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Temporal Coding of Single Auditory Nerve Fibers Is Not
Degraded in Aging Gerbils
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People suffering from age-related hearing loss typically present with deficits in temporal processing tasks. Temporal processing deficits
have also been shown in single-unit studies at the level of the auditory brainstem, midbrain, and cortex of aged animals. In this study, we
explored whether temporal coding is already affected at the level of the input to the central auditory system. Single-unit auditory nerve
fiber recordings were obtained from 41 Mongolian gerbils of either sex, divided between young, middle-aged, and old gerbils. Temporal
coding quality was evaluated as vector strength in response to tones at best frequency, and by constructing shuffled and cross-stimulus
autocorrelograms, and reverse correlations, from responses to 1 s noise bursts at 10 –30 dB sensation level (dB above threshold). At
comparable sensation levels, all measures showed that temporal coding was not altered in auditory nerve fibers of aging gerbils. Further-
more, both temporal fine structure and envelope coding remained unaffected. However, spontaneous rates were decreased in aging
gerbils. Importantly, despite elevated pure tone thresholds, the frequency tuning of auditory nerve fibers was not affected. These results
suggest that age-related temporal coding deficits arise more centrally, possibly due to a loss of auditory nerve fibers (or their peripheral
synapses) but not due to qualitative changes in the responses of remaining auditory nerve fibers. The reduced spontaneous rate and
elevated thresholds, but normal frequency tuning, of aged auditory nerve fibers can be explained by the well known reduction of
endocochlear potential due to strial dysfunction in aged gerbils.
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Introduction
Age-related hearing loss is a highly common sensory disorder
among elderly people. Approximately two-thirds of the popula-

tion over seventy years old suffer from hearing problems, and the
absolute numbers will only increase further as our society ages
(Lin et al., 2011). People with age-related hearing loss face not
only degraded hearing sensitivity, that is, elevated hearing thresh-
olds, but also deficits in various temporal processing tasks (Plack
et al., 2014; Ozmeral et al., 2016). These are typically evident in
daily life as a reduced ability to communicate, resulting in social
isolation, decreased quality of life, and even dementia in some
severe cases (Strawbridge et al., 2000; Gurgel et al., 2014).

A variety of pathological changes within the cochlea are asso-
ciated with age-related hearing deficits, and include degeneration
of hair cells (sensory presbyacusis), neurons (neural presbyacusis),
and stria vascularis (strial presbyacusis; Schuknecht and Gacek,
1993; Heeringa and Köppl, 2019). The quiet-aged Mongolian
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Significance Statement

As our society ages, age-related hearing deficits become ever more prevalent. Apart from decreased hearing sensitivity, elderly
people often suffer from a reduced ability to communicate in daily settings, which is thought to be caused by known age-related
deficits in auditory temporal processing. The current study demonstrated, using several different stimuli and analysis techniques,
that these putative temporal processing deficits are not apparent in responses of single-unit auditory nerve fibers of quiet-aged
gerbils. This suggests that age-related temporal processing deficits may develop more central to the auditory nerve, possibly due
to a reduced population of active auditory nerve fibers, which will be of importance for the development of treatments for
age-related hearing disorders.
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gerbil, a commonly used animal model for age-related hearing
loss, typically presents with strial presbycusis. The cochlear lateral
wall and stria vascularis are degenerated (Schulte and Schmiedt,
1992; Gratton et al., 1995), which results in a reduced endoco-
chlear potential (EP; Schmiedt, 1996). Largely because of the de-
pendence of outer hair-cell amplification on a high EP, loss of EP
results in elevated hearing thresholds (Schmiedt, 1993; Schmiedt
et al., 2002). Sensory presbycusis is more likely the result of oto-
logic insults, such as exposure to loud noise or ototoxic com-
pounds (Gates and Mills, 2005). Consistent with that, quiet-aged
gerbils show only minimal inner hair-cell loss (Tarnowski et al.,
1991). Recent studies have drawn attention to synaptopathy,
which is a loss of ribbon synapses between inner hair cells and
auditory nerve fibers (ANFs), as an ongoing effect of aging
(Sergeyenko et al., 2013; Liberman and Kujawa, 2017). Func-
tional consequences of synaptopathy are largely unclear and not
detected by standard audiometric procedures (Kujawa and Liber-
man, 2015). Quiet-aged gerbils also show synapse loss toward the
end of their lifespan (Gleich et al., 2016).

Studies addressing the effects of these age-related cochlear
pathologies on coding of sounds in the auditory nerve at the
single-unit level are scarce (Heeringa and Köppl, 2019). It has
been shown in gerbils that rate-level functions are shifted toward
higher levels, that is, have higher thresholds but are otherwise
unaltered (Hellstrom and Schmiedt, 1991). Furthermore, a sig-
nificant reduction of the number of low spontaneous rate (SR)
fibers is encountered only among ANFs tuned to high frequencies
(�6 kHz; Schmiedt et al., 1996). It is unknown whether temporal
coding by ANFs is affected by age, as suggested from human
psychophysical studies (Fitzgibbons and Gordon-Salant, 1996;
Gordon-Salant et al., 2011).

ANFs temporally align their spiking activity to the phase of
low frequencies in the acoustic signal, called phase locking. Phase
locking faces a species-specific upper frequency limit (Heil and
Peterson, 2017). Gerbil ANFs are able to phase lock to pure tones
as high as 3 kHz (Versteegh et al., 2011). Temporal coding can be
divided between coding of the envelope (ENV) and of the tem-
poral fine structure (TFS), i.e., phase locking to the slow and fast
amplitude fluctuations of the acoustic signal, respectively. Both
TFS and ENV cues are important for speech understanding
(Rosen, 1992). Low-pass filtered speech, containing only ENV
information, can still be understood under quiet conditions
(Shannon et al., 1995), while the TFS is critical for accurate per-
ception of speech under degraded listening conditions (Hopkins
and Moore, 2007; Swaminathan et al., 2016).

