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Cognitive decline is a virtually universal aspect of the aging process.
However, itsneurophysiological basis remainspoorlyunderstood.We
describe here more than 20 age-related cortical processing deficits in
theprimary auditory cortex of aging versus young rats that appear to
be strongly contributed to by altered cortical inhibition. Consistent
withthesechanges,werecorded inoldratsadecrease inparvalbumin-
labeled inhibitory cortical neurons. Furthermore, old ratswere slower
to master a simple behavior, with learning progressions marked by
more false-positive responses. We then examined the effect of
intensive auditory training on the primary auditory cortex in these
aged rats by using an oddball discrimination task. Following training,
we found a nearly complete reversal of the majority of previously
observed functional and structural cortical impairments. These find-
ings suggest that age-related cognitive decline is a tightly regulated
plastic process, and demonstrate that most of these age-related
changes are, by their fundamental nature, reversible.
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Perceptual and cognitive decline are near-universal aspects of
normal aging (1, 2). Such deficits cannot be explained solely by

a dysfunction of peripheral sensory organs and frequently translate
to slowed perceptual processing and difficulty in accurately identi-
fying stimuli under challenging (e.g., noisy, time-limited, attention-
ally demanding) conditions (3, 4). In the human auditory system,
psychophysical and electroencephalography experiments have ex-
amined aspects of cognitive decline by using oddball detection
paradigms, successive-signal masking studies, speech-in-noise stud-
ies, and compressed speech (5–7), among other strategies. These
studies have shown that degraded signal salience, defective sensory
adaptation and a slowing of sensory processing contribute to the
deterioration of a wide range of perceptual and cognitive processes
recorded in aged populations (3, 8–10). Animal models have been
instrumental in defining the cellular and molecular basis of age-
related perceptual impairments. In rats, significant alterations in
inhibitory function in various subcortical nuclei and the auditory
cortex have been linked to abnormal temporal and spectral pro-
cessing (11–14). Interestingly, although these changes are often
described as progressive plastic compensations secondary to a
combination of slow peripheral deafferentation and chemical or
molecular insults (11, 15), the possibility that age-related changes
might be by their plastic nature largely reversible has seldom been
explored or proposed (16). Compelling evidence that these age-
related functional alterations can be prevented to some extent
by sensory enrichment (9, 17) or even dietary improvements (15)
certainly supports this concept. During adulthood, after the closure
of developmental plasticity windows, attention-demanding inten-
sive training strategies remain one of the most powerful means
of directing plastic reorganizations in the brain or rats and humans
and can lead to dramatic improvements in auditory discrimination
(16, 18). Among such strategies, reinforcement-based operant
conditioning is the most studied and has been shown to result in a

specific refinement of cortical representations (18), changes in
protein expression (19), and alterations in the cortical inhibitory
circuitry (20) and supporting glia (21). Furthermore, such reor-
ganizations appear to still be possible in aging brains (9). In the
present study, we assessed the impact of an auditory training task
specifically designed to improve frequency resolution and signal-in-
noise processing on a series of cortical processing abnormalities in
the primary auditory cortex (A1) of healthy aging rats, as docu-
mented at the single-cell and cortical column and cortical network
levels. We demonstrate that such training applied for 1 mo, 1 h per
day, resulted in a large-scale partial or complete reversal of more
than 20 A1 age-related cortical alterations, which would appear to
account for multiple dimensions of age-related cognitive loss,
recorded in both rats and humans. At the core of the reversed
deficits was a failure to modulate A1 neurons’ responses to in-
coming stimuli based on immediately preceding auditory inputs.
This was manifested in the aged A1 by a weak relative suppression
of neural responses to repetitive, high-probability background
sounds, resulting in a loss of salience of novel, low-probability
stimuli. These age-related functional changes, suggestive of a deg-
radation of inhibitory control with aging, were accompanied by
a significant decrease in A1 parvalbumin (PV) and myelin basic
protein (MBP) expression, which were also reversed with training.

