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Age-related hearing loss (presbycusis) is a chronic health condition that affects one-third of the world population. One hallmark of
presbycusis is a difficulty hearing in noisy environments. Presbycusis can be separated into two components: alterations of peripheral
mechanotransduction of sound in the cochlea and central alterations of auditory processing areas of the brain. Although the effects of
the aging cochlea in hearing loss have been well studied, the role of the aging brain in hearing loss is less well understood. Therefore,
to examine how age-related central processing changes affect hearing in noisy environments, we used a mouse model (Thy1-
GCaMP6s X CBA) that has excellent peripheral hearing in old age. We used in vivo two-photon Ca21 imaging to measure the
responses of neuronal populations in auditory cortex (ACtx) of adult (2–6months, nine male, six female, 4180 neurons) and aging
mice (15–17months, six male, three female, 1055 neurons) while listening to tones in noisy backgrounds. We found that ACtx neu-
rons in aging mice showed larger responses to tones and have less suppressed responses consistent with reduced inhibition. Aging
neurons also showed less sensitivity to temporal changes. Population analysis showed that neurons in aging mice showed higher pair-
wise activity correlations and showed a reduced diversity in responses to sound stimuli. Using neural decoding techniques, we show a
loss of information in neuronal populations in the aging brain. Thus, aging not only affects the responses of single neurons but also
affects how these neurons jointly represent stimuli.
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Significance Statement

Aging results in hearing deficits particularly under challenging listening conditions. We show that auditory cortex contains
distinct subpopulations of excitatory neurons that preferentially encode different stimulus features and that aging selectively
reduces certain subpopulations. We also show that aging increases correlated activity between neurons and thereby reduces
the response diversity in auditory cortex. The loss of population response diversity leads to a decrease of stimulus information
and deficits in sound encoding, especially in noisy backgrounds. Future work determining the identities of circuits affected by
aging could provide new targets for therapeutic strategies.

Introduction
The inability to hear speech in complex auditory environments
is a defining feature of age-related hearing loss. Human studies
have shown that aging subjects with intact peripheral auditory

systems perform worse on gap detection, sound source localiza-
tion, and temporal perception, indicating a deficiency of central
processing (Fitzgibbons and Gordon-Salant, 1998; Gordon-
Salant and Fitzgibbons, 1999; Lister et al., 2002; Wambacq et al.,
2009). Factors that contribute to hearing difficulty in healthy
aging can broadly be grouped into two main categories, periph-
eral degeneration of the auditory transduction mechanisms in
the ear (Gopinath et al., 2009; Lin et al., 2011) and changes in the
central auditory processing areas that decode those peripheral
signals (Caspary et al., 2008; Cisneros-Franco et al., 2018).

One complicating factor in understanding the central effects
of aging is separating them from peripheral effects. Animal stud-
ies have shown that age-related high-frequency hearing loss can
lead to remapping of central auditory brain regions such as the
inferior colliculus and auditory cortex (ACtx; Reale et al., 1987;
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Robertson and Irvine, 1989; Schuknecht and Gacek, 1993; Pasic
et al., 1994; Harrison et al., 1998; Mendelson and Ricketts, 2001;
Mendelson and Lui, 2004; Gourévitch and Edeline, 2011; Dubno
et al., 2013; Engle et al., 2013; Trujillo and Razak, 2013;
Recanzone, 2018; Park et al., 2019). In particular, mice of the
C57BL/6 strain show peripheral hearing loss in young adulthood,
with hearing impairment becoming evident during 8–12months
of age (Henry and Chole, 1980). C57BL/6 mice show a remap-
ping of ACtx in response to peripheral hearing loss (Willott et
al., 1993). Thus, to identify the central effects of aging, it is criti-
cal to use a model that has an intact peripheral auditory system.
One such model are CBA mice, which have good peripheral
hearing into old age (Willott et al., 1988, 1991; Bowen et al.,
2020) and thus allow distinguishing remapping effects from
other consequences of aging on central auditory neurons.

In healthy animals, central auditory areas, such as ACtx,
robustly encode target sounds in a noisy background (Ulanovsky
et al., 2004; Rabinowitz et al., 2013; Natan et al., 2015), and it is
thought that ACtx is critical for detecting natural and complex
stimuli in noise (Rabinowitz et al., 2013; Teschner et al., 2016;
Downer et al., 2017; Malone et al., 2017). Indeed, decreasing signal-
to-noise ratio (SNR) decreases neural responses to tones in single
neurons in thalamorecipient layers (layer four or L4) of primary
ACtx (A1; Teschner et al., 2016). However, the age-related changes
that occur in tone-in-noise processing in ACtx are unknown.

To understand how A1 processes tones in noise and how this
processing changes with age, we imaged ;5000 neurons from
Thy1-GCaMP6s X CBA mice (young, 2–6months old; aged 15–
17months old) using in vivo two-photon (2P) Ca21 imaging
while presenting tones (4–32kHz, 50–70dB SPL) embedded in
broadband noise (50 dB SPL). We found that neurons in aging
animals have increased responsiveness to sound and fewer sup-
pressed responses than neurons in young animals. We also
found that neurons in aging animals have fewer responses to
sound offset and fewer neurons responsive to tone onset in
noise. Using population measures, we found that aging mice
showed a reduced diversity of neuronal functional responses
and that neurons had higher activity correlations. Finally,
using a Bayesian decoder, we found that these changes in pop-
ulation activity led to a loss of tone information.

Materials and Methods
Animals. All procedures were approved by the University of

Maryland Institutional Animal Care and Use Committee. We used 24
mice total with a cohort of 15 young animals (nine male, six virgin
female, 3–6months) and a cohort of 9 aging animals (six male, three
virgin female, 15–17months). Thy1-GCaMP6s (stock #024275, The
Jackson Laboratory) were used for 2P calcium imaging of cortical
neurons. We crossed these mice with CBA/CaJ mice (stock #000654, The
Jackson Laboratory), which are known for exceptional hearing in these
mice (Parham and Willott, 1988), to create Thy1-GCaMP6s X CBA mice.
We tested all mice for the early hearing loss mutation Cdh23Ahl, a recessive
allele that causes early onset hearing loss in mice. All mice used in the study
had at least one copy of WT allele, ensuring normal hearing. Mice were
housed in a 12 h light/dark cycle room.

Surgery. Mice were prophylactically injected with dexamethasone
(5mg/kg) 2 h before surgery to prevent infection and cortical edema.
Mice were anesthetized with isoflurane (3–4% for induction, 1.5–2% for
maintenance). Internal body temperature was maintained at 38°C using
a heating pad with a closed loop homeothermic monitoring system. At
the time of surgery, mice were injected again with dexamethasone and
atropine (0.1mg/kg). Hair was removed via plucking and hair removal
agent (Nair). The scalp was then disinfected with three alternating swabs of
betadine and 70% ethanol. The skin above the skull and temporal muscle

was then removed, and the temporal muscle was resected to expose the
temporal bone. The head post was then attached to the skull with a combi-
nation of cyanoacrylate (Vetbond) and dental acrylic (C&BMetabond). A 3
mm circular section of bone above A1 was then removed and the cranial
window was implanted. The cranial window consisted of two 3 mm circular
glass coverslips affixed to one 5 mm circular coverslip, the edges of which
were filled with a clear silicone elastomer (Kwik-Sil). The window was then
affixed in place with the same dental acrylic. The dental acrylic and head
post were then coated in iron oxide to prevent optical reflections. Mice were
postoperatively given injections of meloxicam (0.5mg/kg) and were allowed
to recover for at least a week before experiments.

In vivo two-photon imaging. Imaging was performed in animals as
described previously (Liu et al., 2019). After recovery and acclimatiza-
tion to the microscope, AC location was functionally determined by
its characteristic rostrocaudal tonotopic axis using widefield imaging
(Liu et al., 2019). All experiments were performed on a rotatable
microscope (Bergamo II series B248, Thorlabs) using a pulsed femto-
second Ti:Sapphire 2P laser (Vision S, Coherent) and ThorImage and
ThorSync software. Imaging was performed at 940 nm excitation
wavelength. The imaging field size was ;370 mm � 370 mm and was
imaged at 30 frames per second.