In this study, we aimed to understand whether phase locking
and coding of TFS and ENV information is affected in ANFs of
quiet-aged gerbils with age-related hearing loss. Furthermore,
additional properties of spiking activity in the auditory nerve,
including spontaneous and evoked firing rates, sharpness of tun-
ing, and thresholds, were investigated.

Materials and Methods
Animals. Forty-one Mongolian gerbils (Meriones unguiculatus) of either
sex (weight 51–103 g) were used in this study. Animals were divided into
three groups: young animals (YO; age range 3–14 months, n � 26),
middle-aged animals (MA; 23–33 months, n � 6), and old animals (OL;
37– 42 months, n � 9). Experiments were conducted in a custom-built
sound-attenuating chamber. Hearing thresholds were determined before
surgery using auditory brainstem responses (ABRs) and were monitored
at various time points throughout the experiment to assess the condition
of the middle and inner ear. All animals were born at the University of
Oldenburg animal house, raised and maintained in a controlled, quiet
environment (average sound levels of 48 and 55 dB A outside and during

working hours, respectively), and were free of middle-ear infections. All
experimental procedures were approved by the ethics authorities of
Lower Saxony, Germany (permit numbers AZ 33.9-42502-04-11/0337
and AZ 33.19-42502-04-15/1990).

Surgical preparation. Animals were anesthetized by intraperitoneal in-
jection of a ketamine (135 mg/kg; Ketamin 10%, bela-pharm) and xyla-
zine (6 mg/kg; Xylazin 2%, Ceva Tiergesundheit) mixture diluted in
saline (0.9% NaCl). Anesthesia was maintained with subcutaneous injec-
tions of the same mixture containing one-third of the initial dose (45
mg/kg ketamine, 2 mg/kg xylazine) hourly or upon presence of a positive
hindpaw reflex. In addition, a nonsteroidal antiphlogistic agent (meloxi-
cam, 0.2 mg/kg) was injected at the beginning of the experiment, only
when the animal was sensitive to the surgical procedures. The depth of
anesthesia was constantly monitored by electrocardiogram recordings
using intramuscular needle electrodes in the front leg and the contralat-
eral hind leg, and by checking the absence of a muscle reflex upon a
hindpaw pinch. Rectal body temperature was maintained at 38°C by a
homeothermic blanket (Harvard Apparatus). To avoid airway obstruc-
tion during the experiment, middle-aged and old gerbils were tracheot-
omized but still breathed unaided. Some of the gerbils received
additional oxygen (flow 1.5 L/min) in front of the tracheotomy or snout
throughout the experiment. The head of the animal was fixed by using a
bite bar, with the head mount, in addition, glued to the exposed frontal
skull using dental cement (Kopf Instruments). After fixation of the head,
the right pinna was removed to expose the bony ear canal. Subsequently,
the ear bar, in which the speaker and the calibration microphone were
sealed, was placed directly onto the bony ear canal. To avoid damage
to the eardrum, the diameter of the ear bar’s front end was a bit larger
than the ear canal. The ear bar was sealed to the ear canal using
petroleum jelly, to obtain a closed system from speaker to eardrum. A
small opening was made in the bulla to prevent buildup of negative
pressure in the middle ear.

To visualize the auditory nerve, a craniotomy of the right occipital
bone was performed, followed by a duratomy and aspiration of cerebellar
tissue until the brainstem and vestibular nerve were exposed. A few very
small balls of paper tissue drenched in saline, with a maximal diameter
�0.5 mm, were placed between the temporal bone and the brainstem to
expose the auditory nerve. The auditory nerve could be discriminated
from the cochlear nucleus using visual cues, including a distinct differ-
ence in color. To further ascertain that units were recorded from the ANF
bundle, waveforms, response properties, and click delays were inspected
carefully (see Data analysis).

Auditory brainstem responses. Two platinum needle electrodes (Grass
Technologies) were placed subdermally: an active electrode ventral of the
ear canal and a reference electrode in the neck close to the bulla to record
ABRs evoked by chirps (see Acoustic stimuli to evoke auditory brainstem
responses). The necessary surgeries did not leave any skin on the vertex to
allow for a classical vertex placement of the reference electrode. ABRs
were amplified (10,000 times) and bandpass filtered (0.3–3 kHz) using an
amplifier (ISO 80, World Precision Instruments), and recorded using a
Hammerfall DSP Multiface II (RME Audio; 48 kHz sampling rate) con-
trolled by custom-written MATLAB software (MathWorks).

Acoustic stimuli to evoke auditory brainstem responses. Acoustic stimuli
were generated and calibrated to the individual animal’s ear using
custom-written software in MATLAB and a Hammerfall DSP Multiface
II. Stimuli were preamplified (HB7, TDT), and presented through a small
speaker (ER-2, Etymotic Research, or IE 800, Sennheiser) that was sealed
into the ear bar. Stimuli were calibrated after each placement of the ear
bar by measuring SPL near the eardrum with a miniature microphone
(FG-23329, Knowles Electronics, or ER7-C, Etymotic Research in com-
bination with the ER-2 or IE 800 speaker, respectively) sealed in the same
ear bar, amplified by a microphone amplifier (MA3, TDT). ABRs were
measured during the presentation of custom-generated chirps to com-
pensate for the frequency-dependent group delays along the gerbil co-
chlea (Dau et al., 2000; Versteegh et al., 2011; 0.3–19 kHz, 4.2 ms
duration). Stimulus levels were typically separated by 5 dB and were
presented randomly (300 –500 repetitions). ABR thresholds were visually
defined, as the lowest sound level at which clear ABR waves were still
distinguishable.
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Auditory-nerve single-unit recordings. Single units in the ANF bundle
were recorded using glass micropipette electrodes (GB120F-10, Science
Products; pulled using a P-2000, Sutter Instruments), filled with a 3M-
KCl solution and impedances typically between 10 and 60 M�. Elec-
trodes were placed just above the ANF bundle under visual control with
a micromanipulator and then advanced remotely via a piezo microdriver
(6000 ULN inchworm motor controller and 6005 ULN handset, Bur-
leigh). Neural signals were amplified (WPI 767, World Precision Instru-
ments), filtered for line frequency noise (50/60 Hz; Hum Bug, Quest
Scientific), played over a speaker (MS2, TDT), visualized on an oscillo-
scope (SDS 1102CNL, SIGLENT Technologies), and digitized (RX6,
TDT; 48,828 Hz sampling rate) before storage on a personal computer
using custom-written MATLAB software. Spike triggering was defined
interactively during the experiment and was more carefully manually
revisited offline on a trial-by-trial basis (see Data analysis).