Results
Auditory Oddball Detection Performance and Training. We trained
young (n = 5) and aged (n = 5) rats by using an auditory oddball
discrimination task to assess the reversibility of A1 age-related
functional and physical changes observed in aged controls (n=12).
In this go/no-go behavioral paradigm, rats were rewarded for cor-
rectly identifying the presence of a deviant (i.e., oddball) tone in
a short sequence of otherwise identical (standard) tones presented
at 5 pulses per second (pps; Fig. S1 and Methods). The behavioral
task followed a staircase procedure (three-up/one-down) with six
levels of difficulty. Task difficulty was increased by progressively
reducing the frequency difference between oddballs and standards.
At the end of the training period, a wide range of A1 response
characteristics were examined in these trained animals using ex-
tracellular recordings. Both young and aged rats’ performances
improved steadily over 27 to 35 1-h sessions. On average, rats in the
young group were able to reach significantly higher difficulty levels
in a shorter time span (Fig. S1). For example, by session 20, the
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average maximal level reached by young adults (3.9 ± 0.3) was ap-
proximately one level higher than for aged adults (P = 0.05). At
session30,whenperformance gainswere reaching aplateau, a small
but significant difference persisted favoring the young group (P =
0.03). The most important factor in aged rats’ poorer performance
was not a failure to respond to targets as seenby the similar hit ratios
in both groups (P > 0.2; Fig. S1). The poorer performance of aging
rats was largely caused by a 50% higher false-positive rate, which
emerged after approximately 10 sessions, when higher difficulty
levels were achieved (P= 0.03; Fig. S1). At the end of training, the
inability of aging rats to suppress responses to nontargets had de-
creased by 50% compared with their initial value but remained
significantly higher than in young controls (P= 0.008).

Training-Induced Refinement in A1 Spectral Selectivity. Frequencies
are represented in A1 along a continuous rostrocaudal gradient,
known as the tonotopic axis. This orderly progression can be dis-
torted or reorganized in adult rats by prolonged peripheral
changes or with perceptual training (22, 23). To document changes
in A1 frequency representation, we characterized the frequency–
intensity response curves of a dense sample of neurons cover-
ing the whole area of A1 in young (Y, n= 14), young trained (YT,
n = 5), aged (A, n = 12), and aged trained (AT, n = 5) groups.
Representative A1 maps from each experimental group showing
characteristic frequency (CF), tuning bandwidth (BW) and re-
ceptive field (RF) overlap distribution in A1 are presented in
Fig. 1. The frequency selectivity of cortical neurons was signifi-
cantly reduced in the aged group compared with young controls,
with a bandwidth at 10 dB above threshold (BW10), on average
30% broader across the frequency range (P < 0.0001). In the AT
group, a partial to complete recovery of frequency selectivity
(BW10) was observed across the frequency spectrum. For neurons
with a CF in the range of frequencies used for training (7–16 kHz),
average BW10 values in AT were not significantly different from
Yvalues (1.10 octaves;P> 0.2 vs. Y group). Significant but smaller
reductions (approximately 15–20%) were also seen for low (1–7
kHz; P = 0.02) and high (16–30 kHz; P = 0.04) CF neurons. No
significant reduction inBW10was found in theYTgroup (P> 0.2).
The orderliness of frequency representation along A1’s ros-
trocaudal axis (tonotopic axis) can be quantified using a tonopic
index (TI) that evaluates the degree of scatter in frequency tuning
around an ideal logarithmic tonotopic progression (Fig. 1D and
Methods). By using this measure, we found that A1CF distribution
was significantly disorganized in the aged compared with young
controls (Y vs. A; TI, 0.12 ± 0.01 vs. 0.19 ± 0.02; P < 0.01). The
observed difference was primarily caused by an unusually high
proportion of neurons with high CF at the caudal end of the aged
A1. Oddball discrimination training significantly reduced A1 CF
scatter in YT and AT groups compared with naive controls (P <
0.01 and P < 0.05, respectively). Furthermore, after training, the