Sound stimuli. All sound stimuli were presented with a free-field
electrostatic speaker 10 cm away from the right ear of the mouse (ES1
speaker with ED1 speaker driver, TDT) The speaker was calibrated by
first recording a 70dB SPL, 4–64 kHz white noise with a calibrated
microphone to find the natural transfer function of the speaker. We then
calculated the inverse of the function, which when added to the natural
transfer function of the speaker, will equalize the output of the speaker,
giving a flat frequency/dB curve. We then tested this calibration by re-
cording pure tones at 70 dB SPL and ensured that the recorded sound
level was,5 dB from the target for all tones played. During 2P imaging,
1 s sinusoidally amplitude-modulated tones (4–32 kHz, one-half-octave
spacing, 5Hz full-depth modulation) at 70, 60, and 50dB SPL were pre-
sented together with a constant (4–48 kHz 50dB SPL) broadband white
noise to obtain SNRs of120,110, and 0 dB, respectively. Each trial con-
sisted of a 1 s prestimulus silence, followed by 1 s of white noise, 1 s of
tone presented in white noise, and then 1 s of white noise alone, and a 1
s poststimulus silence (Fig. 1A, inset). To compare these tone-in-noise
responses to traditional measures, we also played the 70dB tone in quiet
as the infinite SNR condition. These stimuli were randomly interleaved
with a variable 6–10 s intertrial interval between stimuli. Each unique
frequency/SNR combination was presented for 10 repeats to increase
statistical confidence for a total of 320 trials.

Imaging data analysis. Neuron fluorescence traces were extracted
using custom MATLAB code (MathWorks version 2016B; Francis et al.,
2018). Images were motion corrected to subpixel precision using discrete
time Fourier transforms (Guizar-Sicairos et al., 2008). Cell bodies were
then manually selected with cell bodies and neuropil divisions created
automatically (Chen et al., 2013). Any pixels that overlapped multiple
cells were excluded from analysis. For each neuron, all pixels within the
cell body were averaged to create the baseline fluorescence (F) value. To
calculate the neuropil fluorescence, all pixels in a ring surrounding the
labeled neuron were averaged, excluding pixels that corresponded to
other neurons. The corrected neuropil fluorescence was calculated as
follows: FCell_Corrected = FCell � 0.7 * FNeuropil. We calculate df/F by
dividing fluorescence from each trial by the average F of the preced-
ing silent baseline frames. To test whether neurons were responsive
to sound, we performed an ANOVA of sound frames before and after
sound presentation. Neurons were considered sound responsive if the
fluorescence of the neurons after sound presentation was statistically
different from baseline fluorescence.

Statistics. All significance testing was performed using built-in
MATLAB functions unless otherwise noted. All one-way ANOVAs were
calculated using the anova1 function. Higher order ANOVAs (indicated
by VARIABLE_1 X VARIABLE_2 notation in text) were calculated
using the anovan function. Multiple comparisons were corrected for
using the multcompare function on the results of the ANOVA. Multiple
comparisons were performed using Tukey’s honest significant difference
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unless otherwise noted. Student’s t tests between group means were per-
formed using the ttest2 function.

Intensity analysis. All measures of fluorescence intensity were per-
formed during the tone presentation period. For each cell, we found the
maximum response to tones and the average response to tones (labeled
maximum and mean response, respectively).

Bandwidth analysis. To obtain bandwidth measures for each cell, the
average response to each tone/sound level combination was calculated
and normalized to the largest response. Responses were then interpo-
lated at 0.1 octave spacing for smoothing. To find the bandwidth for a
given level, we found the distance in octaves between the two frequencies
at 50% of the maximum response. For multipeaked neurons, only the
bandwidth of the largest peak was calculated. This was repeated to find
the bandwidth for each neuron at each sound level.

Signal/noise correlations. Signal/noise correlations were calculated as
in Winkowski and Kanold (2013). The signal correlation is defined as
how similar (and thus correlated) the tuning curves are for two neurons.
We obtain the tuning curve for a single neuron by calculating the aver-
age response to each tone/level combination across trials. Tuning curves
were calculated for each neuron to create a N � Mmatrix where N cor-
responds to the number of neurons, and M is the unique combination of
tone/level combinations. To obtain the correlations between two neu-
rons (i and j), we obtained the correlation between the tuning curves we
used the Pearson correlation equation as follows:

Corrij ¼ Covijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Varii �Varjj

p :

Neurons with direct connections to each other or that share
common inputs will show correlated trial-to-trial activity. Noise

correlations are defined as any trial-to-trial correlated activity
that is not explained by signal correlations. To obtain noise corre-
lations, we first found the average fluorescence response during
each trial. To remove the effect of signal correlations, we sub-
tracted the average response of the cell to that stimulus, leaving
only the trial-to-trial variance. Calculating this for each neuron
we created an N � M matrix, where N is the number of neurons
and M is the deviation from the average response of the neuron on
each trial. From this noise matrix, we calculated the trial-to-trial
correlation between each pair of neurons with the same Pearson
correlation equation above. We analyzed significance by creating
a two-way Age � SNR ANOVA with corrections for multiple
comparisons.

Naive Bayes modeling. The naive Bayes decoder uses Bayes’s rule to
determine which tone was played given the neural activity of a subset of
neurons. Data were in the form of a time� trial� neuron matrix. For each
time point, a random subset of neurons was selected for the model and
used to create a naive Bayes model using the MATLAB function fitcnb.
Confidence intervals were determined by running 10 such models and plot-
ting the mean and 95% confidence intervals. See the following for a detailed
description of the mathematics behind naive Bayes.

The probability that a tone was played given a certain neural popula-
tion activity can be written as follows:

P TonejNeural Activity� � ¼ PðNeural ActivityjToneÞPðToneÞ
PðNeural ActivityÞ ;

where P (Neural Activity|Tone) is modeled as random draws from a
Gaussian distribution as follows:

Figure 1. In vivo imaging of A1 in young adult and aging mice. A, Mouse A1 was imaged using 2P microscopy while passively listening to tones in noise from a single speaker positioned
10 cm from the contralateral ear. B, Example cranial window. Colors indicate the best frequency of that region. A1 is then identified and subdivided based on its stereotypical patterns of activ-
ity. C, Typical 2P imaging field of view. Inset, Magnification of a single neuron. D, Example trace from a neuron while presenting tones (4–32 kHz, one-half octave spacing) at one of four differ-
ent SNRs. Bar color indicates frequency of tone played, bar height indicates the SNR of the trial, and bar width indicates stimulus duration. Tone and noise levels are given on the right. The
SNR indicated as Tones is the reference Infinite SNR condition in which no noise is played. E, Extracted neurons from a field of view. Color indicates BF of the neuron. F, BF distributions of
young and old neurons across all animals were similar.
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P Neural ActivtityjTone� � ¼ 1ffiffiffiffiffiffiffiffi
2p 2

p � expð X �mð Þ2
�2s 2 Þ ;

where m and s represent the mean and SD of the neural activity.
The model therefore takes the neural activity of each trial, calculates

the probabilities that each of the tones generated that neural activity, and
predicts the class with the largest associated probability as in the
following:

Y ¼ Argmax

PðToneijNeural ActivityÞ
..
.

PðTonenjNeural ActivityÞ

0
B@

1
CA:

To ensure the validity of the model, it is run with 10-fold cross vali-
dation. The model is rerun five times using different random subsets of
training data to ensure accurate model performance.

Temporal analysis. We began with a time � trial � neuron matrix,
where each index represents the calcium activity of a neuron on that
time point and trial. We first obtained the average response for each
neuron by averaging each neuron response across trials to create a
time � neuron matrix. To show how the response of the neuron
changed over time, we then took the approximate derivative of the
response of each neuron with the MATLAB diff function. Then, for each
neuron we found the time point for when the maximum change in
response occurred. We binned these response times for greater statistical
power and used a one-way ANOVA with multiple comparisons to deter-
mine time points that had a significant number of cells compared with
silence (the first two time bins).