Acoustic stimuli for single-unit recordings. As the glass electrode was
advanced through the ANF bundle, a broadband noise search stimulus
was presented (1–9 kHz, 50 –70 dB SPL) until a single unit was isolated, as
judged on the oscilloscope by spike amplitude and interspike interval.
After a quick audiovisual estimate of the fiber’s sensitive range, best
frequency (BF) was determined by recording neural responses to tone
bursts at �10 dB above threshold (range 0 –30 dB above threshold, 50 ms
duration, including 5 ms cosine rise/fall times, 5–10 repetitions). Next,
tone bursts at BF (50 ms duration, 5 ms rise/fall time, 10 repetitions) were
presented at levels ranging from 10 to 79 dB SPL (3 dB step size) to derive
a rate-level function and determine the unit’s threshold. If the fiber had a
BF � 10 kHz, more repetitions of tone bursts at BF (50 ms duration, 5 ms
rise/fall time, 40 repetitions) were presented at several levels below and
above threshold (10 dB step size), to test for phase locking. To estimate
temporal coding in response to noise, a stimulus consisting of two 1 s
noise bursts (separated by 200 ms, 10 ms cosine ramps, 60 repetitions)
was presented at 10 –30 dB above the unit’s threshold. Noise bursts had a
frequency range of 0.2–12 kHz and were identical between repetitions
(frozen noise). The second burst of each stimulus pair was 180° phase
inverted relative to the first (Joris, 2003; Louage et al., 2004). Noise bursts
were filtered to compensate for the frequency response of the hardware,
according to the individual ear’s calibration. If the unit was still stably
isolated, pure tones from a matrix of a broader range of frequencies
(100 –250 Hz step size) and levels (3–5 dB step size, 50 ms durations, 5 ms
rise/fall time, 5 repetitions) were presented randomly, to determine the
receptive field and derive a tuning curve, and 80 dB clicks were presented
(5 ms delay, 20 ms acquisition time, condensation click, 500 repetitions)
to determine response latency. All stimuli were calibrated before presen-
tation according to the latest calibration. A new calibration was obtained
after each new placement of the ear bar, using a miniature microphone
(either the FG-23329, Knowles Electronics, or the ER7-C, Etymotic Re-
search) sealed near the speaker in the same ear bar, a microphone ampli-
fier (MA3, TDT; set at 40 dB amplification), and custom-made MATLAB
software.

Data analysis. As our testing protocols were quite prolonged, typically
�30 min if all recordings were acquired, spike amplitude could vary
within and between single recordings. Therefore, threshold for spike
detection was set offline for each individual trial using custom-written
MATLAB software. Single-unit isolation was confirmed by checking the
interspike intervals, of which a large majority should be �1 ms and none
should be �0.6 ms based on the absolute ANF refractoriness (Heil et al.,
2007). Recordings from 16 of a total of 463 units were excluded based on
this criterion. Furthermore, spike waveforms were carefully inspected to
exclude the presence of a pre-potential, which would indicate that the
unit was recorded from the ventral cochlear nucleus instead of from the
ANF bundle (Keine and Rübsamen, 2015). There were no units recorded
in which a pre-potential was observed. In addition, when responses to
clicks were recorded, a click latency �2 ms gave an additional confirma-
tion that the unit was recorded from the ANF bundle (FitzGerald et al.,
2001). The click latency was determined by two consecutive bins (0.05
ms) in the peristimulus time histogram (PSTH) being higher than the
highest bin before the onset of the click (spontaneous rate). Three units
were excluded based on having a click latency that was unlikely to be
derived from the auditory nerve. Last, the shape of the PSTH at 20 and 30

dB above threshold and the shape of the rate-level function to BF tones
were inspected. Three additional units were excluded based on non-
primary like PSTH (e.g., chopper) or rate-level function (e.g., non-
monotonic).

To determine BF, mean spike rates in responses to tone bursts at a
fixed level of �10 dB above threshold were fitted using a smoothing
spline and the frequency at which the fitted line reached maximum firing
rate was defined as BF. Bandwidth of the frequency-response curve was
determined at the half-maximum evoked rate (relative to mean SR) from
the fitted function only from recordings that were collected at a level
between 5 and 15 dB above threshold. Threshold was determined from
the rate-level function, defined as the tone level evoking a firing rate
larger than the SR � 2.5 � SD of the SR and at least 15 spikes/s above the
SR. Characteristic frequency (CF) and threshold were also determined
from the threshold-tuning curve that could be interpolated from the
receptive field, whenever these data were recorded (see Fig. 8A). These
values were used as BF and threshold when data from the rate-frequency
and rate-level curve were unavailable (in n � 6 and n � 4 units, respec-
tively). Furthermore, the Q10 dB value was derived from the tuning curve,
which is calculated by dividing CF by the tuning-curve bandwidth at 10
dB above threshold. SRs were calculated from randomly presented silent
trials throughout the tone presentations. Noise-evoked firing rates were
calculated from responses to both noise bursts.

To determine temporal coding in response to pure tones, the vector
strength (VS) was calculated (Goldberg and Brown, 1969), which repre-
sents the tendency of a unit to phase lock to the period of the tone:

VS �
1

N� �
j�1

N

ei�	 j
� ,

where N represents the total number of spikes and �(j) is the phase of the
jth spike relative to the period of the tone. A p value of the VS was
calculated by p � e^(�N � VS 2), where p � 0.001 and N � 50, was
considered a significant VS (Mardia and Jupp, 2000).