averageTI inATwas not statistically different from in untrainedY
rats (P > 0.2). The frequency selectivity of RFs in A1 is directly
linked to frequency discrimination thresholds in behavioral tasks
and can be increased with training (24). Here, we measured the
extent of spatial activation overlap in A1 by quantifying the simi-
larity of neighboring A1 neuron RFs (RF overlap index is de-
scribed in SIMethods; Fig. 1E). RF overlap was on average at least
20% greater in the A group compared with Y rats for inter-
neuronal distances smaller than 1.6mm(P=0.01–0.001, t test with
Bonferroni correction). Over these distances, training resulted in
a highly significant reduction in RF overlap index in both trained
groups compared with aged matched controls (P = 0.0001–
0.00001). For very short interneuronal distances (0–0.4mm), over-
lap values in AT were even slightly lower than Y values (P< 0.04).
Modest increases in hearing thresholds predominantly for low and
high frequencies as measured by auditory brainstem responses are
expected in aged Brown-Norway rats (25). In this study we found
similar increases at the cortical level. A small but significant im-
provement in hearing thresholds for high frequencies only was
observed after training (Fig. S2 and SI Text).

Role of Successive Signal Modulation in Temporal Processing. The
ability of A1 neurons to respond to temporally modulated stimuli
has been used to assess the strengths of successive-signal cortical
inhibition (26).Weapplied this assay todocument thedifferences in
inhibition that plausibly contribute to alterations in rate-following
responses in old versus young adult rats before and after training.
Typical cortical unit responses evoked by trains of eight noise bursts
presented at variable rates in a typical recording series in this study
are illustrated by representative raster plots from all experimental
groups in Fig. 2. The temporal following limit of each recorded
neuron was quantified as Fh1/2, or the repetition rate at which the
neuronmaintained, on average, at least half thefiring rate recorded
after the first stimulus event for the following seven noise pulses
(Methods). A1 neurons in the A group followed significantly faster
rates thandidneurons in theYgroup (Fh1/2,Y vs.A, 7.1±0.5 pps vs.
10.5 ± 0.3 pps; P < 0.0001). Normalized repetition rate transfer
functions (RRTFs)wereobtained for every recorded cortical site by
dividing the average responses to the last seven noise bursts by the
average response to the first noise burst. Numbers greater than 1
indicate responseenhancement; numbers lower than1 indicate sup-
pression. RRTF values for slow (2.5 pps) or high (17.4 pps) pre-
sentation rates were not significantly different in young and aged
groups (Fig. 2C). At intermediate rates, however, A1 neurons in
the Y group displayed a significantly greater modulation of their
responses, compared with the A group. For example, at 4.1 pps, an
average 67% response amplification was seen in the Y group
compared with less than 20% in the A group (P < 0.001). Con-
versely, at 10.7 pps, a 50% response attenuation was seen in the Y
group (P < 0.0001) whereas none was present in the A group (P >
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Fig. 1. Training and age-related changes in A1 fre-
quency representation. (A) (Top) RepresentativeA1CF
maps from all four experimental groups. (Middle) A1
maps from the same animals showing the represen-
tation of tuning curve width (BW10). (Bottom) RF
overlap relativetotherecordingsite shownbythestar.
(B) Representative cortical RFs from the CF maps
shown in A. (C) Distribution of BW10 by CF in all ex-
perimental groups. (D) CF of A1 neurons plotted
against position on the normalized tonotopic axis of
the corresponding recorded cortical site for all groups
(all sites pooled). The average tonotopic index (TI)
calculated for each individual A1 maps is shown. (E)
Average RF overlap index as a function of in-
terneuronal distance for all experimental groups (all
neuronpairspooled). (Scalebar:0.75mm.)D,dorsal; C,
caudal; R, rostral; V, ventral. Y:n=14, 387 neurons; YT:
n=5,211neurons;A:n=12,291neurons;AT,n=5,201
neurons. Values shown as mean ± SEM. *P < 0.05 and
**P < 0.001, t test.
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0.2). As has been recorded in earlier studies (18), the differences in
the temporal following limit in both groups were proportionally
related to the degree of postactivation suppression. This is evi-
denced by the 50% greater number of spikes occurring in the in-
terval between the end of the noise burst–evoked responses and
the onset of the following noise burst occurrence (asynchronous
responses) in the A group for all presentation rates lower than 8.4
pps (P < 0.001; Fig. 2D). Oddball discrimination training had
a significant impact on successive signal processing inA1. In theAT
group, average Fh1/2 was significantly decreased (A vs. AT, 10.5 ±
0.2 pps vs. 8.8± 0.6 pps;P=0.007) whereas a reverse nonsignificant
trend was found in the YT group (Y vs. YT, 7.1 ± 0.3 pps vs. 7.8 ±
0.5 pps; P > 0.2). Additionally, we observed in both trained groups
an increase in response modulation at slow and fast pulse pre-
sentations. This is shown in Fig. 2C by the greater response ampli-
fication at 5.2 and 6.6 pps in AT (P < 0.02) and at 6.6 and 8.4 pps in
YT (P < 0.05). A 20% greater response suppression at higher rates
was also observed in the AT group at 10.7 pps (P < 0.01; Fig. 2C).
We also examined the reliability of temporal coding in A1 using
a variant of the van Rossum spike train metric (27). Using this
metric, we found that A1 neurons in the A group produced more
confusable, unreliable spike trains in response to noise burst stimuli
compared with the Y group (Fig. 2E and SI Text). The difference
between the groups was especially pronounced for fast stimulus
presentation rates. A significant improvement in temporal coding,
as expressed with this metric, was seen after training.
Corticocortical interactions were examined by obtaining cross-

