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a b s t r a c t 

Impaired temporal resolution of the central auditory system has long been suggested to contribute to 

speech understanding deficits in the elderly. However, it has been difficult to differentiate between direct 

age-related central deficits and indirect effects of confounding peripheral age-related hearing loss on tem- 

poral resolution. To differentiate this, we measured temporal acuity in the inferior colliculus (IC) of aged 

CBA/J and C57BL/6 mice, as a model of aging with and without concomitant hearing loss. We used two 

common measures of auditory temporal processing: gap detection as a measure of temporal fine struc- 

ture and amplitude-modulated noise as a measure of envelope sensitivity. Importantly, auditory temporal 

acuity remained precise in the IC of old CBA/J mice when no or only minimal age-related hearing was 

present. In contrast, temporal acuity was only indirectly reduced by the presence of age-related hearing 

loss in aged C57BL/6 mice, not by affecting the brainstem precision, but by affecting the signal-to-noise 

ratio of the neuronal activity in the IC. This demonstrates that indirect effects of age-related peripheral 

hearing loss likely remain an important factor for temporal processing in aging in comparison to ’pure’ 

central auditory decline itself. It also draws attention to the issue that the threshold difference between 

‘nearly normal’ or ‘clinically normal hearing aging subjects in comparison to normal hearing young sub- 

jects still can have indirect effects on central auditory neural representations of temporal processing. 

© 2021 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Age-related hearing loss is one of the most common conditions

affecting older and elderly adults. For example, approximately 39

% to 45 % of the U.S. population above the age 60 are experienc-

ing speech-frequency hearing impairment ( Hoffman et al., 2017 ;

Lin et al., 2011 ). Most age-related hearing deficits are caused by

peripheral sensorineural hearing loss, and affected individuals usu-

ally do benefit from hearing aids. However, even with hearing aid

compensation or seemingly normal pure tone audiograms aging in-

dividuals still often do complain about problems in speech under-

standing. 

One explanation that have been put forward is that speech

understanding deficits in aging may not only originate from sen-
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sorineural peripheral deficits per se, but that central deficits of the

aging auditory system may play an additional role ( Gates, 2012 ;

Humes et al., 2012 ; Mazelová et al., 2003 ; Yamasoba et al., 2013 ).

Such ‘central presbyacusis’ may contribute to hearing difficulties of

elderly adults. Specifically, degraded temporal acuity of the central

auditory system might play an important role in the way that it

leads to reduced speech understanding reflective of impaired neu-

ronal temporal sound representations ( Gordon-Salant et al., 2011 ;

Strouse et al., 1998 ; Walton, 2010 ). 

However, it has been difficult to define ‘central presbycusis’

as an isolated entity exclusively related to deficits in the cen-

tral auditory pathway, and it is now rather considered as a com-

bination of cognitive, central, and peripheral age-related effects

( Atcherson et al., 2015 ; Harris et al., 2010 ; Humes et al., 2012 ;

Sardone et al., 2019 ). This shifted the problem away from the ques-

tion that it is not straightforward to differentiate, whether reduced

perceptual temporal acuity in aging is due to a ‘pure’ intrinsic

central auditory decline, or is inherited indirectly by peripheral

deficits, which can be referred to as the direct versus the indirect
 open access article under the CC BY-NC-ND license 
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central auditory hypothesis ( Humes et al., 2012 ). ’Direct’ is defined

as an exclusive age-related change of the transmission of speed

and temporal resolution of neural activity in the auditory pathway.

’Indirect’ is defined as caused by age-related peripheral cochlear

pathologies affecting the input to the central auditory system, re-

sulting in a reduced signal-to-noise ratio, amplitude, and represen-

tation of the central neural signal. Such cochlear pathologies en-

compass the commonly observed age-related threshold shifts (i.e.

hair cell loss), but also ‘undetected’ peripheral deficits in aged

individuals, such as ‘hidden hearing loss’, cochlear synaptopathy

( Liberman and Kujawa, 2017 ), cochlear compression ( Oxenham and

Bacon, 2003 ), extended high-frequency hearing loss not tested in

normal audiograms ( Zadeh et al., 2019 ), and the general problem of

the definition of ‘clinically normal’ audiograms ( Pienkowski, 2017 ).

Clarifying the contribution of ‘direct central’ versus ‘indirect

peripheral’ effects on perceptual auditory temporal acuity is im-

portant due to its impact on therapeutic options. In studies on

humans and animals, measures of central auditory temporal pro-

cessing, such as gap detection or envelope following are influ-

enced by hearing threshold and stimulus level ( Allen et al., 2003 ;

Humes and Dubno, 2010 ; Werner et al., 2001 ). In a bottom-up

fashion the influence from small (however still defined as ‘clin-

ically normal’) peripheral hearing threshold shifts in age-related

hearing loss can thus in principle be passed on to measures of cen-

tral auditory temporal processing, resulting in a correlation of gap

detection thresholds and age, however actually being mediated by

hearing loss ( Humes et al., 2010 ). Thus, the confounding of a pos-

sible central decline (i.e. slowing down of central auditory trans-

mission) and peripheral hearing loss (e.g. threshold shifts by hair

cell loss) obscures their individual impact on temporal processing

in aging. 

The question whether central aging effects on temporal pro-

cessing in the auditory pathway exist in isolation has still not been

sufficiently answered. Conflicting findings exist, many demonstrat-

ing central aging-related effects on gap detection and envelope

sensitivity, however others did not observe central aging effects

on temporal measures, which has been pointed out by different

authors ( Grose et al., 2019 ; Humes et al., 2012 ; Ozmeral et al.,

2016 ). Considering the widely used measures of gap detection

and envelope sensitivity, age-related changes in temporal gap

detection have been shown in humans and animals in several

studies ( Harris et al., 2012 ; Ozmeral et al., 2016 ; Palmer and

Musiek, 2014 ; Snell, 1997 ; Strouse et al., 1998 ; Walton et al.,

1998 ), however other studies found no or only inconclusive ag-

ing effects ( Barsz et al., 2002 ; Osterhagen and Hildebrandt, 2018 ;

Ross et al., 2010 ; Schoof and Rosen, 2016 ; Shen, 2014 ; Walton et al.,

2008 ). Similarly, temporal envelope sensitivity has been shown

both to be affected and not affected by age in different stud-

ies ( Boettcher et al., 2001 ; Bureš et al., 2021 ; Dimitrijevic et al.,

2016 ; Grose et al., 2019 ; Lai et al., 2017 ; Parthasarathy et al.,

2010 ; Parthasarathy and Bartlett, 2012 ; Schoof and Rosen, 2014 ;

Takahashi and Bacon, 1992 ; Walton et al., 2002 ). Importantly, a

central theme in all of these studies is how well peripheral age-

related hearing loss could be controlled for in the aged groups. 

We here revisited this question and aimed to show that fast

temporal precision and transmission in aging is possible. We addi-

tionally investigated how the strength and measures of the neural

signal representing temporal features in the auditory midbrain are

influenced by peripheral hearing loss in aging. For this we chose

the auditory midbrain as the major central auditory relay station.

