 1:1.8. A warning trial was never followed by another warning trial. Each trial

AC

started only if the animal was licking and consisted of stimulus presentation and the response
period (500 ms) during which the rat’s licking was detected. Intervals between trials were
random in the range of 500–1500 ms.
The animal’s performance was evaluated on the basis of hit and false alarm statistics. The
cessation of licking in response to a “warning” stimulus was classified as a hit response; the
cessation of licking in response to a “safe” stimulus was considered as a false alarm response
(Fig. 1 A, B). At the end of the session the hit rate was calculated as the number of hit
responses divided by the total number of “warning” stimuli, and similarly the false alarm rate
was calculated as the number of false alarm responses divided by the total number of “safe”
stimuli. Then, the performance as a single parameter characterizing the ability to detect or
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discriminate stimuli was calculated by the formula: performance = hit rate - hit rate x false
alarm rate and expressed as a percentage [43]. An excellent performance with a hit rate close

PT

to 100% and rarely occurring false alarms is characterized by performance values near 100%.
In contrast, when an animal is unable to detect or discriminate stimuli, the hit rate and false

RI

alarm rate values are similar and the performance value is 0-25% (a chance level of

SC

performance). The training period lasted until the performance reached a steady level and
further prolongation of the training did not lead to any improvement in performance. The final

NU

performance was then calculated as the mean performance of the last four training sessions.

MA

When the behavioral training was completed and the final performance was determined, GDT
and GDDL were measured in the rats of the first and second groups, respectively. The

ED

threshold values for detection or discrimination were determined using a method of constant
stimuli. Data for the determination of GDT were collected using silent gaps of 1.5-10 ms

PT

duration, presented in random order. GDT was determined as the value of the gap duration
that resulted in 50% performance in the psychophysical curve. In the gap duration

CE

discrimination task, GDDL was assessed for two different values of the reference gap

AC

durations: 15 and 40 ms, which served as the “safe” stimulus in the testing procedure. The
tested gap served as the “warning” stimulus, was longer than the reference gap, and
approached the reference gap during the experiment. GDDL was determined as the value of
the difference between the “safe” and “warning” gap durations that resulted in 50%
discrimination performance. Temporal sensitivity in the discrimination task was also
presented in terms of Weber’s ratio, calculated as the GDDL divided by the value of the
reference gap duration.

2.3. Electrophysiological procedure
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Electrophysiological recording of the middle latency response (MLR) was performed in
all old rats (n=11) after the behavioral experiments were finished and in a control group of

PT

young rats (n=20). The animals were anesthetized with an intramuscular injection of 35
mg/kg of ketamine (Narkamon 5%, Spofa) and 6 mg/kg of xylazine (Sedazine, Fort Dodge

RI

Inc.). A single dose of anesthetic was sufficient for the surgery and recording, because the

SC

whole experiment lasted less than 1 hour. MLRs were recorded with a teflon-coated platinum
iridium ball electrode (diameter 0.5 mm) placed on the surface of the left auditory cortex

NU

through a small hole (~2mm in diameter) in the bone and fixed to the bone by duracryl

MA

(Spofa Dental). The reference electrode was placed in the neck muscles.
The assessment of hearing thresholds was done using tone bursts (3 ms duration, 1 ms

ED

rise-fall time, 2 s-1 repetition rate, n=30) in the frequency range of 1-32 kHz with 5 dB
intensity steps. The threshold was defined as the lowest stimulus level that produced a

PT

visually detectable response, consisting of the N1, P2 and N2 components within an interval of
10-70 ms [44].