correlation (CC) functions from the spontaneous discharges of
individual A1 neurons at varying interelectrode distances in all
experimental groups. Higher CC coefficients infer stronger hori-
zontal projections (28). The average peak CC coefficients for all
neuron pairs recorded at an interelectrode distance of 1mm or
less was 40% lower in the A group compared with the Y group
(P < 0.0001; Fig. 3). Furthermore, individual CC functions were

30% wider (width at half height of the peak) in the Y group (P =
0.01) and their average minima were 50% less (P< 0.0001; Fig. 3).
Training resulted in a significant increase in cortical synchrony
over short interneuronal distances (<1.0 mm) in both trained
groups. The increase was most pronounced in the AT group, in
which average peak CC coefficients were undistinguishable from
YT (P > 0.2). Training also resulted in a doubling of the average
CC function minima in the AT group (P < 0.0001). Average CC
function half-widths were equivalent in both trained groups and
young naive (P> 0.2). The impact of training on cortical inhibition
in young and aged rats was examined further by constructing the
spectrotemporal RFs (STRF) of several single neurons in A1 (SI
Text and Fig. S3).

Improvement in Novel Stimulus Detection with Training. Single neu-
rons in A1 can dramatically increase the salience of novel (i.e.,
oddball) tones by dynamically suppressing their responses to
repeateddistractors (i.e., standards) (29).Weexamined theeffect of
aging and oddball discrimination training on this property of the
cortex by presenting trains of identical, repeated tones and in-
troducing occasional oddball frequencies in the background of
these “distractors” while recording neural activity in A1. Exponen-
tial functions were fitted to the normalized response rates to odd-
balls and standard tones in all experimental groups to obtain a
quantitative measure of the rate of decay (expressed as t1/2) and
maximal suppression (asymptote, normalized units) of the neural
response to these tones (Fig. 4 and Fig. S4). At a relatively slow
presentation rate of 1 pps, differences between both untrained and
trained groups were relatively small and nonsignificant. As the rate
of stimulus presentation was increased, clear differences emerged
between thegroups (Fig. S4).At 5 pps, responses to standard stimuli
in the Y group were suppressed within 2 s (10 tone pips) to 20% of
their initial value, whereas strong responses to random oddballs
weremaintained (Y, standard vs. oddball asymptote: 0.21± 0.01 vs.
0.45±0.02;P<0.0001).Response suppressionwas also significantly
faster for standards (P < 0.0001; Fig. 4). This ability to rapidly in-
crease the salience of infrequent tones was compromised in aged
rats. Although the magnitude of oddball response suppression in
this group was equivalent to the Y group (P > 0.2), standard sup-
pression in the A group was 50% less (P < 0.0001; Fig. 4). This
weaker standard suppression significantly reduced the average re-
sponse gap between standards and oddballs in A rats (asymptote
difference between oddballs and standards, Y vs. A, 0.25 ± 0.03 vs.
0.13 ± 0.04; P < 0.001). The rate of standard suppression was also
approximately 50% slower in the A group compared with the Y
group (P = 0.03; Fig. 4). Training had a different impact on A1
oddball discrimination abilities in both groups. In the Y group, it
resulted in a significant 20% average increase in standard tone
suppression at 5 pps (P < 0.05; Fig. 4B). No significant change in
responses to oddballs was found in this group (P > 0.2). This
translated into a small significant 0.04 normalized units increase in
oddball versus standard asymptote difference in the YT group
comparedwith theYgroup (P<0.05). Inaged rats, training resulted
in an almost complete correction of the oddball to standard as-
ymptote difference (Avs. AT, 0.13± 0.04 vs. 0.22± 0.03;P< 0.001).
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Interestingly, however, this recovery in theATgroupwasnot a result
of increased standard suppression (P> 0.2).Rather, it was the result
of enhanced responses tooddball tones, whichwere25%stronger in
the AT group compared with the A group (P < 0.01; Fig. 4). The
positive effect of training on stimulus probability coding can also be
demonstrated by computing the average difference in area under
the curve of individual peristimulus time histograms after standard
and oddball tones (Fig. S5), which can be thought of as an analogue
of mismatch negativity (29).