We investigated the evidence for the direct versus the indirect cen-

tral hypothesis by studying two strains of aging mice, C57BL/6 and

CBA/J. Aged C57BL/6 mice served as a presbyacusis model with

sensory hearing loss, and aged CBA/J as a model without or with

only minimal hearing loss. Neuronal activity at the level of the
midbrain in the inferior colliculus was compared to different tem-

poral acoustic stimuli. We used two widely applied measures of

temporal processing: (i) gap detection in white noise as a measure

of temporal fine structure representations, and (ii) amplitude mod-

ulated white noise as a measure of temporal envelope sensitivity.

We compared the response amplitude and gap detection threshold,

and the cut-off of modulation transfer functions (MTF) as a func-

tion of age and hearing loss. We show that temporal resolution

remains precise in the aged auditory midbrain, but that the neu-

ral signalsare indirectly affected by hearing loss in aging, affecting

measures on temporal resolution in different ways 

2. Methods 

2.1. Animals 

We used C57BL/6 mice ( n = 50) in an age range of 3 to 24

months and CBA/J mice ( n = 33) in an age range from 2 to 24

months. All experiments were conducted in accordance with eth-

ical standards for the care and use of animals in research and

the German law for the protection of animals. The experiments

were approved by the ethics committee of the state of Lower Sax-

ony. All animals were handled and housed according to German

(TierSchG, BGBl. I S. 1206, 1313) and European Union (ETS 123;

Directive 2010/63/EU) guidelines for animal research and the de-

scribed animal experiments were approved by German state au-

thorities (Lower Saxony State Office for Consumer Protection and

Food Safety, LAVES) and monitored by the university animal wel-

fare officer. 

2.2. Anesthesia and preparation 

Animals were anesthetized by an intraperitoneal injection of

Ketamine/Xylazine (100 mg/kg, Ketamin Graeub, Albrecht GmbH,

Germany); and 4 mg/kg Xylazin 2% (Albrecht GmbH, Germany).

They were then placed on a temperature probe-controlled heat-

ing pad (TC-10 0 0 Temperature Controller, CWE Inc., USA). Animals

were tracheotomized and a tracheal tube was inserted into the tra-

chea. They were then mechanically ventilated (SAR-10 0 0 Ventila-

tor, CWE Inc., USA). General anesthesia was maintained with isoflu-

rane (Isofluran Baxter, Baxter Deutschland GmbH, Germany) be-

tween 0.8 and 1.2 vol % in a mixture of O 2 /N 2 O (1:2). Animals were

subsequently fixed in a head holder (Narishige, Japan) in combina-

tion with a custom-made stereotactic frame. A small opening was

drilled above the vertex, in order to insert a small silver-ball elec-

trode, which served as a reference for the recordings in the IC. Last,

an opening was drilled above the right IC, and the IC was covered

with silicon oil during recording to prevent drying. The preparatory

procedure from initial anesthesia until opening of the skull and the

insertion of the electrodes lasted approximately 30 minutes. 

2.3. Electrodes 

The neuronal activity in the IC were measured with a lin-

ear multisite electrode array (1 × 32, site distance 100 μm, site

area 177 mm 

2 , Impedance 2-3 MOhm at 1 kHz, NeuroNexus, USA)

against the frontal epidural silver-ball electrode, which served as

reference. The electrode was inserted vertically into the middle

portion of the visible IC surface. The 32-site multi-electrode array

was introduced vertically until it spanned the full IC and covered

a depth down to approximately 3200 μm, which resulted in one

penetration throughout the IC, with the lower electrode contacts

outside or below. The electrode was cleaned after each experiment

with NaCl (B. Braun, Melsungen, Germany) and a contact lens so-

lution (Progent, Menicon) and reused multiple times. 
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2.4. Recording set-up 

The neuronal signals were recorded with Neuralynx Digital Lynx

SX (Neuralynx, Bozeman, USA) and preamplified with a Neural-

ynx HS36 headstage (Neuralynx, Bozeman, USA), referenced to a

frontal silver ball electrode. The NeuroNexus 1 × 32 electrode

was attached to the headstage with a Neuronexus probe connector

(ADPT-HS36-N2T-32A, Neuralynx, USA). Signals were filtered dur-

ing the recording at 0.1 Hz – 90 0 0 Hz and digitized at 32 kHz

with 24 bit A/D converter resolution. Signals were recorded with

Cheetah software 5.11. saved on a Z800 HP computer and stored in

Neuralynx .nev file format. 

2.5. Auditory stimulation 

All auditory stimuli were presented in free-field with a cali-

brated tweeter speaker (Vifa XT300 K/4) positioned 10 cm in front

of the animal at 0 cm elevation. 

2.5.1. Click ABR 

Click ABRs were recorded as performed and described previ-

ously ( Land et al., 2016 ). In short, ABRs were recorded with Teflon

coated subdermal needle electrodes (0.35mm x 15 mm, GVB Ge-

limed, Germany) positioned at the vertex against a reference be-

hind the right ear and a ground in the neck or other ear. Alter-

nating condensation and rarefaction clicks of 5 μs duration were

presented at levels from 20 dB to 95 dB peSPL in 5 dB steps. The

inter-click interval was 100 ms and clicks were repeated 600 times.

Click level was defined as the sinusoidal relative level and cal-

culated for the rectified amplitude of the response, as measured

with a calibrated Bruel and Kjaer microphone (Free-field 1/4 Mi-

crophone Type 4939, Bruel and Kjaer, Denmark). To measure the

click sound level, the microphone was placed at the same position

as the mouse head during the experiment in the same distance to

the speaker. 

2.5.2. Frequency tuning curves 

Ramped 5 ms sinusoidal beeps were presented at 10 intensity

levels (0-100 dB SPL, 10 dB steps) at forty frequencies from 10 0 0

Hz to 46 kHz presented with random order with 15 repetitions. 

2.5.3. Gaps in white noise 

White noise had a duration of 1 second. At 500 ms after noise

onset, silent gaps with different durations were inserted resulting

in 17 conditions (0, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7,

8, 9, 10 ms). Silent gaps were not ramped. Silent gaps in white

noise were presented at six different stimulus levels (white noise:

105-80 db SPL, 5 dB steps) and were repeated 10 times. White

noise was generated randomly for each new stimulus presentation

with the Matlab function rand , generating uniformly distributed

random numbers. The additional short gaps < 0.5 ms served as

sanity check and as additional control conditions. 

2.5.4. Amplitude modulated white noise 

Amplitude modulated white noise was presented at 15 mod-

ulation frequencies with frequencies of 10, 20, 50, 75, 100, 125,

150, 175, 200, 225, 250, 300, 400, 500, 1000 Hz at 7 sound lev-

els (white noise 75-105 dB SPL, 5 dB steps) and were repeated

10 times. White noise was generated randomly for each stimulus

presentation with the Matlab function rand . The modulation depth

was 100 percent. 
2.6. Data pre-processing 

The raw Neuralynx data files were imported and post-processed

with Matlab (Matlab2018b, The Mathworks). For the analysis of

the experiments in this study, we focused on local field potentials

(LFPs), with the additional use of multiunit activity at respective

sections ( Buzsáki et al., 2012 ; Land et al., 2013 ). For the LFP signal

analysis, the digitized analog raw signals were filtered in a band-

width of 10-500 Hz with a zero-phase 10 th order butterworth digi-

tal filter (matlab functions filtfilt, butter ). After filtering the LFP sig-

nal was down-sampled to a 5 kHz sampling rate using the Matlab

function resample. The LFP signal was then segmented into trials

and further processed as described below. 