Clustering. We performed K-means clustering by using the k-mean-
s_opt function in MATLAB File Exchange (Sebastien De Landtsheer,
2021). To create the clusters, we used the average response of each neu-
ron across trials in a time � neuron matrix. K-means clustering is an
iterative algorithm cluster based on the Euclidean distance to the cluster
center in high-dimensional space. To ensure stability, this process is
then repeated twice more, with the best results taken as the cluster out-
puts. To determine the optimal number of clusters to use, we run the
algorithm with an increasing number of clusters until the current clus-
tering can explain 95% of the variance. For each animal, cluster diversity
was calculated as the number of clusters with at least 5% of representa-
tion in the field of view.

Results
To investigate how age affects processing of tones in noisy back-
grounds, we performed two-photon imaging of young adult
mice (2–6months, N = 15, 9 male, 6 female, 4180 neurons) and
aging mice (15–17months, N = 9, 6 male, three female, 1055
neurons) while presenting tones (4–32 kHz, 50–70 dB SPL) em-
bedded in broadband noise (50 dB SPL; Fig. 1A). We used F1 off-
spring of Thy1-GCaMP6s mice (stock #024276, The Jackson
Laboratory) crossed with CBA/CaJ mice (stock #000654, The
Jackson Laboratory), which retain normal hearing thresholds
into adulthood (Spongr et al., 1997; Frisina et al., 2011; Francis et
al., 2018). We imaged each animal in L2/3 (depth, 150–300 mm)
covering the low-to-mid frequency region of A1 (Fig. 1B,C).

Aging mice do not show reduction in auditory cortex cells
responsive to high frequencies
As we aimed to identify central changes not because of periph-
eral hearing loss, we first confirmed that the aging mice used in
this experiment showed similar neuronal distribution of fre-
quency selectivity as young mice. If aging F1 mice did have a
reduced hearing range because of peripheral neural degenera-
tion, we would predict a shift in best frequency (BF) distribution
toward the lower frequency neurons in A1, as is the case with
C57/BL6 animals (Willott et al., 1993). We presented tones (4–

32 kHz, 50–70dB SPL) and obtained fluorescence traces for each
imaged neuron (Fig. 1D). To obtain neuronal BFs, we calculated
the average response to each tone across all SNR levels (Fig. 1D).
Neurons that had significant change (a = 0.01) in fluorescence
during stimulus frames as compared with baseline frames were
classified as sound responsive. Consistent with prior results in
L2/3, BFs had a salt-and-pepper distribution. (Bandyopadhyay et
al., 2010; Rothschild et al., 2010; Winkowski and Kanold, 2013;
Kanold et al., 2014; Bowen et al., 2020). When plotting the BFs of
all neurons as a histogram, we found that the overall BF distribu-
tions were similar between young and aging animals, with ,5%
change between the two on average (Fig. 1F). Thus, the represen-
tations between young and aging mice were similar for the fre-
quencies and mouse model used in this experiment.

Neurons in aging A1 have higher average fluorescence
amplitudes in response to sounds
We first examined the basic response properties of neurons by
comparing the strength of sound-evoked responses both with
pure tones without background and with the same pure tones in
broadband noise (120dB SNR). Although we found no differ-
ence in maximum fluorescence responses to tones in quiet at the
cell or animal level (Fig. 2A), we found that aging neurons have
larger mean responses to tones (Student’s t tones, maximum cell:
t = �1.17, p = 0.24; maximum animal: t = �1.72, p = 0.09; mean
cell: t = 5.4, p = 3.2e-8; mean animal: t = �2.58, p = 0.017). This
effect continues in tones in noise, as aging neurons are more re-
sponsive in the120dB SNR condition (Fig. 2B; Student’s tmaxi-
mum cell: t = �1.17, p = 0.085; maximum animal: t = �1.72, p =
0.098; mean cell: t = �5.53, p = 3.35e-8; mean animal: t = �2.57,
p = 0.017). Thus, A1 neurons in aging mice are more responsive
to sound, and increased responsiveness is amplified by back-
ground noise.

Separating the animals by sex revealed a differential effect of
aging. In males, the aging cohort had larger responses across all
conditions (Fig. 2C,D). The females, however, had much more
similar responses between age groups. There was no difference
between animals in quiet (Fig. 2E; maximum, p = 0.08; mean, p =
0.72). In noise, young female animals had larger responses to
tones for both maximum and mean responses than aging females
at the cell level (Fig. 2F; Student’s t tones, maximum cell: t =
1.71, p = 0.086; maximum animal: t = �0.08, p = 0.86; mean cell:
t = �0.33, p = 0.72; mean animal: t = �0.44, p = 0.67;120 dB
maximum cell: t = 2.49, p = 0.010; maximum animal: t = 0.08, p
= 0.93; mean cell: t = 2.13, p = 0.032; mean animal: t =�0.44, p =
0.67). Therefore, A1 neurons in aging male mice are more re-
sponsive to sound and that increased responsiveness is amplified
by background noise.

Neurons in aging A1 have altered excited and suppressed
receptive fields and altered bandwidth
The precise balance of excitation and inhibition is critical for
proper neurotransmission. Studies in aging animals have shown
disruptions of excitatory and inhibitory neurons, including
decreased density of inhibitory synapses, reduced GAD levels,
hypofunction of NMDAR, and reduced dendritic spine density
(De Luca et al., 1990; Willott et al., 1993; Chaudhry et al., 1998;
Milbrandt et al., 2000; Shi et al., 2004; Stanley and Shetty, 2004;
Ling et al., 2005; Peters et al., 2008; Burianova et al., 2009;
Stanley et al., 2012; Gold and Bajo, 2014; Liguz-Lecznar et al.,
2015; Liao et al., 2016; Kumar et al., 2019). However, in these
prior studies it is unclear how much of these changes are because
of peripheral effects of cochlear hair cell loss. We thus aimed to
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Figure 2. Aging neurons have larger responses to tones. A, Cumulative distributions of the maximum (left) and mean (right) neuronal responses (DF/F) to tones in quiet. Insets, Average
response by animal. Maximum response is defined as the maximum response evoked during tone presentation across trials. Mean response is defined as the average response to tones across
trials. When tones were presented in quiet, aging animals have similar maximum responses (aging 115% DF/F, young 120% DF/F) and higher mean responses (aging 57.7% DF/F, young
47.7% DF/F) compared with younger animals at the cell and animal level (Student’s t maximum cell, t = �1.17, p = 0.24; maximum animal, t = �1.72, p = 0.09; mean cell, t = 5.4, p =
3.2e-8; mean animal, t = �2.58, p = 0.017). B, Maximum (aging, 114% DF/F; young 123% DF/F) and mean (aging, 47.6% DF/F; young, 59.6% DF/F) neuronal responses (DF/F) to tones
in 50 dB SPL white noise (maximum cell, t = �1.17, p = 0.085; maximum animal, t = �1.72, p = 0.098; mean cell, t = �5.53, p = 3.35e-8; mean animal t = �2.57, p = 0.017). C–F,
Results separated by sex. C–D, Aging males have significantly larger responses both in quiet (mean: aging 59.7% DF/F, young 41.5% DF/F; maximum: aging 135% DF/F, young 101% DF/F)
and in noise (mean: aging 69.9% DF/F, young 42.3% DF/F; maximum: aging 123% DF/F, young 101% DF/F; tones: maximum cell, t = �4.81, p = 7.72e-10; maximum animal, t =�2.09,
p = 0.05; mean cell, t = �10.6, p = 1.9e-33; mean animal, t =�2.88, p =0.012,120 dB; maximum cell, t =�6.67, p = 8.63e-15; maximum animal, t =�2.09, p = 0.056; mean cell, t
= �12, p = 1.37e-40). E–F, Aging females have no significant change when tones are presented quiet and have smaller responses to tones in noise (mean: aging 45.1% DF/F, young 53.6%
DF/F; maximum: aging 105% DF/F, young 128% DF/F) at the cell level (tones: maximum cell, t = 1.71, p = 0.086; maximum animal, t =�0.08, p = 0.86; mean cell, t =�0.33, p = 0.72;
mean animal, t =�0.44 p = 0.671 20 dB; maximum cell, t = 2.49, p = 0.010; maximum animal, t = 0.08, p = 0.93; mean cell, t = 2.13, p = 0.032; mean animal, t =�0.44, p = 0.67).
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identify how imaged neurons responded to changes in frequency
and SNR. Given that we presented tones in the presence of back-
ground noise, we noted that some neurons had significant
decreases in fluorescence in response to sound. Therefore, we
further separated neurons by whether the average fluorescence
of the neuron significantly increased or decreased during tone
presentation and labeled them as excited and suppressed cells,
respectively.