CE

MLR amplitude vs. click rate function was evaluated for clicks of 70 dB SPL intensity

AC

with a repetition rate of 1-15 s-1. The relative MLR amplitude was calculated as P2-N2 (peakto-peak) voltage divided by the MLR magnitude for a stimulus rate of 1 s-1 and was expressed
as a percentage. The limit of the MLR temporal resolution was determined as the maximal
stimulus repetition rate for which the P2-N2 wave complex was detectable.
Recording was performed in an anechoic sound-proof room. Stimuli were presented in
free-field conditions from a two-way loudspeaker system (Jamo woofer and SEAS T25CF
002 tweeter), which was placed 70 cm in front of the animal´s head. Calibration of the sound
field was performed with a B&K microphone (4939), a ZC0020 preamplifier and a B&K
2231 sound level meter; the microphone was placed in the position of the animal’s head and
facing the speaker. Stimulus generation and MLR acquisition were performed by a TDT
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system3 setup (RP2 and RX-5 Pentusa real-time processors, RA 16 PA preamplifier) and a

PT

PC computer running BioSig software.

3. RESULTS

RI

3.1. Gap detection in young adult and old rats

SC

Young adult rats of the first group (aged 3-4 months, n=6) were trained to detect gaps in a
continuous noise. Individual rats needed 2-4 training sessions to reach a steady level of

NU

performance; subsequent training did not significantly improve their performance in the gap

MA

detection task. During the training, the performance values increased from 38.8±16.8% in the
first day to 78.4±4.3% at the best performance level. After reaching a steady level of

ED

performance, their gap detection ability was assessed in trained animals. An example of the
psychometric functions used for the determination of the GDT value in a young adult animal

1.8±0.1 ms (Fig. 2).

PT

is shown in Fig.2A. GDTs in individual rats ranged from 1.7 to 2.0 ms with an average of

CE

Gap detection ability was studied in the same animals again at the age of 30-34 months.

AC

Additional training was necessary prior to the GDT measurements in old rats. Already in the
first session of the additional training, the rats reached a performance of 50.7 ± 7%, which
was higher than their performance in the first session of the initial training. All old rats
reached a steady level of performance (75.2±6% performance) on the third training day.
GDTs in old rats were in the range of 2.7-4.0 ms with an average of 3.4±0.5 ms. This value
represents a significant increase (P<0.0001; unpaired t-test) in comparison with the GDT in
young-adult animals (Fig.2). GDT values in old rats were significantly more variable than
those obtained in young animals (P=0.03, F test; Fig. 2B).

3.2. Discrimination of gap duration in young adult and old rats
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Young adult rats in the second group (aged 3-4 months, n=6) were trained to discriminate
between gaps of different durations. The training period for the discrimination task was longer

PT

than the training period for the detection task. To complete the training for the discrimination
task, individual rats needed 3-8 sessions. During training their performance increased from

RI

36.2±14.3% on the first day to the final performance of 75.6±7.8 %.

SC

Two values of the reference gap duration, i.e. 15 ms and 40 ms, were used to assess the
gap discrimination ability (Fig 3). Average GDDLs in young-adult rats for the reference gap

NU

durations of 15 ms amounted to 5.8±1.1 ms and for the reference gap durations of 40 ms

MA

amounted to 17.5±2.4 ms (Fig.3A). Temporal discrimination in young adult animals
expressed as the Weber’s ratio (calculated as the GDDL values divided by the reference gap

ED

duration) was similar for the reference gaps of 15 ms and 40 ms (p> 0.05, paired t-test,
Fig.3B).

PT

The ability to discriminate gap duration was evaluated in the same animals again at the
age of 30-34 months. Similarly as in the case of GDT, additional training was necessary

CE

before the final GDDL measurement. Old rats achieved a relatively good performance

AC

(43.3±9%) already in the first session of the additional training. The rats needed 4-5 sessions
to reach a final steady performance level of 70.3±8%.
The ability to discriminate gap duration was worse in old rats than in young-adult rats.
GDDL in old rats increased almost two-fold in comparison with young adult rats and reached
11.1±1.4 ms and 26.1± 2.2 ms for the gap reference durations of 15ms and 40ms, respectively
(p<0.001, unpaired t-test) (Fig. 3A). The increase of the GDDL with age was more
pronounced when the smaller reference gap duration was used: old animals’ GDDL increased
by 49% for the longer reference gap of 40 ms, while the increase was 91% for the shorter
reference gap of 15 ms. The Weber’s ratios for 15ms and 40ms reference gap durations were
significantly different in old rats (p= 0.01, two-tailed paired t-test). A considerable variability
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in GDDL was observed in both young and old rats. Unlike the results of the GDT test, the
variance of the Weber’s ratios between the different age groups was not significantly different

PT

(p>0.5 for the gap reference duration of 15 ms and p>0.7 for the gap reference duration of

RI

40ms, respectively, F-test).