For the multiunit analysis the digitized analog raw signal was

filtered with the matlab function filtfilt for zero-phase digital filter-

ing with a bandpass of 50 0–90 0 0 Hz. We used a 10th order butter-

worth bandpass filter generated with the Matlab function butter . A

fixed threshold of 50 μV was then used to collect timepoints of all

spiking activity above that threshold as multiunits. 

2.7. Data analysis 

2.7.1. Age groups 

All mice were grouped into three categories, young ( < 300

days), medium (30 0–60 0 days) and old ( > 600 days). Aged C57BL/6

mice with profound hearing loss, where no response activity in the

IC could be elicited were excluded. 

2.7.2. Click ABR thresholds 

Individual click ABR thresholds were determined by measuring

ABR during the beginning of the experiment. The click threshold

was defined as the dB SPL level, at which the root-mean square

(RMS) level of the ABR response (1-10 ms post-stimulus interval)

was first significantly different from the baseline activity. The au-

tomatic threshold detection was independently visually verified. 

2.7.3. LFP population signal 

We here used the evoked LFP response as a measure of neu-

ronal population activity to measure central temporal acuity of the

overall signal transmission in the IC. In general, the LFP response in

the IC correlates well with the MUA response at a given position in

the IC ( Figs. 2 , 4 ) ( Land et al., 2016 ), but has some advantages over

unit activity. It is less susceptible to spike occurrence at a respec-

tive electrode position and avoids possible under-sampling of the

actual unit activity, and avoids sampling bias towards only select-

ing specific detectable single units, thus providing a better picture

of the overall activity in comparison to single units. In addition to

methodological aspects, at strongly elevated hearing thresholds it

also provided a more sensitive measure of activity in the IC. This

was important in C57BL/6 mice with profound hearing loss, where

little evoked activity remained. 

2.7.4. Frequency tuning curves derived from the LFP population 

signal in IC 

The frequency tuning curves were determined from the LFP sig-

nal within the IC along all electrodes. They represent a local pop-

ulation estimate of frequency sensitivity in the recorded region of

the IC, thus somewhat differ in sensitivity from frequency tuning

hearing curves measured with ABR/CAP ( Ohlemiller et al., 2010 ).

The possible range of threshold shifts in CBA/J mice have also been

described as highly variable, from almost normal to large deficits

( Sha et al., 2008 ). The LFP tuning curves were derived by averag-

ing the evoked LFP across all channels for all repetitions at the re-

spective frequencies and intensities and then determining the fre-

quency curve for values that were significantly above baseline. 
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2.7.5. Gap detection in white noise 

To determine the gap detection threshold as a measure of tem-

poral fine structure, we calculated the LFP gap response. This was

done by determining the peak-to-peak amplitude of the evoked

LFP response after the gap, similar to previous studies analyz-

ing evoked potentials in IC ( Allen et al., 2003 ; Ison et al., 2005 ;

Williamson et al., 2015 ). Specifically, the average LFP response at

each electrode position was calculated from the 10 repetitions for

each gap size. As we were interested in an overall measure for the

IC in each mouse, we then defined an IC population response. For

this we calculated the average response over all positions within

the IC to obtain one population measure within the IC for each

mouse (with the assumption to integrate the overall neuronal ac-

tivity present within the IC). The MUA gap response was deter-

mined in the same way by using the average MUA gap response.

We then constructed gap amplitude response curves in depen-

dence of the gap size, by plotting peak-to-peak response ampli-

tudes as a function of gap size. 

Gap response thresholds were determined by LFP response am-

plitude for different sound pressure levels of the white noise sep-

arately. For the main analysis we used the highest sound pressure

level, because it evoked measurable responses at all age levels and

stages of hearing loss, especially in aged C57BL/6 mice with pro-

nounced hearing loss where responses became small. This allowed

us to compare activity in both strains for all age groups. 

We used two methods to determine the gap detection thresh-

old, reflecting two different properties, the minimal gap sensitiv-

ity (i.e. the minimal detectability), and the fixed response amplitude

(i.e. the presence of a sufficiently big response). The minimal gap

sensitivity threshold (GDT 1) was determined by using the global

field power of the LFP of the spatial electrode signal within the

IC. Global field power is the spatial standard deviation of the spa-

tial signal along the electrode shank, and was here used as an es-

timate of the minimal local reference free activity present in the

IC ( Hamburger and Michelle, 1991 ; Lehmann and Skrandies, 1984 ).

Essentially, this is another way to use the information from the

electrodes along the shank to detect a change in activity in rela-

tion to the presence of a gap. The gap threshold was then deter-

mined as the gap size where the global field power response first

changed significantly above the baseline activity of noise without

a gap. This approach was similar to previous studies determining

neurophysiological gap detection thresholds, except here using the

global field power as a spatial and more noise robust signal from

the IC ( Palmer and Musiek, 2014 ). 

The second measure we used was a fixed amplitude thresh-

old (GDT 2). The fixed amplitude threshold is related to the curve

slope (steepness), which is a function of the response amplitude

We used this thresholding at a fixed response level 0.03 mV (3

SD above baseline activity) and determined the gap size where the

gap amplitude response curve was crossing the threshold. This re-

lies on the assumption that a certain strength of the signal has to

be present in order to be further transmitted along the auditory

pathway and be behavioral relevant. The threshold of 0.03 mV is

chosen here as a rounded value of 3 SD above baseline activity,

but is essentially somewhat arbitrary. The idea behind this is that

a fixed amplitude must be present in order to allow detectability,

and with a fixed level, the influence of a decrease in response am-

plitude in response to temporal stimuli becomes obvious, which

will affect the signal-to-noise ratio of this ‘representation’ within

the auditory system. This type of metric demonstrates the depen-

dence of the signal amplitude on measures of temporal resolution.

2.7.6. Amplitude modulated white noise 

To measure envelope sensitivity, we calculated the LFP

amplitude-modulated noise response by determining the peak-to-
peak amplitude of the LFP response without the onset response

of the average response over 10 repetitions for each frequency at

each electrode position. This was done similar to previous studies

( Lai et al., 2017 ; Liegeois-Chauvel et al., 2004 ). 

As we were interested in an overall measure for the IC in each

mouse, we then defined an IC population response. For this we cal-

culated the electrode average over all positions within the IC to

obtain one single population measure for each mouse. 

We calculated the modulation transfer function (MTF) for the

amplitude of the LFP response without the onset response. To de-

termine a cut-off threshold, we used again two approaches. The

minimal cut-off was determined as the first deviation from the

baseline taken from all modulation frequencies above 300 Hz (Cut-

off 1). The amplitude cut-off was again done with a fixed threshold

0.85 mV that had to be reached and crossed by the response (Cut-

off 2). The threshold is essentially chosen arbitrary as a sufficient

value above the baseline activity (here defined as 3 SD above activ-

ity at 10 0 0 Hz modulation). Again, with the assumption that only

signals that are present with a given amplitude can be behavioral

relevant (see 2.7.5). 