When comparing excited neuronal responses in young and
aging animals, we find that neurons from young and aging ani-
mals had similar bandwidths in quiet and at the 120 dB SNR
(Fig. 3A). However, as SNR is further decreased, neurons from
aging animals had significantly smaller bandwidths (age � SNR
ANOVA age * SNR interaction, F(1,3) = 9.05, p = 5.05e-6; post
hoc tests, tones: p = 0.96, 120: p = 0.72, 110: p = 0.01, 0: p =
1.0e-4). Comparing by sex, we find that male and females ani-
mals largely followed the same pattern with significant differen-
ces only occurring at lower SNRs (Fig. 3B; males, age � SNR
ANOVA age * SNR interaction, F(1,3) = 8.12, p = 2.13e-5; post
hoc tests, tones: p = 0.76, 120: p = 0.35, 110: p = 0.21, 0: p =
6.0e-4; Fig. 3C; females, age � SNR ANOVA age * SNR interac-
tion, F(1,3) = 4.03, p = 0.007; post hoc tests, tones: p = 0.99, 120:
p = 0.44, 110: p = 0.03, 0: p = 0.24). A1 receptive fields can be
diverse with multiple peaks (Sutter and Schreiner, 1991; Liu and
Kanold, 2021), and the bandwidth measure will only take into
account the central region of the receptive field. To gain a more
inclusive understanding of frequency integration, we thus also
used an additional measure, the binary receptive field sum
(BRFS; Bowen et al., 2020), which allows incorporation of fre-
quency responses outside the central receptive field. At a single
sound level, the BRFS is simply the sum of the frequency bins a
neuron was responsive to (Fig. 3C). Plotting the BRFS for cells in
young and aged animals shows similar results as the bandwidth
measure (Fig. 3J–L) but also reveals differences. For example,
aging males showed a smaller BRFS in quiet than young males.
Because the bandwidth was similar, this suggests a decreased
response to frequencies outside the central receptive field in
aging mice.

We similarly compared suppressed responses in cells across
all young and aging animals. Suppressed bandwidth was similar
between groups (age * SNR interaction, F(1,3) = 1.60, p = 0.16;
post hoc tests, tones: p = 0.92,120: p = 0.68,110: p = 0.99, 0: p =
0.96; Fig. 4A). However, when we separate the animals by sex, we
see significant effects. Cells from aging males (Fig. 4B) have a
reduction in suppressed bandwidth in all noise conditions (age *
SNR interaction, F(1,3) = 8.84, p = 7.73e-6; post hoc tests, tones: p
= 0.98, 120: p = 1.0e-3, 110: p = 6.40e-8, 0: p = 6.20e-8). Cells
from aging females, (Fig. 4C) showed the opposite pattern, and
have significantly larger suppressed bandwidths in noise (F(1,3) =
3.51, p = 0.01, tones: p = 0.58, 120: p = 0.011, 110: p = 5.99e-8,
0: p = 8.40e-3). Investigating the effect of age on the animal level
revealed that only females had a significant effect (Figure 4D–F;
age� SNR ANOVA, effect of age, all: F(1) = 1.81, p = 0.179; males:
F(1) = 1.06, p = 0.30; females: F(1) = 13.0, p = 1.2e-3). Plotting the
BRFS (Fig. 4,G–I) showed the similar pattern of decreased BRFS
in noise for males and increased BRFS in noise for females.
Together, these data show that suppressed sound responses are
differentially altered with aging in aging males and females.

Increased activity correlations between neurons from aging
animals
We have shown how aging can affect encoding of tone informa-
tion at the single neuron level (Figs. 2-4). However, complex

auditory stimuli are encoded by neural populations, and there-
fore we speculated that these changes at the single neuron level
will also alter population activity. Pairwise neuronal signal and
noise correlation are measures of functional connectivity and
can reveal changing interactions between neurons (Averbeck et
al., 2006; Rothschild et al., 2010; Winkowski and Kanold, 2013;
Downer et al., 2017). Signal correlation measures the correlation
of the average responses of two neurons to different sound stim-
uli and therefore reflects the tuning similarity between neurons.

In our paradigm, we presented tones in a white noise back-
ground. Because white noise contains spectral energy across all
frequencies, it should drive multiple neurons and increase signal
correlations between cells. As such, we predicted that the addi-
tion of white noise to a constant level tone in quiet should
increase activity correlations between cells compared with pre-
senting tones in quiet.

Indeed, this predicted pattern of pairwise signal correlation is
seen in neurons from young animals (Fig. 5A). Signal correlation
increases between the pure tone and120 dB SNR condition and
then decrease as SNR is further reduced. In aging animals, how-
ever, this pattern is disrupted, and there is no clear effect of SNR
on average correlation level. Additionally, signal correlations in
aging animals are significantly larger than in young animals (age
� SNR ANOVA age * SNR interaction, F(1,3) = 301, p , 0.0001;
post hoc tests, tones: p = 5.8–8, 120 dB: p = 5.99e-8, 110: p =
5.98e-8, 0: p = 5.98e-8). These results were also consistent when
comparing by sex (Fig. 5B,C) and when comparing results by
animal (Fig. 5D–F). Therefore, neurons in aging animals are
responding together and are tuned more similarly to each other
than neurons in young animals.

We next investigated whether noise correlations are also
altered in aging animals (Fig. 6). Noise correlation is defined as
the remaining trial-to-trial correlation between two neurons after
removing signal correlations. These correlations are important,
as even weak noise correlations can have a large impact on how
well neural populations can encode stimuli (Abbott and Dayan,
1999; Nirenberg and Latham, 2003), with reduced noise correla-
tion leading to better performance (Cohen and Maunsell, 2009;
Mitchell et al., 2009). We find that noise correlations are signifi-
cantly larger in aging neurons than in young neurons across all
sound levels (Fig. 6A) and for both sexes individually (Fig. 6B,C).
However, when comparing the noise correlations results by ani-
mal we find that only males show a significant effect of age on
noise correlation (Fig. 6E,F; age � SNR ANOVA, males: main
effect of age, F(1) = 7.43, p = 0.0087; females, main effect of age,
F(1) = 1.01, p = 0.324). Collectively, this shows that neuronal ac-
tivity of A1 neurons in aging animals is more correlated to each
other compared with neurons in young animals.