SC

3.3. Middle latency responses
3.3.1. MLR audiogram

NU

Hearing thresholds assessed with MLR to tonal stimuli were elevated in the old rats in

MA

comparison with the young control rats of the same strain by about 10-35 dB in the frequency
range of 1-32 kHz. Average MLR hearing thresholds of the old rats (all animals of the first

ED

and second groups, n=11) and the control group of young-adult rats (n = 8) are shown in

PT

Fig. 4.

3.3.2. The effect of the stimulus repetition rate on MLR

CE

Temporal resolution was studied by recording the MLR to click trains of different rates.

AC

MLR amplitude in both young and old rats had a decreasing tendency with increasing
stimulus repetition rate, as illustrated by the typical responses of a young and an old animal in
Fig. 5A. In old rats the reduction of the MLR amplitude was more extensive and the decline
started at lower click rates in comparison with the young rats (Fig. 5 A, B). While in young
animals the MLR amplitudes were reduced with increasing click rate but the response
remained clearly evident, in old animals the MLR completely disappeared – in some old rats
at such a low click rate as 4 clicks/s. The decay in the number of old animals having a
detectable MLR with an increasing click rate is illustrated in Fig. 5C. In none of the old rats
were MLR present at the rate of 11 clicks/s.
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4. Relationship between the changes in the parameters of auditory function in old rats
For all the parameters of auditory function measured in old rats (GDT, GDDL at 15 ms,

PT

GDDL at 40 ms, maximal click rate evoking detectable MLR and hearing threshold),
correlation coefficients were calculated to determine their contribution to the age-related

RI

changes. None of the parameters correlated significantly with the hearing threshold at either 8

SC

or 32 kHz (R2= 0.03-0.13, the slope of the regression line did not differ significantly from
zero, P>0.1; see Table S1 of Supplementary Material for details).

NU

The comparison between the behavioral parameters (GDT, GDDL at 15 ms and at 40 ms)

MA

and the electrophysiological parameters (the maximal click rate evoking MLR) showed a
significant correlation between the maximal click rate evoking MLR and GDDL at 15 ms as
well as at 40 ms: worse temporal discrimination, manifested by a larger GDDT value,

ED

corresponded with a lower value of the maximal stimulus rate evoking MLR (R2=0.75 and

PT

0.76, the slope of the regression line differed significantly from zero, P = 0.02 in both cases,
Fig. 6, Table S2 of the Supplementary Material). In contrast, the correlation between the

CE

maximal click rate evoking MLR and the GDT value was not found to be significant (R2=0.08,

AC

the slope of the regression line did not differ significantly from zero, P = 0.63, Table S2 of the
Supplementary Material).

5. DISCUSSION
The results of the present study clearly demonstrate the age-related decline in the temporal
processing of auditory signals in the rat. All three parameters used to evaluate temporal
resolution in the auditory system of rats point to a worsening of temporal sensitivity: the gap
detection threshold and the gap duration difference limen were found to be prolonged by age
and the amplitude-rate function of the MLR to click exhibited the suppression of the MLR,
starting already at low repetition rates.
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The results of the gap detection measurements showed the same GDT values in young
adult rats as we found in previous experiments [18, 19], with a significant worsening of the

PT

GDT values in old rats when they increased almost two-fold (by 89%). The age-related
increase in the gap detection threshold (1.8 ms in young and 3.4 ms in old rats) had a similar

RI

magnitude as reported in mice [28], gerbils [29] and man [4, 5, 10, 14]. For example, the

SC

mean GDT values for young and old gerbils were 2.6 ms and 4.3 ms, respectively [29], and
for young and old human subjects the mean GDT values were 2.8 and 6.7 ms, respectively

NU

[14]. These data support the idea that the age-related deficit in gap detection may have a

MA

common mechanism in mammals of different species.