More extensive temporal coding properties of single units were deter-
mined by analyzing responses to the noise bursts. Noise-evoked re-
sponses of units were analyzed only when �25 repetitions and �1000
noise-evoked spikes were recorded. Shuffled autocorrelograms (SACs)
and cross-stimulus autocorrelograms (XACs) were constructed using a
bin width of 20 �s, according to procedures established by Joris (2003)
and Louage et al. (2004). SACs and XACs were normalized for firing rate,
number of repetitions, bin width, and stimulus duration. The ratio be-
tween the XAC and the SAC at t � 0 ms delay was calculated, which
represents a metric for the transition from predominantly TFS to pre-
dominantly ENV phase locking. Subsequently, the DifCor was calculated
by a bin per bin subtraction of the XAC from the SAC, and the SumCor
was calculated by taking the bin per bin average of the SAC and the XAC.
Leakage of locking to the TFS into the SumCor was minimized by apply-
ing a low-pass Chebyshev filter (6th order, type II, 30 dB stopband ripple
attenuation) with a cutoff frequency at the BF of the unit (Heinz and
Swaminathan, 2009). The peak height of the DifCor and the SumCor was
used as a measure for temporal coding of the TFS and the ENV, respec-
tively, whereas the peak width of the DifCor and SumCor represents
temporal precision (jitter) of the phase locking (Louage et al., 2004).
Units in which the SAC peak height (correlation index) was not signifi-
cant for either of the two noise bursts, as determined by a bootstrap
method on random permutations of the interspike intervals ( p � 0.01;
Joris et al., 2006), were excluded from the XAC/SAC ratio, DifCor, and
SumCor analyses.

Responses to the noise bursts, subjected to the same inclusion criteria
as for the SAC/XAC analysis, were also used to calculate the reverse
correlation (revcor; de Boer and Kuyper, 1968; de Boer and de Jongh,
1978). The revcor function equals the cross-correlation of the acoustical
input and the neural spike signal, and is proportional to the normalized
average noise stimulus preceding the spikes. Oscillations in the revcor
function appear when the unit phase locks to a frequency within its
receptive field that is present in the noise stimulus (see Fig. 3A). The noise
that was presented at the eardrum of the gerbil was reconstructed by
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reversing the compensation that was applied to the noise to account for
the frequency response of the hardware. Unfortunately, it turned out post
hoc that not all calibrations had been correctly performed and applied to
the noises. However, the system response typically did not vary more
than � 5 dB in the 0.5–3.5 kHz frequency range, the frequency range of
interest for temporal coding of the TFS. After carefully going over the
data, unit responses from one young animal were excluded from the
revcor analysis based on outlying noise properties that could not be cor-
rected for. Because the absolute amplitude of the noise differed depend-
ing on the threshold of the unit, the noise that was used to calculate the
revcor was normalized to have an RMS value of 1. Subsequently, the
revcor function was calculated as follows:

revcor	�
 �
1

N�
i�1

N

x	ti � �
,

in which � is the time before the spike, x(t) is the normalized input noise
signal, N is the total number of spikes, and ti (with i � 1,…,N ) are the
spike times. Oscillations in the revcor were considered significant if the
maximal revcor amplitude exceeded five times the RMS of the revcor
function, calculated from a time window where no significant oscilla-
tions were expected (between t � �20 ms and t � �8 ms relative to ti).
If the revcor was significant, the magnitude of the highest spectral peak
was used as an additional measure to quantify temporal coding (see Fig.
3B). The revcor spectrum was also used to determine the revcor frequency
(at highest spectral peak) and the 10 dB filter bandwidth, which is very
similar to the unit’s tuning curve (de Boer and de Jongh, 1978).

Experimental design and statistical analysis. Differences between mea-
sures of young, middle-aged, and old gerbils were tested for significance
preferentially with the nonparametric Kruskal–Wallis test, followed by
pairwise comparisons using the Mann–Whitney U test. If assumptions of
normality were not violated, the ANOVA and post hoc Tukey–Kramer’s
test were used. Metrics that typically varied as a function of BF were tested
for significance using an analysis of covariance (ANCOVA), with BF as
the covariate. Significant correlations were detected using the nonpara-
metric Spearman’s rank test. P values were Holm–Bonferroni corrected
for multiple comparisons. All statistical tests were done in MATLAB
(R2017b) using the Statistics and Machine Learning Toolbox v11.2. The
criterion p value for significance was conservatively chosen at 0.01. For
analyses with inconclusive results (null hypothesis retained) that were of
critical importance, power analyses were performed based on the sample
and effect sizes actually observed, using � � 0.01 and taking the covariate
BF into account when necessary. The power calculations were performed
with the PASS Software v16.0.4 (PASS 16 Power Analysis and Sample Size
Software, 2018, NCSS).

Results
Gerbils were divided into three age groups: YO (3–14 months,
n � 26), MA (23–33 months, n � 6), and OL (37– 42 months,
n � 9).

Old gerbils exhibited variable hearing loss
Overall hearing sensitivity was determined using ABRs evoked by
chirps. Middle-aged and old gerbils had significantly higher
thresholds than young gerbils but did not significantly differ from
each other (Kruskal–Wallis test: H(2) � 21.69, p � 1.95 � 10�5;
Mann–Whitney U tests: YO vs MA, p � 1.60 � 10�3, YO vs OL,
p � 1.50 � 10�4, MA vs OL, p � 0.23). The median threshold
shifts of the middle-aged and old animals were 25 and 40 dB,
respectively (Fig. 1A). Furthermore, there was substantial varia-
tion in the threshold shift among old gerbils (range 10 –55 dB
relative to the median threshold of young gerbils), suggesting that
not all old gerbils experienced the same amount of age-related
hearing loss. Plotting individual threshold against the animal’s
age confirmed that, although there is a general effect of age on

hearing threshold, the variation increases with age as well (Fig.
1B).