Both signal and noise correlations in adult animals show a de-
pendence on the spatial distance between neurons (Winkowski
and Kanold, 2013; Rupasinghe et al., 2021) likely reflecting the
spatial topology of intercortica and intracortical circuits
(Watkins et al., 2014; Meng et al., 2017). Therefore, we next
investigated how aging altered this distance dependence of pair-
wise correlations (Fig. 7). We find, as expected, that pairwise sig-
nal correlations decrease as distance between neurons increases
for all conditions (Fig. 7A). Neuronal cell pairs from aging ani-
mals also showed a distance dependence of signal correlations,
but the absolute amplitude of signal correlations was higher in
the pure tone condition as well as for 120 and 110 dB SNR.
These data suggest that the increase in signal correlations in
aging over young animals does not depend on distance between
neurons and that the underlying circuits that give rise to the
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Figure 3. Aging neurons have sex-dependent change in excitatory bandwidth. A–C, Cartoon illustrating calculation of bandwidth. To obtain the bandwidth at each SNR, we first obtained the average
response to each stimulus. B, We created a tone response plot by obtaining the average fluorescence during the tone period. C, Bandwidth at each SNR is the full-width at half-maximum response. BRFS
is calculated as the number of frequency bins that gave a response. D–F, Excited bandwidth plotted as a function of SNR. D, Comparing all young and aging animals (age� SNR ANOVA, age * SNR inter-
action: F(1,3) = 9.05, p = 5.05e-6; post hoc tests, tones: p = 0.96,120: p = 0.72,110: p = 0.01, 0: 1.0e-4). E–F, Comparing by sex. E, Aging males (age * SNR interaction: F(1,3) = 8.12, p = 2.13e-5;
post hoc tests, tones: p = 0.76,120: p = 0.35,110: p = 0.21, 0: p = 6.0e–4). F, Aging females (age * SNR interaction, F(1,3) = 4.03, p = 0.007; post hoc tests, tones: p = 0.99,120: p = 0.44,
110: p = 0.03, 0: p = 0.24). G–I, Average bandwidth for each animal at each SNR. The same age � SNR ANOVA was calculated, but we only examine the main effect of age. G, All aging animals
(age� SNR ANOVA main effect of age, F(1) = 12.8, p = 5.55e-4). H, Males (age� SNR ANOVA main effect of age, F(1) = 12.06, p = 9.99e-4). I, Females (age� SNR ANOVA main effect of age, F(1) =
1.68, p = 0.21). J, Binary receptive field sum for all animals (age� SNR ANOVA age * SNR interaction, F(1,3) = 1.52, p = 0.207). K, BRFS males, F(1,3) = 11.5, p, 0.0001; post hoc tests, tones: p,
0.0001,120: p = 0.1784,110: p, 0.0001, 0: p = 0.996. L, BRFS females, F(1,3) = 15.07 p, 0.0001; post hoc tests, tones: p = 0.15,120: p, 0.0001,110: p, 0.0001, 0: p = 0.015.
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distance dependence seem intact. This pattern was observed in
males (Fig. 7B), whereas in aging females (Fig. 7C) the distance
dependence of signal correlations at 20dB SNR seemed to be
abolished. We next investigated the distance dependence of noise
correlations (Fig. 7D). Again, in young animals we found the
expected distance dependence. In contrast, noise correlations

from cell pairs in aging animals showed little to no distance de-
pendence but were always of higher magnitude. Thus, aging has
a differential effect on distant cell pairs in that it increases noise
correlations much more than for close-by neuronal pairs.
Separating animals by sex showed similar patterns (Fig. 7E,F),
with cell pairs from aging males showing consistently higher

Figure 4. Aging neurons have sex-dependent change in suppressed bandwidth. A–F, Analysis of suppressed responses. A, Suppressed bandwidth for cells in young and aging mice (age *
SNR interaction, F(1,3) = 1.60, p = 0.16; post hoc tests, tones: p = 0.92,120: p = 0.68,110: p = 0.99, 0: p = 0.96). However, this changes when comparing by sex. B, Suppressed bandwidth
in aging males (age * SNR interaction, F(1,3) = 8.84, p = 7.73e-6; post hoc tests, tones: p = 0.98, 120: p = 1.0e-3, 110: p = 6.40e-8, 0: p = 6.20e-8). C, Suppressed bandwidth in aging
females (age * SNR interaction, F(1,3) = 3.51, p = 0.01; tones: p = 0.58,120: p = 0.011,110: p = 5.99e-8, 0: p = 8.40e-3). D–F, Suppressed bandwidth by animal. D, All young and aging
animals (age� SNR ANOVA main effect of age, F(1) = 12.06, p = 9.99e-4). E, Males (age� SNR ANOVA main effect of age, F(1) = 1.07, p = 0.30). F, Females (age� SNR ANOVA main effect
of age, F(1) = 13.02, p = 0.0012). G, Binary receptive field sum for all animals (age� SNR ANOVA age * SNR interaction, F(1,3) = 4.60, p = 0.0032; post hoc tests, tones: p = 0.109,120: p =
0.053,110: p = 0.001, 0: p = 0.998. H, BRFS males, F(1,3) = 16.9, p, 0.0001; post hoc tests, tones: p = 0.002,120: p = 0.0584,110: p = 0.35, 0: p, 0.0001. I, BRFS females, F(1,3) =
15.07, p,0.0001; post hoc tests, tones: p = 0.624,120: p, 0.0001,110: p, 0.0001, 0: p, 0.0001.
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noise correlations across distance than young males. In aging
females, noise correlations were higher across distance for tones
in quiet. However, in the tone-in-noise conditions, noise correla-
tions were similar between young and aging animals for close-by
cells and diverged for distant cell pairs. Thus, aging seems to
increase noise correlations across cell pairs but has a stronger
effect on distant cell pairs. Because noise correlations can be re-
flective of intracortical connections, this suggests that both intra-
cortical and intercortical circuits mediating connections across
100 s of micrometers might be affected. Together, these results
show that aging leads to increases in both signal and noise corre-
lations but that there are distinct differences likely reflecting an
effect of aging on separate circuits.

Aging neurons show sex-dependent loss of temporal
responses
After showing that there are changes in the responses to tones,
we explored whether at least some of these deficits could be
explained by altered temporal response dynamics of the neurons.
Neurons in A1 generally have the strongest response to large
transitions in sound amplitude such as the onset or offset of a
sound (Liu et al., 2019). A disruption of this temporal response
pattern could impair auditory processing. For example, as we

have shown that aging neurons are more excitable than younger
neurons (Fig. 2), this increased excitability may cause normally
tone-offset neurons to lose noise-invariant responses and also, or
even exclusively, respond to noise onset.

We thus investigated the temporal response pattern of neu-
rons and consequently of neuronal populations in each animal.
To determine when each neuron had the strongest response, we
analyzed the average temporal response of the neuron across all
stimuli. We then identified the time point with the greatest D
response by computing the derivative of the temporal response.
For each animal we then plotted a histogram of the resulting
time points at 500ms time bins (Fig. 8A,B). We then defined sig-
nificant population response bins as time bins that have a signifi-
cantly higher percentage of peak responsive cells than in the
prestimulus silence. All statistics shown are in comparison to the
first time bin, but general significance patterns still apply if the
second time bin is used for comparison. We defined onset and
offset responses as the first bin after stimulus onset/offset. As
expected, A1 neurons in young animals are particularly tuned to
sound transitions. This is reflected in quiet by the large fraction
of cells in each animal that maximally responded to tone onset
and tone offset (Fig. 8C; ANOVA F(9) = 17.1, p =7.8e-18; post hoc
tests, tone onset: p = 1.26e-7, tone offset: p = 2.343-6). In noise,

Figure 5. Aging neurons have higher signal correlations. A–C, Signal correlations were calculated between each pair of neurons in an experiment for each SNR. The average correlation value
695% CI is plotted. A, Aging neurons have increased signal correlation across all SNRs (age � SNR ANOVA age * SNR interaction, F(1,3) = 303, p, 0.0001; post hoc tests, tones: p = 5.8-8,
120 dB: p = 5.99e-8,110: p = 5.98e-8, 0: p = 5.98e-8). B, Neurons from males (age� SNR ANOVA age * SNR interaction, F(1,3) = 551, p, 0.0001; post hoc tests, tones: p = 5.8-8,120
dB: p = 5.99e-8,110: p = 5.98e-8, 0: p = 5.98e-8). C, Neurons from females (age� SNR ANOVA age * SNR interaction, F(1,3) = 155, p, 0.0001; tones: p = 5.8-8,120 dB: p = 5.99e-8,
110: p = 0.42, 0: p = 6.15e-8). D–F, Signal correlations at the animal level. D, All animals (age � SNR ANOVA, main effect of age, F(1) = 4.74, p = 0.032). E, Males (age � SNR ANOVA
main effect of age, F(1) = 5.68, p = 0.027). F, Females (age� SNR ANOVA main effect of age, F(1) = 2.42 p = 0.12).
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A1 neurons from young animals also responded maximally to
noise onset and tone onset (Fig. 8D; ANOVA F(9) = 16.8, p =
1.7-17; post hoc tests, noise onset: p = 1.13e-6, tone onset: p =
1.27e-7, noise offset p = 0.045). The percentage of neurons primarily
responding to tone offset in noise was not significant (p = 0.079).