The individual variability of GDTs was considerably larger in old rats in comparison with

ED

young rats. The same phenomenon of increased GDT variability in elderly subjects was also
observed in gerbils [29], mice [28] and in man [9, 28]

PT

Several studies have demonstrated that the intensity and frequency content of the carrier
noise play an important role in gap detection: GDT values markedly increase (both in man

CE

and in animals) when the signal audibility is low (when the noise intensity is less than 25-30

AC

dB sensation level) or when the noise spectrum is restricted to low frequencies [1, 8, 18, 45].
The elevation of hearing thresholds may in principle result in a decrease of signal audibility,
which in turn leads to a worsening of gap detection. Similarly as in normal hearing subjects,
an intensity of the carrier sound above a 20-30 dB sensation level is required for reliable GDT
measurements in old [29] as well as in hearing-impaired subjects [18, 46]. With respect to the
results of our previous study [47] and the results of other authors showing that the increase of
hearing thresholds in old rats amounts to 30-40 dB [34, 48, 49], we measured GDT and
GDDL at a carrier noise intensity of 75 dB SPL. This was a sufficient intensity to minimize
the contribution of the 35 dB threshold shift in old animals and to ensure optimal conditions
for gap detection.
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Temporal sensitivity in the rats, characterized by the gap duration discrimination limen,
also deteriorated with age. The ability to discriminate between gaps of different duration was

PT

significantly better in the young rats in comparison with old rats: the mean Weber’s ratios
were 0.39 and 0.44 for young rats and 0.65 and 0.74 for old rats. Although there is a lack of

RI

animal studies focused of gap duration discrimination, our data correspond with the results of

SC

psychophysical studies in humans that show an age-related deficit in the ability to
discriminate between gaps of different durations [11, 12, 15, 16, 50, 51], e.g. Fitzgibbons and

NU

Gordon-Salant [16] reported in humans Weber’s ratios (to tonal stimuli) of 0.33-0.45 in

MA

younger subjects and 0.52-0.64 in older subjects, which are similar to the values we found in
rats.

ED

We found worse relative temporal discrimination values (larger Weber’s ratio) for shorter
reference duration in old rats. While the values of the Weber’s ratio for 15ms and 40ms

PT

reference durations were similar in young rats, they differed in old rats: the Weber’s ratio for
15 ms was significantly larger than that for 40ms. Our finding corresponds with the results of

CE

Fitzgibbons and colleagues, who also reported that the largest age-related changes were

AC

associated with the shortest reference duration [15, 16, 50].
Age-related changes in temporal processing were also apparent in the electrophysiological
part of our experiments. We observed a decrease in the MLR amplitudes with increasing
stimulus repetition rate, which was more extensive and occurred at lower repetition rates in
old rats in comparison with young animals. While MLRs in old rats already disappeared at
stimulation rates of 4-10 s-1, it was possible to detect the main MLR components in all young
rats minimally at a click rate of 15 s-1. This finding indicates that the cortical processing of
rapidly recurring sounds is impaired with age.
Data about the influence of age on the rate effect of the auditory evoked responses are not
uniform due to various technical parameters of the stimulation and recording, the subjects
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used and their state. Basically, it is known that the amplitude of evoked potentials depends at
all levels of the auditory pathway on the stimulation rate – the amplitude decreases with

PT

increasing stimulation rate; this effect is amplified towards the auditory cortex [52, 53].
Changes in the amplitude-rate function of the auditory evoked responses with age were

RI

reported at the level of the auditory brainstem in F344 rats by Backoff and Caspary [36]: they

SC

found the auditory brainstem response (ABR) morphology in old rats less well defined for
high rate stimuli (5-50 s-1) with the greatest degradation seen in the later ABR waves . In