The BF distribution of recorded auditory-nerve single units is
shown for each group in Figure 1C and showed evidence of bi-
modality, particularly in the young and old group. A bimodal BF
distribution with a notch near 3.5 kHz is typical for the gerbil
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Figure 1. Quiet-aged gerbils presented variable degrees of age-related hearing loss. A, Box
plots of ABR thresholds elicited by chirps in YO (n � 15), MA (n � 5), and OL (n � 9) gerbils.
Stars indicate a significant difference between two groups after post hoc comparisons. **p �
0.01, ***p � 0.001, Bonferroni–Holm corrected. Box plots show the median (horizontal red
line), 25th and 75th percentile (blue box), and more extreme data points not considered outliers
(whiskers). Data points are considered outliers if they are higher than the 75th percentile �
1.5 � (75–25th percentile) or lower than the 25th percentile–1.5 � (75–25th percentile),
which approximates �2.7 � SD. For the ABR thresholds of the young gerbils, the median and
25th percentiles are the same value and are therefore on top of each other. B, The ABR
threshold to chirps of each animal, as a function of its age in months. C, The BF distribution of all
auditory nerve single units recorded from young animals (n � 261, blue), middle-aged animals
(n � 48, yellow), and old (n � 76, red) animals. D, Threshold as a function of the fiber’s BF in
young (blue circles; n � 186), middle-aged (yellow triangles; n � 39), and old (red squares;
n � 54) animals. Mean thresholds � SD are shown with large open symbols on the right.
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auditory nerve (Huet et al., 2016). Thresholds to BF tone bursts
differed significantly with age (one-way ANOVA: F(2) � 194, p �
3.81 � 10�54). Single-unit thresholds of middle-aged gerbils had
a significant mean elevation of 16 dB relative to the mean thresh-
old of young animals [95% confidence interval (CI): 12–20 dB
difference, Tukey–Kramer’s test: p � 9.56 � 10�10]; thresholds
of old gerbils were elevated by 28 dB relative to controls (95% CI:
25–32 dB difference, Tukey–Kramer’s test: p � 9.56 � 10�10). At
the single-unit level, thresholds differed also significantly be-
tween the middle-aged and the old group (mean elevation: 12 dB;
95% CI: 8 –17 dB; Tukey–Kramer’s test: p � 7.51 � 10�9; Fig.
1D).

Phase locking to pure tones was not altered with age
Temporal coding in ANFs was studied using various measures.
First, VS, a measure for synchronization to the period of a BF
tone, i.e., TFS coding, was studied at different sound levels. Figure
2A shows VS of young, middle-aged, and old gerbils in response
to BF tones of a fixed level (60 dB SPL). Analysis of covariance did
not reveal a significant difference in VS between age groups (ef-
fect of group, F(2) � 0.58, p � 0.56; estimated power � 80%; Fig.
2A). Because rate thresholds between age groups differed signif-
icantly (Fig. 1D) and VS varies as a function of level relative to
threshold (Huet et al., 2018), we also compared VS at a fixed

sensation level (10 dB above the individual unit’s rate threshold).
At this level, VS also did not differ between the age groups
(ANCOVA: effect of group, F(2) � 0.48, p � 0.62; Fig. 2B). Here,
the estimated test power was low (17%), however the differences
between the trendlines were small and unsystematic (effect size
(Cohen’s f) � 0.09). Next, we determined the lowest sound level
at which the VS was significant (p � 0.001), which was termed
the VS threshold. VS thresholds were significantly higher in
middle-aged and old gerbils than in young gerbils, with median
elevations of 20 and 36 dB, respectively (Kruskal–Wallis test: H(2)

� 51.26, p � 7.40 � 10�12; Mann–Whitney U tests: YO vs MA,
p � 3.82 � 10�8, YO vs OL, p � 4.84 � 10�7, MA vs OL, p �
0.23; Fig. 2C). However, this threshold is conceivably con-
founded by the rate threshold. Therefore, we calculated the VS
threshold relative to the rate threshold. A negative value means
that significant phase locking to the tone was present at a level
where no significant rate change was yet observed. This relative
threshold did not differ significantly between the age groups
(Kruskal–Wallis test: H(2) � 1.75, p � 0.42; Fig. 2D). Together,
these results show that the absolute sound level at which signifi-
cant phase locking emerges in ANFs was increased in middle-
aged and old gerbils, further indicative of age-related hearing
loss, whereas the qualitative properties of phase locking to BF
tones in quiet did not differ with increasing age.
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Peak magnitude of the reverse correlation was not affected
by aging
Single-unit responses to noise bursts were analyzed using a revcor
paradigm, which shows a significant oscillation when the unit
phase locks to a frequency present in the noise stimulus, typically
its BF. The revcor can be considered to represent the normalized
average stimulus that elicited a spike, with t � 0 ms indicating the
time of the spike. An example of a revcor from a unit of a young
gerbil is shown in Figure 3A. The frequency to which the unit
responded (3.2 kHz) can be derived from the spectrum of the
revcor and was close to its BF at 3.0 kHz (Fig. 3B). The peak
magnitude in the revcor spectrum is considered a measure for
robustness of temporal coding of the TFS (analogous to VS and
DifCor peak height). For a given ANF unit, revcor magnitude
typically decreases with increasing sound level (Recio-Spinoso et
al., 2005). The levels of the noise stimuli were therefore selected
following online sensitivity measures during the experiment,
aiming for similar sensation levels between units (between 10 –30
dB above threshold). Indeed, noise-evoked firing rates did not
differ between the different age groups (Kruskal–Wallis test: H(2)

� 3.83, p � 0.15; YO: n � 39, MA: n � 21, OL: n � 31). Average
absolute noise levels were 53.6, 66.2, and 79.7 dB SPL for the
young, middle-aged, and old gerbils, respectively, and these did
differ significantly between the groups (Kruskal–Wallis test: H(2)

� 52.18, p � 4.94 � 10�12), which mirrors the increased thresh-
olds in the middle-aged and old gerbils (Fig. 1D).