Age-Related Changes in PV and MBP Expression. PV-positive (PV+)
cortical neurons are part of a group of electrically coupled in-
hibitory interneurons that play a crucial role in sensory perception
and synaptic plasticity (30, 31). These cells also modulate neural
response properties such as cortical synchronization and pyrami-
dal cell firing timing precision (32), which were affected by aging in
this study.We examined the number andmorphology of PV+cells
in the four experimental groups. A 25% decrease in PV+ cells
counts was found in the A group compared with the Y group (av-
erage number of PV+ cells per A1 section, Y vs. A, 68.5 ± 2.3 vs.
50.6± 2.4;P< 0.001;Fig. 5J). This decreasewas distributed equally
across all A1 layers. Additionally, in the A group, a relatively high
proportion of PV+ cells had weak PV expression (average ratio
weak/total, Y vs. A, 10.7 ± 0.8% vs. 25.1 ± 2.3%; P < 0.001) and
displayed simplified, less visible dendritic arbors. Oddball training
partially reversed this difference in AT rats in which a significant
20% increase in PV+ cells was observed (P < 0.05; Fig. 5J). Fur-
thermore, we saw in the AT group a 9% reduction in weakly
stained PV+ cells (P = 0.002; Fig. 5). Dendritic arbors of PV+
cells were also more visible in the AT group (Fig. 5 H and I). No
significant differences were observed between Y and YT for PV+
cell density or staining intensity. An age-related decrease in A1
MBP density then partially recovered with training was also
documented in this study (SI Text and Fig. S6)

Discussion
The present study revealed many auditory processing deficits docu-
mented in cortical fieldA1 in aged versus young adult rats (Table 1).
Functional deficits were paralleled by negative structural changes
in PV-staining inhibitory neurons, and in myelination. These many

differences almost certainly contributed to degraded behavioral per-
formance abilities recorded in go/no-go behavioral tasks in older an-
imals. A1 neurons in older rats had poorer spectral and temporal
response selectivity. They had significantly deteriorated “gain con-
trol”adjustmentswhenexposed to repetitivebackgrounds.Thesede-
ficits plausibly contributed to a poorer ability of aged rats to detect
novel or deviant stimuli and, specifically, would be expected to con-
tribute to a weakness in the suppression of nontarget stimuli man-
ifested by higher numbers of false-positive behavioral responses.
These impairments appear to relate to the most consistent deficits
observed in older humans, and support the proposition that the
Brown-Norway rat is a useful model in which to study the detailed
cortical mechanisms underlying cognitive aging.
Behavioral training in the form of a simple oddball discrimination