Neurons from aging animals showed sex-dependent changes
in the pattern of temporal peak responses. In aging males, neu-
rons predominantly showed peak responses to tone onset in
quiet (Fig. 8E, right; ANOVA F(9) = 1.81, p = 0.08; post hoc tests,
tone onset: p = 0.045), and in noise they showed peak responses
mostly to noise onset (Fig. 8F, right; ANOVA F(9) = 9.43, p =
1.3e-5; post hoc tests, tone offset: p = 4.34e-5). whereas offset
responses of any kind were largely absent. Thus, neurons in
aging males seemed to maximally respond to any sound onset
transition. Aging females had the opposite phenotype and were
biased to maximally respond to tone or noise offsets (Fig. 8G,H,
right). In quiet, cells from females showed maximal responses to
tone offset (Fig. 8G, right; ANOVA F(9) = 9.43, p = 1.3e-5; post
hoc tests, tone offset: p = 4.34e-5), and in noise they showed max-
imal responses to tone onset and tone offset with a higher frac-
tion of neurons responding to tone offset (Fig. 8H, right;
ANOVA F(9) = 16.36, p = 2.17e-7; post hoc tests, tone onset: p =
0.012, noise offset: p = 6.67e-6), noise offset: p = 6.70e-7). These
data suggest that one consequence of aging is a loss of temporal
response diversity.

Aging neurons show loss of temporal response diversity in a
sex-dependent manner
A1 neurons are diverse with respect to spectrotemporal receptive
fields and temporal responses (Sutter and Schreiner, 1991;
Francis et al., 2018; Liu et al., 2019; Liu and Kanold, 2021). In
vitro circuit analysis suggested that the functional diversity of A1
L2/3 responses could be caused by different classes of cells with
different connection properties (Meng et al., 2017). Thus, given
the altered spectrotemporal sensitivity in aging, we reasoned that
this reduction could be the result of a reduction of the diversity
of responses in the neural population.

We compared the diversity of functional responses between
groups by clustering the neurons of both young and aging mice
into clusters with distinct patterns of stimulus-driven activity
using K-means clustering (Fig. 9A–C). Neurons formed nine
total clusters based on the average response of each neuron to
the tone-in-noise stimulus (Fig. 9B) but not all clusters were
present in all animals (Fig. 9C) as detailed below. The clusters
varied in temporal responses and could be further grouped by
dominant stimulus-driven responses into excited (Fig. 9D), sup-
pressed (Fig. 9E), and mixed responses (Fig. 9F). Each plot in
Figure 9, D–F, shows the characteristic response profile of that
cluster. The cluster proportions of the young animals split evenly
between clusters (Fig. 9B). The two largest excited clusters for
young animals (cluster 2–3) both have negligible noise responses

Figure 6. Aging neurons have increased noise correlation. A–C, Noise correlations were calculated between each pair of neurons in an experiment for each SNR. The average correlation
value695% CI is plotted. A, Aging neurons have increased noise correlations across all SNR (age� SNR ANVOA age * SNR interaction, F(1,3) = 410, p, 0.001; post hoc tests, tones: p = 5.8-
8,120 dB: p = 5.99e-8,110: p = 5.98e-8, 0: p = 5.98e-8). B, Neurons in males (age * SNR interaction, F(1,3) = 395, p, 0.0001l; post hoc tests, tones: p = 5.99–8,120 dB: p = 5.99e-8,
110: p = 5.99e-8, 0: p = 5.99e-8). C, Neurons in females (age * SNR interaction, F(1,3) = 337, p, 0.0001; post hoc tests, tones: p = 5.99-8,120 dB: p = 5.99e-8,110: p = 5.99e-8, 0: p
= 5.99e-8). D–F, Noise correlations by animal. D, All animals (age � SNR ANOVA main effect of age, F(1) = 7.65, p = 0.007). E, Male animals (age � SNR ANOVA main effect of age, F(1) =
7.43, p = 0.0087). F, Females (age� SNR ANOVA main effect of age, F(1) = 1.01, p = 0.32).
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Figure 7. Distance dependence of pairwise correlations changes with aging. A–C, Signal correlations from pairs of neurons in young and aging animals as function of distance (10mm bins).
All error bars indicate 95% confidence intervals. Signal correlations of young and aging animals (A). Comparison of sex, signal correlations of comparing young and aging (B) male and (C)
female animals. D–F, Noise correlations from pairs of neurons in young and aging animals as function of distance. Noise correlations between young and aging animals (D). Comparison of sex,
noise correlations of comparing young and aging (E) male and (F) female animals.
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Figure 8. Aging neurons have altered temporal responses. A, Example neuronal responses to tone-in-noise stimuli. Green bars indicate the period when the tone stimulus
was presented. Gray bars indicate when noise was presented. Note that noise duration includes tone presentation period. B, To calculate the D response of each neuron, the
derivative of A is taken, and the time point with the largest change in response magnitude is determined. Resulting peak time points are binned to create histograms. C–H,
Bins were considered significantly peak responding if they had a significantly larger proportion of cells responding than the prestimulus silence period, which corresponds to
the first two time bins. C, In quiet, young neurons significantly respond to tone onset and offset (age � time ANOVA age * time interaction, F(1,9) = 17.1, p = 7.8e-18; post
hoc tests, tone onset: p = 1.26e-7, tone offset: p = 2.343e-6), as do aging neurons (age � time ANOVA age * time interaction, F(1,9) = 3.81, p = 4.78e-8; post hoc tests,
tone onset: p = 0.03, tone offset p = 0.005). D, In noise, young neurons significantly responded to noise onset, tone onset, and tone offset (age � time ANOVA age * time
interaction, F(1,9) = 16.8, p = 1.7–17; post hoc tests, noise onset: p = 1.13e-6, tone onset: p = 1.27e-7, noise offset p = 0.045). E–H, Analysis by sex. Aging males (E, F)
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and have a large tone response, indicating they encode tones in a
noise-invariant manner.

In contrast, neurons in aging animals are concentrated in
only 5 five clusters, with one cluster accounting for 45% of all
neuronal responses (Fig. 9B). Notably, this main cluster for aging
animals (cluster 1) preferentially responds to noise over tones,
consistent with our earlier findings. The two clusters that have
noise-invariant responses (clusters 2–3) are also reduced. Aging
animals additionally have a loss of suppressed responses, as,5%
of all neurons recorded from aging animals were in a suppressed
category (clusters 4–6). Instead, there seems to be an increase in
neurons with a very slow temporal response (cluster 9).

To quantitatively determine how the diversity of response
clusters change with age, we calculated the number active clus-
ters in each animal (Fig. 9C). We defined active clusters as those
with at least 5% of the neural representation in the field of view.
Averaging over experiments, we found a significant reduction in
cluster diversity in the aging animal (Fig. 9C; Student’s t test, t =
2.40, p = 0.021). Separating these results by sex, we found that
this result only holds for the male mice (Fig. 9C; Student’s t test,
males: t = 2.18, p = 0.049, females t = 1.43, p = 0.197). These
results indicate a reduction of population diversity in aging male
mice and, in particular, a loss of cells with suppressed and
dynamic responses in aging A1.