2.8. Statistics 

To be able to receive one measure for each mouse, includ-

ing aged individuals with poor hearing we used the averaged LFP

response over all electrode sites within the IC as a population

measure. In this way, one single measure for each analysis pa-

rameter was derived for each individual mouse. Statistical tests

are described in the text, where applied. We applied one-way

ANOVA and two-way ANOVA (with the Matlab function anova1 and

nanovan ), significance level was 5%. Measures of variance and er-

rorbars are SD or SEM and are denoted at respective parts in the

text and figure legends. Effect sizes were calculated with SPSS 28

(IBM). 

3. Results 

3.1. Hearing thresholds of aging C57BL/6 and CBA/J mice 

As expected hearing threshold increased with age in both

groups of mice, however, to a different extent ( Fig.1 A). CBA/J mice

showed only a moderate increase in click thresholds when older

than 600 days. In contrast, as expected, C57BL/6 mice already

showed pronounced hearing loss with increasing click thresholds

early with aging (see Table 1 one-way ANOVA results for each

strain). Pairwise comparison for threshold between strains for each

age showed that click threshold significantly differed between the

strains in all age groups (Mann-Whitney U-test, young: p = 0.01,

medium: p = 0.001, old: p = 6e–4). 

Fig. 1 B shows frequency tuning curves derived from the LFP ac-

tivity within the IC. It is important to note that these are only

an estimate of the shape of ABR/CAP frequency tuning curves,

as seen in their somewhat elevated thresholds to the audio-

gram in aged CBA/J mice ( Ohlemiller et al., 2010 ). They suggest

that frequency tuning was essentially conserved for our sampled

IC regions in CBA/J mice until old age, however, C57BL/6 mice

showed early high-frequency loss already in the young age group,

which then further increased with age. For CBA/J two-way ANOVA

showed no significant interaction between age and frequency,

F(20,209) = 0.88, p = 0.68. For C57BL/6, two-way ANOVA showed a

significant interaction between age and frequency F(20,165) = 6.38,

p < 1.6e–12. 
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Fig. 1. Hearing loss in aging CBA/J and C57BL/6 mice 

(A) Click ABR threshold for the 3 age groups in CBA/J and C57BL/6 mice. Errorbars represent SD, p < 0.05, Tukey post-hoc test (see Table 1 ). (B) Hearing tuning curves at the 3 

age groups for CBA /J and C57BL/6 mice. Tuning curves were determined from the population LFP response in the IC by averaging over all electrodes, thus only representing 

the tuning of the recorded parts of the IC. In C57BL/6 mice early onset high frequency hearing loss is present and is further pronounced during aging. Errorbars represent 

SD. 

Table 1 

Click hearing threshold for three age groups in CBA/J and C57BL/6 mice. Mean click thresholds with standard deviation in parentheses and sample size n below (CBA: 

η2 = 0.43; C57: η2 = 0.90). 

Strain Click threshold [dB SPL] 

Young Medium Old one-way ANOVA 

CBA/J 27 (5) n = 12 31 (14) n = 12 58 (20) n = 5 F (2,26) = 10.12, p = 0.0006 ∗

C57BL/6 34 (14) n = 16 57 (11) n = 10 97 (7) n = 21 F (2,44) = 200.7, p = 7.6e –23 ∗

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Gap detection threshold does not change in the IC of aged CBA/J 

mice but is affected by age-related hearing loss in C57BL/6 

We tested the sensitivity to silent gaps in white noise in the IC

of CBA/J and C57BL/6 mice for increasing age. This was performed

by measuring the evoked LFP gap response as a measure of the

sensitivity of the neuronal population response ( Fig. 2 A and B). It

resulted in a depth profile of gap responses within the IC ( Fig. 2 C).

As we were interested in the general response sensitivity on a pop-

ulation level, we used the average of the recorded activity across

all electrode channels in the IC of each mouse. The LFP responses

in the IC correlated well with the MUA responses, as tested for

10 ms gap responses in young mice with normal hearing thresh-
olds ( Fig. 2 D, r = 0.81, p = 3.2e-07). Correlations were also similar

for responses of other gap sizes. However, the LFP response was in

general more sensitive especially for very small gap sizes. In old

C57BL/6 mice with pronounced hearing loss, the LFP measure was

more sensitive, as responsive multi-units often became rare. Given

the high correlations of both units, so to be able to compare all age

groups, we subsequently relied on the LFP responses in this study. 

Fig. 3 A shows the evoked LFP gap response amplitudes in de-

pendence of decreasing gap sizes at different absolute sound levels

for three age groups, young, medium, and old in the two strains of

mice. 

CBA/J mice did not show changes in the LFP gap response am-

plitude with increasing age. Small gaps continued to elicit a re-



52 R. Land and A. Kral / Neurobiology of Aging 110 (2022) 47–60 

Fig. 2. Gap responses in the IC of a young CBA/J mouse 

(A) Evoked LFP gaps responses (left) at one site within the IC for different gap sizes. On the right raster plot of multiunit responses at the same site. The onset response for 

white noise is visible at the beginning, and the decreasing gap response for decreasing gap sizes after 500 ms. (B) Evoked response for LFP and MUA: Note that MUA usually 

was not as sensitive to the gap response than LFP especially for small gap amplitudes. That is why we chose to focus on LFP response amplitude. (C) Depth profile of LFP 

gap response amplitude within the IC with a 32-channel recording. Depth with the highest sensitivity is clearly visible, and falls of for less sensitive sites. Deepest electrodes 

were outside the IC and show spontaneous activity. (D) Correlation of LFP gap response and MUA gap response for 10 ms gaps. 

Table 2 

Gap detection thresholds for the three age groups in CBA/J and C57BL/6 mice. Mean gap detection thresholds with standard deviation in 

parentheses and sample size n below. 

Strain Gap detection threshold [ms] Test 

Young Medium Old one-way ANOVA 

CBA/J GDT 1 1.7 (0.4) 

n = 9 

1.9 (0.9) 

n = 10 

1.6 (0.5) 

n = 5 

F(2,21) = 0.66, p = 0.52 

GDT 2 2.3 (0.6) 

n = 9 

2.5 (0.6) 

n = 8 

2.3 (0.3) 

n = 5 

F(2,19) = 0.3, p = 0.74 

C57BL/6 GDT 1 1.9 (0.8) 

n = 15 

1.9 (0.5) 

n = 4 

2.9 (2) 

n = 7 

F(2,23) = 1.82, p = 0.18 

GDT 2 2.9 (1.2) 

n = 14 

5 (2.4) 

n = 4 

8.2 (1) 

n = 4 

F (2,19) = 21.5, p = 1.3e –05 ∗

η2 = 0.68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sponse even at old age ( Fig. 3 A). Comparing the responses directly

for the highest sound level, the gap response amplitude did not

differ between the age groups in the CBA/J mice. Two-way ANOVA

showed no significant interaction between age and gap size on re-

sponse amplitude in CBA/J mice, F(32,374) = 0.236, p = 1, ( Fig. 3 B).

At a 5 ms gap size, the LFP gap response was not affected by age

in CBA, even when hearing threshold slightly differed ( Fig. 3 C). 