task resulted in a large-scale reversal of a majority of the observed
age-related functional and structural impairments in A1. Collec-
tively, this study suggests that sensory and behavioral experience play
a determinant role in the etiology of age-related cognitive decline. It
also directly demonstrates a powerful plastic potential for rejuvenant
change in the aged brain. The difficulties that aged rats encountered
during behavioral training appeared to substantially relate to an in-
ability to suppress responses to nontargets resulting in a higher fre-
quency of behavioral false alarms.This reflects outcomes recorded in
aging human subjects engaged in go/no-go behavioral paradigms
(33) or in selective-attention tasks (34). Despite their generally
poorer performance on the task, aged rats learned task rules as rap-
idly as did young ones, suggesting they do not suffer from gross
learning impairments. It is important to note that their behavioral
performance improved significantly throughout this training para-
digm showing thatmechanisms of brain plasticity in the aged are still
effective.
Neuronal responses in A1 in aged rats were “detuned” (i.e., had

larger than normal RFs), leading to larger, more broadly over-
lapping neuronal assemblies representing simple sound stimuli. A
decrease in spectral selectivity along with the disruption of the
tonotopic gradient degraded the separate representations of
confusable sounds in A1. An analogous coarsening in spatial rep-
resentation in the cortex has been described in the rat and human
somatosensory system for two-point discrimination (9, 35). The
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Fig. 4. Distractor suppression and novel stimulus discrimination in the ag-
ing A1. (A) (Upper) Example of tone train used for documenting responses to
oddball stimuli. Results for the 5-Hz pulse rate are shown here (see Fig. S4 for
examples at slower rates). (A) (Lower) Representative normalized responses
of individual A1 neurons in the four experimental groups to standards and
oddballs as a function tone position in the stimulus sequence. (B) The
strength and time course of distractor and oddball response suppression was
quantified by fitting exponential functions to the normalized responses of
recorded neurons. Average values of the asymptotes and time constants (τ)
of the exponential fits are shown. Y, 180 neurons; YT, 56 neurons; A, 216
neurons; AT, 167 neurons. Error bars represent SEM. *P < 0.05.

A AT

Y A AT

Fig. 5. Training-induced recovery in PV expression in the aging cortex. Low-
power photomicrographs demonstrate distribution of PV immunoreactivity
in A1 in Y, A, and AT rats. Note the decreased density of A1 PV+ neurons in
the A rat (D) compared with Y (A), and the expression recovery in the AT rat
(G). Higher magnification revealed the relatively high number of weakly la-
beled PV immunoreactive neurons (arrowheads) in A rats (E) compared with
Y rats (B) and AT rats (H). Reduced dendritic PV immunoreactivity (arrows)
was also noted in A rats (F) compared with Y rats (C) and AT rats (I). Quan-
titative analysis of the number of PV+ cells (J) and the proportion of weakly
stained PV+ cells (K, SIMethods). Number of hemispheres examined: Y, n = 14;
A, n = 10; AT, n = 6. **P < 0.01 (t test). Error bars represent SEM. [Scale bars:
200 μm in G (apply to A and D); 100 μm in H (apply to B and E); and 50 μm in I
(apply to C and F).]
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origin of these changes is likely to be multifactorial, resulting from
a combination of peripheral and multilevel central changes (9).
Degraded sensory inputs caused by an age-related loss of hair cells
in the aging rat cochlea (36) could play a role in the loss of fre-
quency selectivity we documented. Conversely, there was only
a modest (a few decibels) increase in cortical thresholds in the
aged animals in this “wild” rat strain. Auditory training essentially
completely reversed the age differences in A1 frequency selec-
tivity, as measured with BW10 and the RF overlap index. Even the
very substantial age-related distortion in tonotopic organization
was significantly recovered with training. Improvements in fre-
quency discrimination thresholds have been observed to result
from similar oddball detection training in young humans (37).
Although plastic changes in the peripheral auditory system or in
subcortical nuclei could have contributed to the improved A1
frequency selectivity we observed, such a profound refinement in
responses is likely to have primarily cortical origins. This recovery
to the young brain status indicates that sufficient differentiation
exists in the lateral lemniscal and thalamocortical systems to allow
for precise, reemergent spectral distinctions in the aged. More
likely, this training effect on spectral selectivity represents a func-
tional rearrangement of the RF-shaping cortical inhibitory cir-
cuitry (38), which was potentiated after training.
Peripheral auditory deficits cannot explain the temporal pro-