NU

contrast, Boettcher and colleges [37] found in gerbils that the stimulation rate effect is not

MA

influenced by age: an increase in the stimulation rate from 11 s-1 to 91 s-1 resulted in an
approximately equal reduction of the ABR amplitudes in gerbils of different ages. An age-

ED

related deficit in humans was found in recordings of ABR to double noise bursts separated by
various gaps: older subjects had smaller ABR amplitudes in response to the second stimulus

PT

and more frequently no response to shorter gap durations [54]. Data about the effect of age
and stimulation rate on the MLR have been mainly obtained in human studies. In elderly

CE

listeners a progressive change in the waveform pattern of MLRs was observed at faster

AC

stimulus repetition rates [35, 55, 56]. In contrast to our results, Chambers [35] found that the
reduction of one of the MLR components (Pa) with an increasing stimulus rate was much
more pronounced in young subjects than in older subjects. It should be noted that the direct
comparison of evoked potentials in man and in laboratory animals is complicated by
differences in the wave generators; moreover, the differences in the results could be
determined by the subjects’ state: MLRs in humans were recorded during an awake state
whereas the MLRs in our experiments were recorded in anaesthetized rats.
The auditory system is a complex, hierarchically organized system, and age-related
pathological changes may occur at all levels – from the periphery (the inner ear) to the
auditory cortex. The hearing threshold shift is a phenomenon attributable to a large extent to
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the peripheral component of presbycusis, which comprises mainly alterations of the inner and
outer hair cells and/or the stria vascularis. A significant age-related hair cell loss connected

PT

with a pronounced hearing threshold shift was reported previously in different strains of rats
[40, 57, 58] as well as in human [59]. Specifically in Long Evans rats, Popelář el al. [40]

RI

found relatively weak, but consistent outer hair cell loss (10-20%) in the middle part of the

SC

cochlea in aged animals (30 months old), which progressively increased towards the apical
and basal ends of the cochlea where the outer hair cell loss reached 60-100% .The number of

NU

missing inner hair cells was very low and did not exceed 10% with the exception of the basal

MA

end of the cochlea.

The central component of presbycusis (i.e., age-related changes occurring within the

ED

central auditory system) is thought to be associated with age-related alterations in the
processing of complex acoustical stimuli and could be manifested also in the deterioration of

PT

the temporal processing of acoustical stimuli. The results of our study revealed that none of
the analyzed temporal parameters (GDT, GDDL or MLR amplitude-rate function) in aged

CE

animals correlated with the hearing threshold shift. Although an increase of the GDT in

AC

subjects with hearing loss was reported in several studies [1, 7, 8, 19], the GDT values and
audiometric threshold shifts were not significantly correlated [4, 5, 60, 61]. Similarly as GDT
values, also individual GDDL values did not correlate with the hearing threshold in old rats.
Such a lack of correlation is consistent with the results of human studies showing that GDDL
does not depend on hearing loss in younger subjects [15] or in older subjects [50, 51, 62].
The lack of correlation between the parameters characterizing temporal processing and the
hearing threshold indicates that the age-related changes in temporal processing are to some
extent independent of the hearing threshold and that the temporal processing ability is
influenced by other factors such as changes in brain function . However, it is still not known
whether the age-related changes in the central auditory system are activity-dependent and

ACCEPTED MANUSCRIPT
primarily follow the deterioration of the sensory inputs with aging or whether they rather
result from age-related changes occurring within the central auditory system [63, 64].

PT

The presence of a significant correlation between the MLR changes and GDDL changes
(both at 15 ms and 40 ms) and a non-significant correlation between the MLR changes and

RI

GDT changes points at differences between the individual parameters used for characterizing

SC

temporal processing. Since the MLR reflects the activity of the primary auditory cortex [44],
the effect of the acoustical stimulus rate on the complex of MLR waves characterizes

NU

temporal processing at the cortical level. The study by Rybalko and colleagues [42] using

MA

cortical deactivation revealed that temporal discrimination (GDDL) in the rat depends on
cortical processing (specifically in the left hemisphere), while the GDT can be consolidated

ED

before the recovery of the auditory cortex and is therefore based mostly on sub-cortical
processing. Thus, we assume that the significant correlation between the MLR results and the

PT

GDDL results observed in our experiments indicates that both these parameters characterize
temporal processing at the cortical level.