Strength of temporal coding of the TFS clearly decreased with
increasing BF and there was no significant difference in revcor

magnitude between the different age groups when controlling for
BF (ANCOVA: effect of group, F(2) � 3.43, p � 0.04; Fig. 3C).
Although the estimated test power was low (11%), the observed
effects were so small (effect size � 0.1) that we would not consider
them biologically relevant even if a much larger sample showed
them to be statistically significant. Plotting the revcor frequency
against the unit’s BF showed that most units with a BF �3.5 kHz
had a revcor frequency similar to BF (Fig. 3D). Note that some
units with a BF � 3.5 kHz still showed a significant revcor, but the
revcor frequency was considerably lower, suggesting that they
phase locked to frequencies far below BF (�1 kHz). This is a well
known phenomenon in mammalian ANFs if the stimulus level is
high enough to excite units at frequencies in the tail regions of
their frequency-threshold curves (Heil and Peterson, 2017).
Units from gerbils of all age groups showed a similar correspon-
dence between BF and revcor frequency and a similar incidence of
insignificant revcors (43%, 40%, and 45% for young, middle-
aged, and old gerbils, respectively).

TFS and ENV coding, at comparable sensation levels, were
unaffected by aging
To study temporal coding more in depth and to be able to distin-
guish TFS coding from ENV coding, responses to noise bursts
were also analyzed by constructing SACs from responses to dif-
ferent trials of the same noise bursts and XACs from responses to
trials of noise bursts of opposite polarity (Louage et al., 2004). A
total of six units (YO: n � 1/39, MA: n � 2/19, OL: n � 3/29) did
not show any locking to either TFS or ENV, as determined by a
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bootstrap method on interspike intervals on the SAC (Joris et
al., 2006), and were therefore not included in subsequent anal-
yses. Figure 4A depicts an example of the SAC (black) and
XAC (gray) from one unit of a young gerbil (BF � 0.9 kHz).
The ratio between the XAC and the SAC at delay � 0 ms was
calculated to determine whether the fiber was predominantly
locking to the TFS or to the ENV of the stimulus. All included
units with a BF � 3.5 kHz showed XAC/SAC ratios �0.7 (Fig.
4B) and were thus primarily phase locking to the TFS (Fig.
4A). In contrast, units with a BF � 3.5 kHz generally showed
high XAC/SAC ratios and were thus primarily phase locking to
the ENV of the stimulus, consistent with previous data by
Louage et al. (2004).

The DifCor was calculated by subtracting the XAC from the
SAC, and displays regular oscillations separated by �half the
period of BF if the unit phase locked to the TFS of the acoustic
signal (Fig. 5A shows an example of the DifCor derived from the
SAC and XAC in Fig. 4A). DifCor peak height is then a measure of
the strength of phase locking to the TFS (analogous to VS and
revcor peak magnitude) and DifCor peak width represents the
amount of spike jitter of phase locking. DifCor peak height did
not differ between young, middle-aged, and old gerbils when
controlling for BF (ANCOVA: effect of group, F(2) � 0.102, p �
0.90; estimated power � 74%; Fig. 5B). DifCor peak width also
did not differ between the different age groups (ANCOVA: effect
of group, F(2) � 1.14, p � 0.33; Fig. 5C). Because the high-

frequency units with a XAC/SAC ratio �0.7 likely showed TFS
phase locking to tail frequencies of their tuning curve (see previ-
ous section; Fig. 3D), only fibers with a BF � 3.5 kHz were in-
cluded in the statistical analyses of the DifCor (Fig. 5B,C, filled
symbols).

The SumCor was calculated by taking the average of the XAC
and SAC and shows a simple peak if the unit locked to ENV
features of the acoustic signal (Fig. 6A). The SumCor peak height,
representing strength of ENV coding, did not vary with BF
[ANCOVA: effect of group, F(2) � 0.07, p � 0.93; effect of
log(BF), F(2) � 0.35, p � 0.56; Fig. 6B] and were therefore further
analyzed with the Kruskal–Wallis test. This showed no significant
effect of age on SumCor peak height (Kruskal–Wallis test: H(2) �
1.92, p � 0.38; Fig. 6B). The estimated test power was very low
(�10%) but, again, the observed differences between age groups
were extremely small and probably not biologically relevant.
Likewise, the SumCor peak width, representing the jitter of ENV
coding, showed only minimal, insignificant differences between
young, middle-aged, and old gerbils (ANCOVA: effect of group,
F(2) � 1.05, p � 0.35; Fig. 6C).
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Auditory nerve spontaneous firing rates were decreased
with aging
SR was significantly decreased in ANFs of both middle-aged and
old gerbils, compared with young gerbils (Kruskal–Wallis test:
H(2) � 64.34, p � 1.07 � 10�14; Mann–Whitney U tests: YO vs
MA, p � 4.50 � 10�11, YO vs OL, p � 5,90 � 10�8, MA vs OL,
p � 0.15; Fig. 7A). This difference between age groups was in-
triguing and prompted us to further differentiate between the
low- and high-frequency parts of the cochlea. Separate Kruskal–
Wallis tests showed that there was a significant effect of group in
both the low- and the high-BF units (Kruskal–Wallis test: H(2) �
51.43, p � 6.79 � 10�12, for fibers with a BF � 3.5 kHz; H(2) �
21.86, p � 1.79 � 10�5, for fibers with a BF � 3.5 kHz). Post hoc
pairwise comparisons revealed a significant decrease of SR in
low-BF units of the middle-aged and old animals (Mann–Whit-
ney U tests: YO vs MA, p � 6.04 � 10�8, YO vs OL, p � 1.22 �
10�7, MA vs OL, p � 0.64; Fig. 7C) and a significant SR decrease
in high-BF units in the middle-aged animals (Mann–Whitney U

tests: YO vs MA, p � 5.31 � 10�5, YO vs OL, p � 0.02, MA vs OL,
p � 0.03; Fig. 7D).

We wondered whether the decreased SR might reflect some
association with age-related hearing loss, since the age of onset
and the extent of age-related hearing loss were quite variable across
different animals (Fig. 1B). Therefore, the SR was plotted as a
function of the ABR threshold in response to chirps (Fig. 7E).
Single-unit SRs negatively correlated with the individual’s ABR
threshold (Spearman’s rank correlation: 	 � �0.34, p � 1.70 �
10�8), indicating that a larger extent of age-related hearing loss
was accompanied by lower SRs in the single-unit auditory nerve
fibers.