cessing abnormalities we observed in the aged group. Weakly in-
hibited neurons with short postactivation suppression periods
following highermodulation rates strongly indicate degradation in
the strengths and time constants of GABAergic inputs in the aged
auditory system (18, 39). Temporal coding of repetitive stimuli was
substantially less precise in aging A1, leading to significantly more
errors in modulation rate classification. Those errors appear to
be the result of a reduced control over the gain (augmentation
or suppression) of neural responses to repetitive stimuli (i.e., flat-
tenedRRTF), and to an increase in the number of neural responses
that are not precisely time-locked to these periodic stimuli. Both
effects likely arise from dysfunctional GABAergic processes (40).
Oddball training had a significant positive impact on the precision
of rate coding in both young and aged rats. Although temporal
following limits and asynchronous responses were only modestly
corrected in trained aged rats, the improvementwas significant. The
effect on response modulation was clearer, and could be the major

contributor to the restoration of temporal selectivity in the aged
A1. Temporal tuning is a plastic cortical filter shaped by operant
training (18). Tone sequences applied in training were presented at
a constant5pps, presumably resulting inaplasticity-drivendecrease
in temporal following limit in the aged animals; a more complete
recovery of temporal modulation responses might be expected by
training that elaborates temporal processing over a wider range of
stimulus modulation rates (18) (SI Discussion).
A1 neural firing recorded for neurons at nearby cortical dis-

tances was found to be less correlated in aged rats. Cortical syn-
chrony is largely mediated through horizontal projections under
the influence of specific classes of inhibitory interneurons, in-
cluding PV+ fast-spiking cells (30). These neurons had simplified
dendritic arborizations and expressed low amounts of PV in aged
rats. The significant decrease in MBP staining in the aging cortex
could also contribute to cortical desynchronization by adding jit-
ter to corticocortical transmissions. The age-related decrease in
peak cortical synchrony was accompanied by significantly de-
creased corticocortical suppression, evidenced by higher average
minima of CC functions. A number of cortical parameters can
affect A1 neural synchrony, which is generally higher with greater
RF overlap (41), provided that corticocortical projection efficiency
is constant. The complete recovery of intracortical response cor-
relation closely paralleling significantRF resharpening implies that
corticocortical transmission adjustments are tied to the establish-
ment and recovery of this age-related change. This idea is further
strengthened by the positive changes in PV expression observed
after training. In aged subjects, adaptation to repeated, identical
stimuli—and the proportional responses to oddball stimuli—were
weaker, especially at higher stimulus rates.
Age-related deficits in novel stimulus perception have previously

beenextensivelydocumented in thehumanauditory systembyusing
a variety of oddball detection paradigms and noninvasive electro-
encephalography strategies, such as mismatch negativity (5, 42).
These studieshave shown thatnovel stimulusdetection in the cortex
of aging individuals is less effective. The data presented here are
consistent with these earlier results, and provide further insight on
the potential mechanisms involved. Here we show in a rodent
model that age-related oddball discrimination impairment is pri-
marily caused by a slowed and incomplete suppression of back-
ground distractors. A degraded ability to dynamically adjust neural
responses to incoming stimuli based on their contextual salience
increases the likelihood of falsely labeling distractors as oddballs,
and vice versa. This processing anomaly could be a key factor in the
emergence of interference sensitivity, a central symptom of age-
related cognitive dysfunction.A1changes resulting fromtrainingon
this progressive oddball detection task differed in the two trained
groups. In young trained rats, greater oddball saliencewas obtained
by a further suppression of distractors. In the AT rats, although the
rapidity of standard suppression was improved, a stronger response
to the oddball was the main contributor to the recovery of oddball-
to-standard ratios. This dissociation was congruent with the mini-
mal change in temporal following limit observed in AT animals
and indicates that our training strategy was only partially effective
in restoring cortical inhibition in that group. Improved oddball
saliencemight have been obtained primarily by the reestablishment
of frequency selectivity in A1.
Cognitive training strategies applied to aging humans have so

far provided mixed results (43). Although most led to measurable
performance gains on the trained task, clear generalization to
other spheres of cognition or to activities of daily life are seldom
recorded (43). Interestingly, training programs that have been
shown to drive global lasting improvements have focused on basic
aspects of sensory processing instead of complex cognitive tasks
(44).Apossible reason for this difference in efficacy could relate to
the strong dependence of higher-order cognitive processes on low-
level sensory input processing, which is clearly degradedwith aging
(3, 44). One of the most striking findings of this study is that every
aspect of sound processing we examined in the aging A1 was de-
graded and then substantially reversed with a simple training
strategy. Realizing that hundreds of different molecular and struc-