To quantify which classes of activity were lost in males and
females, we separated our results from Figure 9 by sex and ana-
lyzed cluster diversity (Fig. 10A–D). We find that aging females
(Fig. 10A), have primarily lost excited classes of responses.
However, the few excited responses they do have belong to the
class of excited neurons that is more robust to noise (Fig. 10B,
cluster 1). Aging male animals, on the other hand (Fig. 10C,D),
have primarily lost suppressed clusters. A majority of aging male
neurons belong to two classes of excited responses that have a
large response to noise (Fig. 10C, clusters 2, 4; 80% of total neu-
rons). These data indicate a sex-dependent loss of classes of neu-
ral activity.

Young neurons encode tone information better than aging
neurons
Our data show there are increased correlations and reduced sen-
sitivity to tone onset and offset in the A1 of aging animals. Onset
and offset responses are thought to be the basis for sound source
separation (Bregman, 1990). The loss of these responses will
impair accurate detection of the tone in noise. Neuronal correla-
tions can also affect coding of information (Averbeck et al.,
2006). We thus predict that these changes in neuronal activity
with age will have an impact on neuronal signal detection in the
aging A1. To test this hypothesis, we trained a naive Bayes de-
coder model (Maron, 1961; Fig. 11A) on the neural responses of
young and aging mice to decode the tone played during each
trial. For each model, we ran a 10-fold cross-validated model on
a randomly selected subpopulation of neurons to prevent overfit-
ting. We then ran 10 such models with a new selection of

neurons and plotted the average model accuracy and 95% confi-
dence intervals (Fig. 11B). We varied the numbers of neurons
included to identify whether additional neurons increased classi-
fication accuracy. Classification accuracy increased as a function
of the number of neurons added to the classifier for both young
and aging neurons. However, models trained on neurons from
the young animal group obtained significantly better decoding
accuracy as the number of neurons in the model increased (Fig.
11A; age � neuron ANOVA age * neuron interaction, F(1,99) =
7.75, p , 0.001). Plotting the results from n = 80 neurons over
time showed that both classifiers have chance decoding accuracy
before the tone presentation (Fig. 11C). Chance accuracy is
defined as the accuracy of randomly guessing with a uniform
policy, which would give an expected mean accuracy of one/the
number of tones = 1/7 or ;14%. This indicated that our results
were not a consequence of overfitting. Critically, both classifiers
increase accuracy during tone presentation, with the highest ac-
curacy occurring at tone offset (Fig. 11C). When comparing the
effect of SNR on these classifiers, we found that although these
classifiers perform similarly well in quiet, the classifier trained on
aging neurons performs significantly worse in noise (Fig. 11D;
age � SNR ANOVA age * SNR interaction, F(1,3) = 34.1, p ,
0.0001; post hoc tests, tones: p = 0.343,120: p = 5.988e-8,110: p
= 5.8e-8, 0: p = 9.2e-8). These results were also consistent for
both sexes (Fig. 11E–J). Together, these results show that the
spectral and temporal changes seen in aging A1 neurons cause
impairments in encoding tones in noise.

Discussion
Our results show that mouse A1 L2/3 excitatory neurons have
diverse patterns of neural activity in response to a complex tone-
in-noise stimulus, with different subpopulations of neurons pref-
erentially responding to different segments of the auditory stim-
ulus. We also found that aging reduces the diversity of tuning to
the auditory stimulus both on the single neuron and population
levels. Finally, we showed with a Bayesian neural decoder that
this loss in neural diversity translates to a loss in tone informa-
tion especially in noisy backgrounds.

Similar to prior studies in young adult mice, we found a pop-
ulation of neurons in A1 that encodes sounds in a noise-invari-
ant manner (Fig. 9D, clusters 2–3; Rabinowitz et al., 2013;
Schneider and Woolley, 2013; Teschner et al., 2016; Christison-
Lagay et al., 2017). Other studies have also found populations of
neurons that primarily respond to the background sound (Las et
al., 2005; Bar-Yosef and Nelken, 2007), even when that sound is
much weaker in intensity. We find that these tone-invariant
responses are largely lost in the aging animal (Figs. 7-9) and that
instead aging neurons respond to the first change in the sound
level (Fig. 10).

Our results show a lack of offset responses in A1 of aging ani-
mals to either the tone or the noise. Offset responses are a funda-
mental feature of auditory signal processing in A1 (He et al.,
2001; Fishman and Steinschneider, 2009; Scholl et al., 2010; Baba
et al., 2016; Liu et al., 2019) and are thought to be a critical com-
ponent for auditory scene analysis (Bregman, 1994). The relative
disappearance of offset responses in aging animals is a novel
finding and likely contributes to the lack of tone information
found in A1 of aging animals. This could also be a potential
mechanism to understand why older adults exhibit good hearing
in quiet but an inability to discriminate speech in noise (Dubno
et al., 1984; Working Group on Speech Understanding and
Aging, Committee on Hearing, Bioacoustics, and Biomechanics

/

only respond to sound onsets. E, In quiet, they only significantly responded to tone onset (age�
time ANOVA age * time interaction, F(1,9) = 1.81, p = 0.08; post hoc tests, tone onset: p = 0.045)
and in noise (F) respond to noise onset (age� time ANOVA age * time interaction, F(1,9) = 4.12,
p = 0.003). G, H, Aging females are biased to offset responses. G, In quiet, they significantly
respond to tone offset (age � time ANOVA age * time interaction, F(1,9) = 9.43, p =
1.3e-5; post hoc tests, tone-offset: p = 4.34e-5). H, In noise, they respond to tone
onset and noise offset (age � time ANOVA age * time interaction, F(1,9) = 16.36,
p = 2.17e-7; post hoc tests, tone onset: p = 0.012, noise offset: p = 6.67e-6).
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(1988); Fitzgibbons and Gordon-Salant, 1996; Gordon-Salant
and Fitzgibbons, 1995, 1999; Lister et al., 2002; Lee, 2015).
Offset-responses are thought to originate in a nonlemniscal path-
way to A1 (Liu et al., 2019). Thus, based on our results we specu-
late that this pathway may be particularly sensitive to the
potential neurodegenerative effects of healthy aging.

The inability to separate signal from noise is a significant
problem in aging. Similar to previous studies (Willott et al., 1988,

1993; Krukowski and Miller, 2001; Bao et al., 2004), we have
shown that aging neurons exhibit more temporally and spectrally
homogenous responses. One potential mechanism for these
changes is that they are the result of reduced inhibition that
occurs during normal aging (Caspary et al., 2008; Llano et al.,
2012; Ouellet and de Villers-Sidani, 2014; Brewton et al., 2016;
Cisneros-Franco et al., 2018). Our findings are consistent with
this hypothesis, as we found that there are fewer suppressed

Figure 9. Aging neurons have reduced response diversity. A, K-means clustering of the normalized responses of neurons to determine functional classes of neurons. Elbow criterion is used
to determine the number of clusters that explain 95% of variance. This happened at nine clusters. B, Cluster distribution in both groups. Bars indicate the percentage of the total population of
aging or young neurons that belong to that cluster. Bars are sorted into three general categories of responses, excited, suppressed, or mixed, based on the dominant activity of the cluster. C,
To calculate neural response diversity, we calculated mean number of active clusters in each experiment across animals. A cluster was deemed to be active if at least 5% of neurons in the field
of view belonged to that cluster. Response diversity significantly decreases in aging animals (Student’s t test, t = 2.48, p = 0.21). Effect is only seen in aging male animals (Student’s t aging
males: t = 2.18, p = 0.49; aging females: t =1.43, p = 0.197). D–F, Average cluster response is presented for the excited, suppressed, and mixed clusters. Shaded bars indicate 95% confidence
intervals.
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responses, a proxy for inhibitory drive, in aging neurons as well
as having a larger overall response to sound consistent with prior
results (Hughes et al., 2010). This decreased suppression could
be because of a reduced efficacy of inhibitory connections or a
reduced number of connections, or both. There is evidence
that parvalbumin-positive inhibitory neurons, which are im-
portant for stimulus selectivity, are reduced in both number
and activity in aging animals (Martin del Campo et al., 2012;
Cisneros-Franco et al., 2018). There is similar evidence of
reduced GABAergic activity in a humans (Gao et al., 2015)
and nonhuman primates (Leventhal et al., 2003). We also find
that the excitatory bandwidth of neurons under certain SNRs
and in our BRFSs measure decreases, consistent with prior
work (Gourévitch and Edeline, 2011; Occelli et al., 2019).