Tuning of auditory nerve fibers was not altered with aging
For a subset of units, we obtained receptive fields from which a
frequency threshold curve, or tuning curve could be derived (Fig.
8A). From the tuning curve, Q10 dB was calculated as a measure
for tuning sharpness. Q10 dB increased logarithmically with in-
creasing CF for young, middle-aged, and old gerbils, but there
was no significant difference in Q10 dB between the different age
groups (ANCOVA: effect of group, F(2) � 0.89, p � 0.42; Fig. 8B).
A second measure of ANF frequency tuning was derived from the
frequency-response curves, where the bandwidth at the half-
maximum rate was determined. Again, the log(bandwidth) cor-
related positively with log(BF), but no significant effect of group
was observed (F(2) � 2.68, p � 0.07; Fig. 8C). As a third measure,
ANF tuning was derived from the spectrum of the revcor (Fig.
3B), which is commonly determined at 10 dB below the maxi-
mum magnitude and also represents frequency selectivity (Henry
et al., 2016). Only units in which the revcor frequency corre-
sponded to the BF (Fig. 3D) were analyzed for bandwidth. 10 dB
bandwidth did not differ between the different groups (Kruskal–
Wallis test: H(2) � 1.24, p � 0.54; Fig. 8D). Note that estimated
test power was low (�10%) for all three tuning metrics explored,
such that we cannot exclude minor changes with age. However, as
for similar cases above, the power estimates refer to the detect-
ability of the very small differences that we actually observed and
that are unlikely to have biological relevance (effect sizes �0.1).
Together these data strongly suggest that, despite thresholds be-
ing increased in old gerbils, this did not affect tuning sharpness of
their ANFs to a relevant degree.

Discussion
Our study demonstrated that temporal coding in ANFs of quiet-
aged gerbils was not altered relative to young gerbils, at compa-
rable sensation levels. This was shown using several different
measures of temporal coding of responses to pure tones and to
noise. Specifically, responses to noise revealed that both TFS and
ENV coding remained unaffected in old gerbils. In addition, ANF
SRs were significantly decreased, especially in low-frequency ANFs.
Because these data were obtained from gerbils that were not ex-
posed to noise damage or to any ototoxic events, the changes in
spontaneous rates are likely the result of natural aging processes.
This is further supported by the observation that despite elevated
thresholds, ANF frequency tuning was not affected in middle-
aged and old gerbils, in contrast to the typical loss of frequency
tuning after noise trauma that causes a permanent threshold shift
of similar magnitude (chinchilla; Henry et al., 2016).

Age-related temporal coding deficits likely arise central to the
auditory nerve
Previous studies in animals judged to be of geriatric age for the
respective species have shown temporal coding degradations at
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the level of the auditory brainstem (cochlear nucleus), midbrain
(inferior colliculus), and cortex (Walton, 2010). Specifically, the
minimal gap threshold is increased in the inferior colliculus
(mice; Walton et al., 1998) and responses to amplitude modu-
lated tones and noise are deteriorated in the dorsal cochlear nu-
cleus (rats), inferior colliculus (mice), and primary auditory
cortex (Rhesus macaque monkeys; Walton et al., 2002; Schatte-
man et al., 2008; Overton and Recanzone, 2016). Furthermore,
humans with age-related hearing loss often present with deficits
in various temporal processing tasks (Hopkins and Moore, 2011;
Plack et al., 2014; Ozmeral et al., 2016). Therefore, it may seem
surprising that temporal coding was not deteriorated in auditory-
nerve single units of quiet-aged gerbils.

There are several possible explanations for this apparent dis-
crepancy. First, temporal coding deficits central to the auditory
nerve can be explained by a local age-related decrease in inhibi-
tion (Caspary et al., 1995; Gleich et al., 2003; Canlon et al., 2010;
Rabang et al., 2012), and thus do not require any changes in the
auditory-nerve input. Second, temporal coding deficits may de-
velop, for example, at the endbulb of Held: the large axosomatic
central synapse between ANFs and ventral cochlear nucleus neu-
rons. The complexity of the endbulb of Held decreases with age in
mice, even before thresholds are elevated (Muniak et al., 2018),
corresponding to a functional decline of the synapse, as measured
with patch-clamping (Xie, 2016; Xie and Manis, 2017). Last, the
size of the ANF population, rather than the functional properties
of the remaining individual units, may change as a function of
age. Aging is associated with synaptopathy and neuropathy in

mammals, i.e., a substantial decline in the number of inner hair
cell–ANF synapses and spiral ganglion neurons, respectively (for
reviews, see Liberman and Kujawa, 2017; Heeringa and Köppl,
2019). It is thought that the convergence of multiple ANFs on
their postsynaptic targets in the cochlear nucleus contributes to
enhanced phase locking in the auditory brainstem (Joris and
Smith, 2008). Therefore, a decrease in ANF population size, as
shown for the gerbil starting from 24 –30 months of age (Keithley
et al., 1989; Gleich et al., 2016), would be expected to affect tem-
poral coding. Indeed, studies on envelope following responses
(EFRs), which represent the electrophysiological responses of
populations of brainstem and midbrain auditory neurons,
showed decreased response amplitudes in aged rats and mice
(Parthasarathy and Bartlett, 2011; Parthasarathy and Kujawa,
2018). When the sound level is matched for wave I amplitude,
and thus activating equivalent numbers of ANFs (Parthasarathy
and Kujawa, 2018), the effect of age is eliminated (Lai et al., 2017).
Moreover, EFR amplitude also decreases following noise-
induced synapse loss (Shaheen et al., 2015). Therefore, a decrease
in auditory nerve population size, rather than degraded temporal
coding abilities of single ANFs, may be the predominant periph-
eral contribution to central age-related temporal coding deficits.

Threshold loss combined with normal frequency tuning is
consistent with age-related strial dysfunction
Quiet-aged gerbils present a mixture of strial presbyacusis and
synaptopathy at 34 –39 months of age, with minimal sensory
presbycusis (Heeringa and Köppl, 2019). Elevated single-unit
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and ABR thresholds are likely results of EP loss due to strial
dysfunction (Schmiedt et al., 2002), which in turn affects co-
chlear amplification by outer hair cells (Ruggero and Rich, 1991).
Consistently, experimentally induced EP loss, using furosemide
injections, results in elevated single-unit and ABR thresholds
(Sewell, 1984a; Schmiedt et al., 2002; Lang et al., 2010). In con-
trast, experimentally induced synaptopathy is typically not re-
flected in elevated thresholds; thresholds can remain normal in
the face of synapse losses of up to 60% (Kujawa and Liberman,
2009; Bourien et al., 2014).