Similarly, the gap detection threshold (as determined with

global field power and thresholding, see methods) was constant

across age in CBA/J ( Fig. 3 D). In CBA/J the gap detection threshold

was as low as 1.6 ms (SD = 0.5 ms) until old age ( Table 2 ). We thus

observed no effects of age on temporal processing as measured by

the gap response in white noise 

In comparison, in C57BL/6 mice the gap response amplitude de-

creased with increasing age and was strongly attenuated in the

oldest group ( Fig. 3 B). Here, lower sound levels were not able

to evoke responses in old C57BL/6 mice anymore due to pro-

nounced hearing loss. At the highest sound level, responses were
still present but were significantly reduced with age. Gap-response

curves did differ significantly between age. Two-way ANOVA

showed a significant interaction between age and gap size on the

response amplitude in C57BL/6 mice, F(32,476) = 7.11, p < 0.001,

η2 = .32. The main effect of age was significant, F(2,476) = 116.4,

p < 0.001, η2 = .33, and effect of gap size was also significant,

F(16,476) = 21.6, p < 0.001, η2 = .42 ( Fig. 3 B). At a 5 ms gap size

the gap response amplitude changed significantly with age, and

this correlated with increased hearing loss of the ABR threshold

( Fig. 3 C, one-way ANOVA, F(2,28) = 15.49, p = 3.0e-05, Tukey

post-hoc test). In C57BL/6 mice the gap response amplitude was

strongly affected by hearing loss. 

However, the absolute gap detection threshold (GDT1) in old

C57BL/6 mice remained unchanged similar to young mice, with

values as low as 2.9 ms (SD = 2 ms), when determining the mini-

mal gap detection threshold with global field power (see methods)

( Fig. 3 D, Table 2 ). In contrast, when using an amplitude criterion
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Fig. 3. Evoked LFP gap responses to gaps in white noise in aging CBA/J and C57BL/6 mice. 

(A) Evoked LFP gap response amplitudes for decreasing gap sizes at different sound levels. The upper row shows CBA/J mice at the three age groups, young, medium, old 

(from left to right). Lower row shows the three age groups for C57BL/6 mice. Errorbars represent SEM. Inlets show gap responses at different sound intensities. (B) Response 

amplitude in relation to the gap size. Each line denotes a different age group. Shaded areas represent errorbars SEM. Upper plot shows CBA (blue) und lower plot shows 

C57BL/6. (C) Gap amplitude and ABR threshold for the 3 age groups (three colors) at 5 ms gap size. Errorbars represent SD. Upper plot shows CBA (blue) und lower plot 

shows C57BL/6. (D) Gap detection threshold as determined by two different methods. Blue represents the minimal acute threshold as determined by global field power. Red 

bars represent threshold by determining threshold crossing. Errorbars represent SEM. (E) Percent of responses to different gap sizes in each age group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(GDT2), the reduced population gap response led to a change in

gap detection threshold ( Fig. 3 D). 

At a given sound level, the reduced gap response amplitude ob-

viously affects the gap detection threshold. This means when a

fixed threshold is used to determine the gap detection threshold

(i.e. perceptual threshold, this means responses needs to exceed a

certain threshold to transmitted along the auditory pathway), this

results in an apparent increase in the gap detection threshold in

C57BL/6, because smaller response amplitudes are not detectable
anymore, and results in a shift to a gap detection threshold of 8.2

ms (SD = 1 ms) in old C57BL/6 mice ( Fig. 3 D, Table 2 ). Adapting

accurately to the level of peripheral hearing loss is thus key in test-

ing central gap sensitivity. 

In terms of the reliability of detectable responses, the number

of responsive gap sizes was constant with age in CBA/J mice, and

was as low as 1 ms ( Fig. 3 E). In old C57BL/6 small gaps failed to

elicit a response more often in the IC as in young C57BL/6. How-
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Fig. 4. Temporal envelope sensitivity in the IC of a young CBA/J mouse 

(A) Evoked LFP responses (left) at one site within the IC for amplitude modulated white noise at different modulation frequencies. On the right raster plot of multiunit 

responses at the same site. Onset response for white noise is visible at the beginning. (B) Depth profile of responses within the IC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ever, larger gap responses were consistently present also in old

C57BL/6 mice. 

We also tested the gap detection thresholds pairwise for each

strain and age group and the respective criterion GDT1 and GDT2

( Fig. 3 D). Differences between gap detection thresholds were not

significantly different between C57BL/6 and CBA/J for the GDT1

criterion (Mann-Whitney U-test, p > 0.05). In the GDT2 criterion

thresholds different significantly between C57BL/6 and CBA/J in the

oldest age group (Mann-Whitney u-test, p = 0.016). 

3.3. Temporal envelope sensitivity was not affected by age in CBA/J 

mice but by age-related hearing loss in C57BL/6 mice 

Next, we tested the effects of aging on the temporal envelope

following by measuring the neural activity to amplitude-modulated

white noise in the IC. The LFP amplitude following response was

characterized by an onset and sustained response, the latter was

modulated by increasing modulation frequency ( Fig. 4 A). The MUA

response showed a corresponding behavior, however was not al-

ways that pronounced as the LFP. We analyzed the LFP response

amplitudes as a measure of synchronization of neural activity to

the different tem poral modulation frequencies. In young mice of

both groups, the temporal modulation tuning usually had a peak

around 100-150 Hz with maximal LFP response amplitudes and fell

off after values above 250 Hz-300 Hz ( Fig. 5 ). 

In CBA/J mice aging did not affect the temporal modulation

transfer functions (MTFs) of the LFP amplitudes in response to

amplitude modulated white noise, except for a slight decrease in

response amplitude ( Fig.5 A). At the highest sound intensity there

was essentially no change in shape of the MTF for increasing age,

except a small drop in the amplitude. Two-way ANOVA showed

no significant interaction between age and modulation frequency

on the response amplitude in CBA/J mice, F(28,330) = 0.22, p = 1

( Fig. 5 B). When normalized the MTF shapes were similar for all

three age groups ( Fig. 5 B inlet). At a frequency of 150 Hz am-

plitudes were similar in all three age groups ( Fig. 5 C, one-way

ANOVA, F (2,22) = 0.82, p = 0.45). The cut-off frequency tested

with two methods did not reveal any change with age in CBA/J

mice ( Fig. 5 D, Table 3 ). 

In comparison, in C57BL/6 mice the LFP envelope following re-

sponse amplitude decreased with increasing age and was strongly

attenuated in the oldest group ( Fig. 5 A). MTFs were strongly atten-

uated for the highest stimulation level. Two-way ANOVA showed

a significant interaction between age and modulation frequency on
the response amplitude in C57BL/6 mice, F(28,450) = 2.76, p < .001,

η2 = .15. The main effect of age was significant, F(2,450) = 135.4, p

< .001, η2 = .37, and effect of modulation frequency was also signif-

icant, F(14,450) = 13.6, p < .001, η2 = .30 ( Fig. 5 B). This led to a shift

of the normalized MTFs, with respect to their cut-off frequency

( Fig. 5 B, inlet). At 150 Hz modulation frequency, the amplitude was

strongly attenuated with decreasing hearing level in aging ( Fig. 5 C,

one-way ANOVA, F (2,30) = 20.17, p = 2.8e–06). This had a clear

effect on the cut-off frequency which decreased with age for both

measures used ( Fig. 5 D). Thus, similar to the gap detection, age

only had an effect so far when it correlated with hearing loss in

C57Bl/6 mice. In CBA/J mice, age did have no overall effect on the

cut-off frequency of the LFP amplitude following response. 