Although there were difference between sexes, this suggests a
reduction of ascending inputs to L2/3.

Consistent with previous work (Cohen and Kohn, 2011;
Winkowski and Kanold, 2013; Rupasinghe et al., 2021), we found
that noise correlations were small and positive in A1 and dis-
tance dependent. We show that functional network properties
are fundamentally altered by aging. Specifically, aging animals
have higher noise correlations, regardless of SNR and across
large distances with an increasing effect size with distance. The
seemingly widespread increase in correlations in aging A1 sug-
gests that affected circuits are also likely somewhat dispersed and
might include neuromodulatory or top-down inputs (Kilgard
and Merzenich, 1998; Bao et al., 2001; Winkowski et al., 2013,
2018; Caras and Sanes, 2017), possibly acting on coupled

Figure 10. Aging male and female animals show different patterns of cluster loss. To visualize the clusters of neuronal responses that were still present in aging males/female, we plotted
each cluster that had a least 5% of neuronal representation. A, Aging females primarily had a loss excited clusters. B, Visualization of the average response each cluster in A. C, Aging males,
however, primarily show a reduction in suppressed clusters. D, visualization of the average response of each cluster in B.
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inhibitory networks (Postma et al., 2011; Kraft et al., 2020). The
distinct differences in the distance dependence of signal and
noise correlations in aging suggests that multiple distinct circuits
are affected.

Altered pairwise correlations have functional consequences.
Multiple studies have suggested that reduced noise correlations
improve decoding accuracy (Cohen and Maunsell, 2009, 2010;
Renart et al., 2010; Cohen and Kohn, 2011; Mendels and Shamir,
2018). This suggests that increased noise correlations in aging A1
is one potential mechanism for decreased speech intelligibility in
noise for subjects with impaired hearing.

A1 layer 2/3 responses are functionally heterogeneous,
emerging from different excitatory and inhibitory connec-
tion patterns (Meng et al., 2017). For example, in auditory
cortex, Malone et al. (2017) have shown at least three differ-
ent classes of neuronal responses to tones in noise. Auditory
cortex has higher heterogeneity and lower noise correlation
than more peripheral auditory stations (Rabinowitz et al.,

2013). Theoretical approaches have posited that larger func-
tional diversity can improve sensory encoding (Ecker et al.,
2011; Tripathy et al., 2013) and that this diversity is particu-
larly important for temporal encoding (Perez-Nieves et al.,
2020). Therefore, this work suggests that central auditory cir-
cuits are degraded during aging, leading to the loss of neuro-
nal heterogeneity and increased noise correlation, and that
these changes lead to poor stimulus encoding.

The data presented here support this interpretation. Our clus-
tering results show that the loss of suppressed activity leads to a
loss of response heterogeneity in L2/3 neurons. Aging neurons
become noise responsive (matching the temporal data in Fig. 8).
This increase in homogeneity would also lead to the increased
activity correlations (Figs. 5, 6). Finally, this also explains the
decoding results (Fig. 11), as the majority of neurons in aging
mice belong to clusters with little or no tone response (Fig. 7B,
clusters 1, 9). These results support the emerging literature
regarding the importance of response diversity to sensory

Figure 11. Aging neurons less able to discriminate between tones in noise. A, Ideal observer analysis. Diagram of a naive Bayes encoder trained on two neurons to discriminate among three
categories (blue, green, and yellow). Based on the labeled training data (colored circles) of how the two neurons respond for each trial, the encoder can create boundaries (dotted lines) to pre-
dict future trials. We trained naive Bayes classifier to decode tone frequency from neural activity. B, Classifier accuracy improves as we include more neurons to our decoding model for both
groups. In the young group, asymptotic performance was reached at;60–70% accuracy at 80 neurons. The aging group showed little improvement between the 10- and 100-neuron model,
with asymptotic performance at 34% accuracy, which is still significantly above chance (random = one-seventh chance or;14%) Thus, the decoder trained on young animals performed sig-
nificantly better (age � neuron ANOVA age * neuron interaction, F(1,99) = 7.75, p, 0.001). C, Using a model trained on n = 80 neurons, we next investigated how the accuracy of this de-
coder changed over the course of the stimulus presentation. Before tone onset, both models performs at chance level, indicating the models are well calibrated. Once tone onset occurs, both
models increase in accuracy above chance and performance increases until tone offset. D, Bar plots show the effect of SNR on detection accuracy of the models. Both models perform statistically
similarly when tones are played in quiet. When noise is added, the model trained on young group data performs significantly better at the 120,110, and 10 dB SNR conditions (age �
SNR ANOVA age * SNR interaction, F(1,3) = 34.1, p, 0.0001; post hoc tests, tones: p = 0.343,120: p = 5.988e-8, 110: p = 5.8e-8, 0: p = 9.2e-8). E–G, Comparison of young and aging
males. E, Performance as function of number of neurons in the model (age � neuron ANOVA, F(1,99) = 10.5 p, 0.0001). F, Performance as function of time (age � time ANOVA, F(1,151) =
8.98, p = 3.2e-47). G, Performance as function of noise levels (age � time ANOVA, F(1,3) = 23.08, p, 0.0001; post hoc tests, tones: p = 5.99e-8,120: p = 5.99e-8,110: p = 5.89e-8, 0:
p = 5.89e-8). H–L, Comparison of young and aging females. H, Performance as function of number of neurons in the model (ANOVA, F = 787, p = 2.0e-146). I, Performance as function of
time (F(1,151) = 8.98, p, 0.0001). J, Performance as function of noise levels (age � SNR ANOVA age * SNR interaction, F(1,3) = 323, p,0.0001; post hoc tests, tones: p = 5.89e-8,120: p
= 5.89e-8,110: p = 5.89e-8, 0: p = 5.99e-8).
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encoding (Holmstrom et al., 2010; Tripathy et al., 2013; Kastner
et al., 2015; Berry et al., 2019).

Our data also uncovered a significant effect of sex. Aging
males were more correlated (Figs. 5-7), had larger reduction in
response diversity (Figs. 8, 9), and consequently had worse per-
formance in neural decoding than aging females (Fig. 11).
Additionally, on several measures such as bandwidth (Figs. 3, 4),
correlations (Figs. 5-7), and clustering (Fig. 10), aging male and
female animals had different or even opposite results, suggesting
that the aging process affects male and female A1 differently. We
believe that this unexpected and important finding suggests that
more work needs to be done to investigate whether this extends
to humans, especially on behavioral measures.

Disentangling the central effects of hearing loss from periph-
eral effects is challenging. To mitigate peripheral effects, we used
several methods. We used a mouse model known to have good
hearing and genotyped all mice to ensure they did not carry an
early hearing loss genotype. As hearing loss can change cortical
map plasticity (Willott et al., 1993), we ensured that all animals
tested showed no such reorganization and had good hearing for
the range of frequencies tested (Fig. 1).

We have shown that aging affects the ability for A1 L2/3 neu-
rons to encode tones in noise. However, as the mice tested were
passively listening to the stimuli, we do not know how these neu-
ronal responses might change under behavioral conditions. A1
responses can be shaped by attention and prefrontal inputs (Fritz
et al., 2007; David et al., 2012; Winkowski et al., 2013, 2018;
Francis et al., 2018, 2021). Thus, any additional attentional defi-
cits that occur with aging could make behavioral differences even
larger (Darowski et al., 2008; Basak and Verhaeghen, 2011;
Golob and Mock, 2019).

Our results show that ACtx contains different populations of
excitatory neurons that encode different sound features and that
aging independent of peripheral hearing loss causes a loss of
population response diversity, resulting in sound-encoding defi-
cits in noisy backgrounds. Future work determining the identi-
ties of these circuits could provide new targets for future
pharmacological or other interventions to improve auditory
function in aging patients.
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