Despite elevated thresholds, tuning sharpness remained unal-
tered in ANFs of old gerbils. This is in marked contrast to noise-
induced hearing loss, which is typically associated with
broadened frequency selectivity and hypersensitivity of the low-
frequency tuning-curve tail. Noise-induced hearing loss is asso-
ciated predominantly with hair cell damage and loss (Liberman
and Dodds, 1984), whereas hair-cell loss remains minimal in
quiet-aged gerbils (Tarnowski et al., 1991). A recent study
showed that auditory-nerve fiber’s tip-to-tail ratios are much less
affected in experimentally-induced strial dysfunction compared
with noise-induced hearing loss of similar magnitude. Interest-
ingly, the tip-to-tail ratio was likely the primary factor in tempo-
ral coding deficits accompanying the noise-induced hearing loss
(Henry et al., 2019). Whereas noise trauma that causes perma-
nent threshold shifts of similar magnitude as in our old gerbils
resulted in enhanced temporal ENV coding, and distorted tono-
topic coding of TFS and ENV (Kale and Heinz, 2010; Henry et al.,

2016), these changes did not occur following experimentally-
induced strial dysfunction with similar threshold shifts (Henry et
al., 2019). In addition, experimentally-induced synaptopathy has
no effect on auditory-nerve-fiber frequency tuning (Furman et
al., 2013). Thus, the absence of both tuning deficits and temporal
coding deficits are consistent with the typical pathologies in
quiet-aged gerbils: strial dysfunction and synaptopathy (Heer-
inga and Köppl, 2019).

In summary, the single-unit phenotype of our quiet-aged ger-
bils, with threshold loss but unaltered frequency selectivity, is
best explained by age-related strial dysfunction. Synaptopathy
was likely present (Gleich et al., 2016) but is expected to affect
neither threshold nor tuning measures.

Changes in spontaneous rates likely represent the mixed
consequences of strial dysfunction and selective degeneration
of fibers
Our study showed that SRs were decreased in both low- and
high-frequency ANFs of quiet-aged gerbils and that this decrease
was proportional to the extent of age-related hearing loss. A
previous study on ANFs in quiet-aged gerbils (36 – 40 months
old) found a reduced proportion of low-SR fibers (Schmiedt et
al., 1996; Lang et al., 2010), apparently at odds with our re-
sults. However, this change was only significant for high-
frequency ANFs (BFs � 6 kHz), with a trend in the opposite
direction at lower BFs (Schmiedt et al., 1996). Thus, both
studies agree on similar trends of decreased mean SRs at low
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Figure 8. Frequency tuning of ANFs did not deteriorate with age. A, Example of a receptive field (left) which shows the firing rate in spikes/s (mean over 50 ms stimulus) as a color code for all
presented combinations of sound level (y-axis) and frequency (x-axis). From the receptive field, a tuning curve was derived (right), from which the Q10 dB was calculated at 10 dB above threshold.
B, Q10 dB as a function of CF. There was no difference between units recorded from young (blue circles; n � 42), middle-aged (yellow triangles; n � 15), and old gerbils (red squares; n � 10) but
Q10 dB generally increased with increasing CF. Exponential regression lines are shown as a visual aid. C, Bandwidth of the iso-level response curve, at the half-maximum tone-evoked firing rate, shown
in the same format as B (YO: n � 75, MA: n � 17, OL: n � 22). D, Bandwidth of the revcor spectrum at 10 dB below the maximum magnitude, shown in the same format as B. In addition, a boxplot
shows the distribution of the revcor bandwidths for each group (YO: n � 22, MA: n � 12, OL: n � 7). Outliers are presented as black crosses (�).
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BFs in quiet-aged gerbils but found conflicting results for
high-BF fibers that are currently unexplained.

ANFs are commonly classified based on their SR because it
was shown that SR correlates with other fiber properties, both
morphological and physiological, and thus defines two to three
ANF types, depending on species (Heil and Peterson, 2015). The
SR decrease observed in the present study may in principle be
explained either by a specific loss of high-SR fibers or by a general
reduction of SR in ANFs, leading to a change in individual fiber
typology relative to that in young animals. It has been shown that
furosemide-induced and hypoxia-induced EP loss decreases the
SR of a unit (Manley and Robertson, 1976; Sewell, 1984b), sug-
gesting a similar mechanism at work with age-related EP loss. In
contrast to that, noise- and ouabain-induced synaptopathy is
known to specifically target the low-SR fibers, resulting in an
increase of mean SR (Furman et al., 2013; Bourien et al., 2014).
Furthermore, in mice, spiral ganglion cells with the molecular
signature of the likely low-SR type degenerate disproportionately
as a function of age (Shrestha et al., 2018).

In summary, synaptopathy may specifically target low-SR fi-
bers, whereas age-related EP loss may decrease the firing rates of
remaining ANFs and blur the distinction of ANF types compared
with young animals. The relative contributions of these two co-
chlear pathologies in a given animal, or even in different cochlear
regions of the same animal, will then determine the distribution
of spontaneous firing rates. Variable individual extents of synap-
tic loss and strial pathology in quiet-aged gerbils conceivably ex-
plain the minor conflicts between studies. Note that it is a
common assumption that low-SR ANFs are crucial for signal-in-
noise perception and that loss of the low-SR fibers thus results in
problems with understanding speech in difficult listening condi-
tions (Bharadwaj et al., 2014; Liberman, 2017). Recent papers
have questioned this assumption and the relative importance of
low- and high-SR fibers in complex auditory processing tasks is
still under debate (Carney, 2018; Huet et al., 2018). Therefore, the
consequences of age-related synaptopathy and reductions of in-
trinsic spontaneous rates in individual ANFs remain largely un-
known.
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