We also tested the cut-off thresholds pairwise for each strain

and age group and the respective criterion Cut-off1 and Cut-off2

( Fig. 3 D). Differences between cut-off thresholds were significantly

different between C57BL/6 and CBA/J for the Cut-off1 criterion in

young mice ( p = 0.04, Mann-Whitney U-test). In the Cut-off2 cri-

terion thresholds different significantly between C57BL/6 and CBA/J

in the oldest age group ( p = 0.03, Mann-Whitney U-test). 

4. Discussion 

In the present study we measured temporal acuity in the IC of

aging CBA/J and C57BL/6 mice with two common measures of au-

ditory temporal processing: gap detection as a measure of tempo-

ral fine structure and amplitude modulated noise as a measure of

envelope sensitivity. Temporal precision of the midbrain response

did not decline with age in CBA/J mice, neither for gap detection

nor for temporal envelope sensitivity. However, in aging C57BL/6

mice, temporal sensitivity in the IC was indirectly affected by age-

related hearing loss. The findings corroborate the view that age-

related peripheral hearing loss (either detected or undetected) is

an important factor in the decline of auditory temporal resolution

in aging. In contrast, central temporal deficits in the central audi-

tory system itself seem likely to play a less important role, if any. 

4.1. Does ‘central presbycusis’ exist? The role of age-related temporal 

processing deficits in ‘central presbycusis’ 

Several authors have noted that the concept of ‘central presby-

cusis’ or ‘age-related central processing disorder’ in aged human

listeners is not straightforward to define in isolation. The condition

is today considered to rather be a combination of cognitive, central,
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Fig. 5. Temporal envelope sensitivity to amplitude modulated white noise in aging CBA/J and C57BL/6 mice 

(A) Temporal modulation transfer functions of evoked LFP response amplitudes for different modulation frequencies at different sound levels. Upper row shows CBA/J mice at 

the three age groups, young, medium, old (from left to right). The lower row shows the 3 age groups for C57BL/6 mice. Errorbars represent SEM. Inlets show gap responses at 

different sound intensities. (B) Response amplitude in relation to the modulation frequencies on white noise. Each line denotes a different age group. Shaded areas represent 

errorbars SD. Upper plot shows CBA/J (blue) und lower plot shows C57BL/6. (C) Temporal modulation peaks and ABR threshold for the 3 age groups (three colors) at 150 Hz 

modulation frequencies. Errorbars represent SD. Upper plot shows CBA (blue) und lower plot shows C57BL/6. D) Temporal modulation cut-off as determined by 2 different 

methods. Blue denotes the minimal acute threshold as determined by global field power. Red bars denote threshold by determining threshold crossing. Errorbars represent 

SEM. 

 

 

 

 

 

 

 

 

 

 

 

and peripheral effects of aging ( Harris et al., 2012 ; Humes et al.,

2012 ; Humes and Dubno, 2010 ; Sardone et al., 2019 ). This however

shifts the goal away from a clear understanding, how perceptual

speech understanding deficits in aging can be mediated solely by

a ‘temporal degradation’ of the central auditory pathway. And this

without being confounded by bottom-up age-related sensorineu-
ral peripheral hearing loss or top-down non-auditory cognitive de-

cline . 

In an attempt to revisit this issue, we were interested in the

contribution of a pure‘slowing down’ of the central auditory path-

way in aging. Importantly, we did not observe a decline of central

temporal acuity in old CBA/J mice on the level of neuronal popu-
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Table 3 

Temporal envelope sensitivity for the three age groups in CBA/J and C57BL/6 mice. Mean cut-off thresholds with standard deviation 

in parentheses and sample size below. 

Strain Envelope following threshold [Hz] Test 

Young Medium Old one-way ANOVA 

CBA/J Cut-off 1 222 (28) 

n = 10 

220 (25) 

n = 10 

210 (37) 

n = 5 

F (2,22) = 0.32, p = 0.73 

Cut-off 2 235 (52) 

n = 10 

230 (44) 

n = 10 

215 (55) 

n = 5 

F (2,22) = 0.27, p = 0.764 

C57BL/6 Cut-off 1 248 (25) 

n = 15 

218 (37) 

n = 4 

175 (46) 

n = 9 

F (2,25) = 12.18, p = 0.0002 ∗

η2 = 0.49 

Cut-off 2 243 (46) 

n = 15 

168 (55) 

n = 4 

137 (50) 

n = 8 

F (2,24) = 13.26, p = 0.0001 ∗

η2 = 0.52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lation activity in the IC. When hearing loss was minimal, the mea-

sures of temporal resolution, gap detection threshold, and MTF cut-

offs were not affected in old CBA/J mice. The result in this form

stands against the idea of an independent age-related central de-

cline of temporal acuity in the auditory pathway, at least up to the

level of the IC, as the auditory pathway of aging mice appears in

principle to be capable of precise temporal information transmis-

sion when the peripheral input is ‘intact’, and when measured as

gap detection and envelope sensitivity in white noise. 

This result stands against existing evidence from other stud-

ies in animals and humans on the topic, but at the same time

falls in line with other studies that found no differences in ag-

ing (see Introduction for references). Our aim in the following is

to re-emphasize a possible simple explanation to resolve this dis-

crepancy. The message is simple (and testable). Temporal measures

(at least those used in this study) are affected by peripheral effects.

This will hold true even when peripheral hearing loss is small, i.e.

for ‘essential’ normal hearing, ‘nearly’ normal hearing, or ‘clinically’

normal hearing in aging. As we show in C57BL/6 mice it affects

the amplitude of e.g. the gap response or envelope response as

seen here in the IC, leading to threshold shifts of these measures.

The central signals in itself do not get slower, but do get smaller,

and thus less detectable. This might be often hidden when age

groups with ‘essential’ similar hearing thresholds are compared,

where these small differences are still passed on to central stages,

resulting in small temporal threshold shifts, supporting the ‘indi-

rect’ central auditory hypothesis. This is further supported by stud-

ies, that show that high levels often do have no effects on tempo-

ral processing in aging ( Allen et al., 2003 ), and shifts in thresholds

are often small ( Ozmeral et al., 2016 ). However, this does not say

that ‘central’ presbycusis does not exist, it might simply show that

these measures (besides their common use) might not be the ade-

quate ones. 

In addition, cognitive decline, attentional effects ( Harris et al.,

2010 ) and other ‘undetected’ peripheral decline ( Liberman and Ku-

jawa, 2017 ; Oxenham and Bacon, 2003 ; Zadeh et al., 2019 ) may

also play a greater role in age-related central processing disorder

than central temporal deficits within the auditory pathway per se

( Humes et al., 2012 ). A focus on ‘restoring’ the peripheral input (i.e.

hearing aids and cochlear implants) seem likely to be a key factor

to alleviate temporal processing deficits in age. 