CE

Age-related hearing loss and hearing impairment (i.e. presbycusis) are among the major

AC

health problems of older people, and with the continuing increases in human longevity, the
problem of presbycusis is growing. The deterioration of auditory perception with aging can be
accompanied by two types of deficits. The first type of deficit is associated with elevated
hearing thresholds. The second type of deficit is caused by the distortion of suprathreshold
processing (impaired intensity, frequency and temporal discrimination). Such a deficit might
be manifested, for example, in poor speech perception in humans or the poor recognition of
complex environmental sounds, including species-specific vocalizations in animals. Our
results demonstrate the presence of both types of auditory deficits in aged rats – the elevation
of hearing thresholds and impaired temporal resolution – that did not correlate with each other.
The mechanisms of the age-related deterioration in temporal processing remain unclear, but

ACCEPTED MANUSCRIPT
many indicators point to insufficient inhibition at both the cortical and subcortical levels of
the central auditory system [41, 63]. Further experiments are necessary to prove this

PT

hypothesis and eventually to identify tools to remedy this defect. A better characterization of
the mechanisms underlying impaired temporal processing (and deficits in speech perception,

RI

in particular) could lead to an improvement in signal processing in hearing aids and to more

SC

appropriate aural rehabilitation in general.
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FIGURE LEGENDS:

RI

discrimination (B) tasks. See Methods for a full description.

PT

Fig. 1 Schematic drawing of the time diagrams of gap detection (A) and gap duration

SC

Fig. 2. Gap detection in young and old rats. A. Examples of the psychometric functions used
to determine the gap detection threshold in a young (open triangles) and an old rat (filled

NU

triangles); B. Mean values of the gap detection threshold in young (empty bar) and old (filled

MA

bar) rats. Mean values ± SD are shown (*** P<0.001, unpaired t-test).

ED

Fig. 3. Gap duration discrimination in young and old rats measured for reference gap
durations of 15ms and 40ms, respectively. A. Mean values of the gap duration difference

PT

limen in young (empty bar) and old (full bar) rats; B. Weber ratios for the discrimination of
gap duration in young (empty bar) and old (full bar) rats. Mean values ± SD are shown (**

AC

CE

P<0.01, unpaired t-test).

Fig. 4. Hearing thresholds measured by MLR recording in young (open symbols, n=20) and
old (filed symbols, n=11) rats. Mean values ± SD are shown.

Fig. 5. The effect of the click rate on MLR in young and old rats. A. Examples of the MLR
changes with increasing stimulation rate in a young (left column) and an old (right column)
rat. B. The relative MLR amplitude vs. stimulus repetition rate function in young (open
symbols) and old (filled symbols) rats. C. Percentage of animals with a detectable MLR at
particular stimulus repetition rates in young (open symbols) and old (filled symbols) rats.
Mean values ± SD are shown (** P<0.01, unpaired t-test).
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Fig. 6 Relationship between the gap discrimination ability and maximal click rate evoking a

PT

detectable MLR in old rats (n=6). Individual values of GDDL (y-axis) are shown relative to
the maximal click rate evoking a detectable MLR (x-axis) for two values of the reference gap:
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15 ms (circles) and 40 ms (squares). Lines represent linear regression for data of 15 ms (solid
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line) and 40 ms (dashed line) reference gaps.
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RESEARCH HIGHLIGHTS:

Significant age-related changes in temporal processing were observed in rats

•

Old rats showed a deficit in their ability to detect and discriminate gaps in noise

•

The MLR amplitude-rate function changed with age

•

Age-related changes in MLR correlated with the changes in gap discrimination

•

Deteriorated temporal processing in the rat did not correlate with hearing loss
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