Table 1. Summary of age-related changes in A1 and the effects
of training

Cortical (A1) and behavioral age-related changes
observed in aged rats

Reversed by
training

Broad RFs (BW10) ++
Increased RF overlap (larger cortical “columns”) ++
Degraded tonotopic axis +
Higher sound-intensity thresholds +/−
Higher temporal following limit +
Decreased successive signal modulation +
Weaker postactivation suppression +
Weaker side-band inhibition +
Degraded reliability of temporal coding ++
Decreased cortical firing synchrony ++
Decreased cortico-cortical interaction ++
Decreased suppression of high probability sounds +/−
Decreased relative responses to rare stimuli ++
Slowed adaptation to repetitive stimuli +
Decreased PV staining +
Weak PV expression in PV+ neuron +
Simplification of PV+ cell dendritic arborization +
Decreased MBP density in the cortex +
Poorer frequency discrimination (behavior) +
Increased numbers of false-positive responses during
behavior

+
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tural elements are needed to support these coordinated cortical
changes, it appears very unlikely that purely random independent
events are the cause of their “degeneration” with age. Rather, we
hypothesize that these deficits are the result of tightly orchestrated
and potentially reversible adjustments of the cortical machinery in
response to progressively degraded peripheral sensory inputs and
growing internal “noise.” And if that were the case, directed be-
havioral training strategies and pharmacological treatments could
be designed with the help of animal models such as the one pre-
sented in this study and become powerful therapeutic tools to
combat the brain changes that we normally associate with aging.

Methods
Mapping the Auditory Cortex. All procedures were approved under University
of California San Francisco Animal Care Facility protocols. Nineteen male
young Brown-Norway rats (age 6–12 mo) and 17 male aged Brown-Norway
rats (age 26–32 mo) obtained from the National Institute on Aging colony
were used for this study. Acute surgeries and A1 mapping were conducted
under pentobarbital anesthesia (55 mg/kg i.p.) as previously described (18).
Surgery, A1 mapping procedures, and stimulus presentation are described in
detail in SI Methods.

Behavior. Lightly food-deprived young adult or aging rats were rewarded
with a food pellet for making a “go” response less than 3 s after the pre-
sentation of a target stimulus. The target stimulus consisted of a train of six
tone pips with five identical 9-kHz tones (standard) and one tone of dif-
ferent frequency randomly distributed in any of the last four positions of the
sequence (oddball, 12.728 kHz at level 1). The task difficulty was increased

by reducing the frequency difference between standards and oddballs from
0.5 octaves (level 1) to 0.02 octaves (level 6) according to the rat perfor-
mance. The learning paradigm is described in details in SI Methods.

Immunohistochemistry. At the end of recording sessions, electrolytic lesions
were made at the previously functionally defined A1 borders. All subjects
were then received a high dose of pentobarbital (85 mg/kg i.p.) and perfused
intracardially with paraformaldehyde. Changes in the density of PV+ cells and
MBP were examined by fluorescence immunohistochemistry using standard
methods (SI Methods).

Electrophysiological Data Analysis. The CF of a cortical site was defined as the
frequency at the tip of the tuning curve. The CF, threshold, and BW10 were
determined by direct visualization of the tuning curve in the MatLab envi-
ronment (MathWorks) using custom routines as previously published (23). See
SI Methods for a detailed description of the methods used for data analysis
in this study.

Statistics. Statistical significancewas assessed using unpaired two-tailed t tests
with Bonferroni correction for multiple comparisons. Data are presented as
mean ± SEM.
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