4.2. Relation to previous studies in aged CBA/J mice and temporal 

resolution 

Several previous studies compared the neuronal activity and

temporal resolution in the IC of young and old CBA/J mice. For the

normal ABR, no general age-related changes of the ABR were found

in old CBA/J mice ( Hunter and Willott, 1987 ), and response prop-

erties of IC neurons in old CBA/J mice were described as remark-

able normal. Although the number of neurons capable of effec-
tively participating in the coding of stimuli was reduced, the ma-

jority of neurons appeared to maintain response properties typical

to young animals ( Willott et al., 1988b ). In young CBA/J mice, gap

detection thresholds measured with single units in the IC are sim-

ilar to their behavioral gap threshold of about 2 ms ( Walton et al.,

1997 ). In a subsequent study, Walton et al. tested temporal neu-

ral responses in old CBA/J mice, and found that the shortest gap

thresholds were comparable to young mice, however importantly,

the number of neurons was reduced ( Walton et al., 1998 ). It should

be noted that in this study the threshold difference between the

young and old group was about 20-30 dB SPL. In a similar study,

Barsz and colleagues investigated young and old CBA/J mice, and

described small shifts in gap detection thresholds between young

and aging mice (about 2 ms), however they also noted that many

old mice remained very short thresholds ( Barsz et al., 2002 ). In

this study, old CBA/J mice had increased ABR thresholds in com-

parison to young mice about 30 dB SPL. Another study found that

gap encoding is impaired only at moderate but not high stimulus

level in aged CBA/J mice ( Allen et al., 2003 ), which is in accor-

dance that hearing loss might play a role, as low thresholds and

smaller response amplitudes will be affected differently. More re-

cently, Williamson et al. investigated the gap ABR in middle aged

CBA/J mice, and described changes in peak amplitude, although it

was still possible to determine small gap detection thresholds in

these middle aged mice ( Williamson et al., 2015 ). Here the mean

difference in hearing sensitivity was about 10 dB between the

groups. These studies have three aspects in common. First, that

‘speed of transmission’ along the auditory pathways in aging seems

less of a problem, rather than the number of neurons responding,

which affects the measures of temporal resolution. Second, that

a difference in hearing thresholds were present between the age

groups. And third, all used fixed stimulation levels, which were

not adapted to hearing level (HL). This allows the interpretation

that indeed peripheral hearing loss plays an unnoticed role, and

increased threshold do influence the gap detection shifts, which in-

terestingly are usually only small in aged animals. The main effect

is a reduction in responsive neurons, not a decrease in speed or

temporal transmission within the auditory pathway. And this also

can explain, why some studies can find high/unchanged temporal

precision in aging, because if only the number of temporal sensi-

tive neurons is affected (population), the temporal speed and acu-

ity remains normal. Similar described by Osternhagen et al. in an

unpublished study describing no behavioral and neurophysiological

effects for aged mice without hearing loss ( Osterhagen and Hilde-

brandt, 2018 ). 

4.3. The indirect central auditory hypothesis: Peripheral hearing loss 

attenuates the central temporal population response in the IC 

The way how peripheral age-related hearing loss affects cen-

tral measures of temporal acuity could be observed in the aging
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C57BL/6 mice. In comparison to CBA/J mice, C57BL/6 mice exhibit

strong age-related hearing loss ( Willott et al., 1991, 1988a, 1988b ).

Willott and colleagues note that neural coding activities that rely

on populations of neurons must do so with diminished numbers

due to threshold elevations in aged C57BL/6 mice with hearing loss

( Willott et al., 1988a ). The age-related peripheral threshold shift in

old C57BL/6 mice affected the temporal responses in the IC by at-

tenuating the neuronal population response, specifically the ampli-

tude of the LFP gap response or the MTFs of the envelope following

response ( Figs. 3 B, 4 B). 

That means, that gap thresholds are in principle maintained

both in old CBA/J and old C57BL/6 mice (in Fig. 3 D, blue bars).

They essentially depend on the measure and criterion used (pres-

ence/detectability versus amplitude/magnitude). Gap thresholds

are not changed in aging C57BL/6 mice for the LFP, when a sensi-

tive measure to detect the presence of gap sensitive activity (GDT1)

is used. However, when requiring a specific response amplitude,

the threshold is affected by hearing loss ( Fig. 3D , lower panel, red

bars). 

The reduction of the LFP response amplitude can be interpreted

as a decrease in the number of responsive neurons to smaller gaps,

also previously reported in middle aged C57BL/6 mice with hearing

loss ( Walton et al., 2008 ). Similar to the present results ( Fig. 3 D,

lower panel GDT1), in that study neurons in middle aged C57BlL6

mice with hearing loss were still sensitive to small gaps, however

the overall ratio of neurons responding to small gaps decreased

( Walton et al., 2008 ). In that study, the selection of single units

has likely introduced a bias towards responsive neurons, in order

to select similar numbers of responsive neurons in both groups of

mice. Although neuronal gap detection thresholds do not change in

terms of minimal sensitivity, the change in strength of the popula-

tion response likely leads to a decreased signal-to-noise ratio and

thus affects perceptual performance. 

4.4. Evoked potentials in the IC and perceptual performance 

How does the reduced amplitude translate to perception? Some

words on the functional link between IC activity and perceptual

performance, as we here make assumptions on the relation of

evoked potentials in the IC and perception. We did not deter-

mine behavioral thresholds of the mice, but we assume that the

strength of the population signal in the IC translates to percep-

tual detectability: a smaller gap response or envelope following

response leads to a poorer readout at later stages of the auditory

pathway. We believe this for the following reasons: Typical behav-

ioral estimates of temporal gap detection thresholds for broadband

noise range between 2 ms and 3 ms in young, normal-hearing

adults and many animal species ( Fitzgibbons, 1983 ; Florentine and

Buus, 1984 ; Green, 1971 ; Snell, 1997 ). More specifically, several

studies investigated neural correlates and behavioral measures of

gap detection in the inferior colliculus of mice. In young CBA mice,

Walton and colleagues described neural correlates in the IC of be-

havioral gap detection ( Walton et al., 1997 ). The behavioral thresh-

olds were less than 2 ms and were comparable to neural correlates

of single neurons in the IC. A later study also showed similar be-

havioral thresholds of young CBA/J mice below 3 ms ( Barsz et al.,

2002 ). In this study, unit activity in the IC showed also similar gap

detection thresholds as behavioral thresholds. These thresholds in

CBA/J mice were also confirmed in two later studies in the range of

1.6 to 2.6 ms for supra-threshold sensation levels ( Ison et al., 2005 ;

Radziwon et al., 2009 ). Allen et al. (2003) also showed similar

thresholds of evoked field potentials in the mouse IC ( Allen et al.,

2003 ). Later a direct relation for LFP thresholds (i.e. there called

near field auditory evoked potentials) and behavioral thresholds in

mice was shown by the same authors ( Allen et al., 2008 ). 
These behavioral/perceptual thresholds represent well the

thresholds we observed in the present study for CBA/J and C57BL/6

mice. For the cortex , several studies investigated gap detection in

the mouse cortex, neurons showed an acuity in different mouse

models in the range of 2 ms similar to their behavioral thresh-

old ( Kaylegian et al., 2019 ; Osterhagen and Hildebrandt, 2018 ;

Weible et al., 2020a ). A correlation between neurophysiologi-

cal measures and behavioral thresholds of temporal resolution

and detection sensitivity has been similarly shown in humans

( Palmer and Musiek, 2014 ; Picton, 2013 ; Van Dun et al., 2012 ).

This supports the view that in normal listeners the size of evoked

potentials correlates with behavioral thresholds of temporal reso-

lution. This leads to the following assumption: When peripheral

hearing loss affects the overall size of the transmitted signal (num-

ber of excited auditory nerve fibers), transmission is still fast, how-

ever the detectability is reduced. 

For example, when the gap response amplitude decreases as a

function of the gap size, the detectability will be mostly affected at

lower sound pressure levels or near threshold ( Allen et al., 2008 ,

2003), which consequently affects the perceptual threshold level

in humans and mice ( Fitzgibbons, 1983 ; Radziwon et al., 2009 ;

Shailer and Moore, 1983 ; Toal et al., 2016 ). When central neu-

ronal responses become smaller, this leads to decreased perceptual

detectability, explaining effects of peripheral hearing loss on psy-

chophysical measures of temporal sensitivity. With the assumption

that the signal-to-noise ratio of the IC activity is ultimately im-

portant for perception, perceptual deficits are linked to degraded

neuronal representations. When a precise and detectable neuronal

auditory representation is necessary for perception, then the ‘in-

tactness’ and good ‘signal-to-noise’ ratio of the central representa-

tion is the crucial factor for perceptual ‘read-out’. 

4.5. The role of ‘nearly’ normal hearing thresholds on psychophysical 

measures of temporal acuity 

The inconsistency of findings of psychophysical measures on

the presence or absence of ‘pure’ central temporal deficits in aging

can be explained in part by peripheral effects ( Bureš et al., 2021 ;

Heeringa and Köppl, 2019 ; Occelli et al., 2019 ; Quraishe et al.,

2020 ). A reason explaining an inconsistency in findings for cen-

tral deficits in aging individuals is possibly ‘undetected’ uncom-

pensated hearing loss affecting tests of temporal acuity when pre-

sented at a fixed sound pressure level. Even when age groups

matched for hearing ability, hearing thresholds still usually tend

to be biased to somewhat higher thresholds in the aged group,

having ‘near normal hearing thresholds’ or ‘clinically’ normal hear-

ing sensitivity. In addition, measures missed by standard audio-

metric test and subclinical effects may play an additional role

( Kujawa and Liberman, 2009 ; Martin and Jerger, 2005 ; Reed et al.,

2008 ; Smith et al., 2019 ). 

Old subjects with ‘nearly’ normal audiograms (but still not nor-

mal or as low as in young controls) will likely show strongest

effects on temporal processing at sound intensities near thresh-

old and lower sound levels ( Carcagno and Plack, 2021 ), but not at

high levels ( Allen et al., 2003 ). This would predict rather small ef-

fects on temporal resolution in aging. The shift of gap detection

thresholds in aging is indeed often small in the range of 3–10

ms in comparison to young subjects ( Humes et al., 2010 ), consis-

tent with slightly increased hearing thresholds ( Barsz et al., 2002 ;

Fitzgibbons and Wightman, 1982 ; Florentine and Buus, 1984 ;

Humes et al., 2009 ; Snell, 1997 ). For such small shifts it is also a

question how they explain degraded speech perception of speech

signals in which temporal timeframes are often larger. 

This is consistent with a similar general decline in auditory

temporal acuity in aging subjects with confirmed age-related hear-



58 R. Land and A. Kral / Neurobiology of Aging 110 (2022) 47–60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing loss ( Ozmeral et al., 2016 ). Ozmeral et al. tried to specifi-

cally match hearing levels in an aging subgroup, however hear-

ing thresholds were still elevated in the range of 10–20 dB in the

high frequency regions for the aged group starting above 3 kHz,

although measuring gaps in 4kHz low-pass filtered noise while

presenting the stimuli at a fixed noise level. This leaves the pos-

sibility that occurring changes in temporal resolution are associ-

ated with changes of audibility ( Fitzgibbons and Wightman, 1982 ;

Florentine and Buus, 1984 ). Central neurons in aging may in prin-

ciple be temporal accurate, but the number and thus the signal-

to-noise ratio of the population signal is in many cases reduced by

peripheral hearing loss in aging, which effectively leads to a de-

cline in perceptual temporal acuity. 

4.6. Limitations 

There are several limitations that can be brought forward con-

cerning generalized conclusions on speech deficits in the elderly

from the absence of aging effects of temporal resolution in the

IC of mice of the here presented data. First, the use of a pop-

ulation LFP measure might be too coarse and does provide only

an incomplete picture of underlying distributed single neuron in-

formation. Although LFP in many cases does reflect MUA activ-

ity closely ( Eggermont, 1999 ; Herrmann et al., 2017 ; Land et al.,

2016 ), synchronous interactions between single units might be af-

fected by aging processes and affect perception. Second, the ef-

fects might become apparent only for more complex measures.

The use of simple measures such as gap detection and ampli-

tude modulated noise does not fully catch the complexity of real-

world acoustic signals and leads to an incomplete description in

terms of temporal precision of fine structure and envelope sen-

sitivity. This means effects of complex signals might be a better

test. The use of more complex stimuli however might show a more

precise picture (e.g. in terms of bandwidth effects and complex-

ity), however for these peripheral deficits might play an increasing

role at the same time on temporal resolution ( Grose et al., 2008 ,

1989 ; Nelson, 1994 ). And third, although no effects were found

on the level of the IC, this does not yet exclude aging deficits

on the level of the auditory cortex and associated auditory ar-

eas ( Caspary et al., 2008 ), with the cortex being important for

perceptual detection of temporal information ( Keller et al., 2018 ;

Recanzone, 2018 ; Weible et al., 2020a , 2020b , 2014 ). However, pre-

liminary evidence in mice points toward that direction that fast

temporal resolution can also observed in the cortex of old mice

( Osterhagen and Hildebrandt, 2018 ) 

4.7. Conclusion 

We found a decline of temporal resolution with aging being

only related to age-related hearing loss but not to ‘central pres-

bycusis’. In CBA/J mice, temporal sensitivity at the level of the

midbrain was precise until the oldest age tested. Temporal acu-

ity, however was affected by age-related hearing loss in C57BL/6

mice. Age- related hearing loss thus seems to be a key factor in

decline of temporal resolution in aging by affecting the signal-to-

noise ratio within the auditory pathway. A key to a better under-

standing of temporal processing in aging is to emphasize more de-

tailed characterizations of sub- and near threshold, or subclinical

peripheral effects in aged subjects. Importantly, we do not deny

that speech deficits in the elderly exist. However, we suggest, that

sometimes they might not stem from temporal deficits along the

auditory pathway, as brought forward in the ‘central hypothesis’.

It is still rather possible that they are confused with small inher-

ited peripheral effects, thus it is important to revisit and scrutinize
the small effects that can occur in terms on neural activation after

peripheral hearing loss. 
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