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Skills

Motor Perceptual

Facts and Events

Fact Event

Declarative
(Explicit, Conscious)

Non-declarative 
(Implicit, Non-Conscious)

Types of learning



• Practice, practice, practice

• Enough is enough

• Do the right thing

Principles of perceptual learning



soundsound

soundsound

Which silent gap is longer?

Interval discrimination task
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Learning across days
Interval Discrimination

Practice, practice, practice



Principles of perceptual learning

• Practice, practice, practice

• Enough is enough

• Do the right thing



Wright & Sabin, 2007
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Principles of perceptual learning

• Practice, practice, practice

• Enough is enough

• Do the right thing



Wright, & Sabin, 2007
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Modification of A1 stimulus coding correlates with learning
A1 area devoted to sound cue increases

A1 single neuron discharge rate to trained sound cue increase

A1 disinhibition regulates learning-induced plasticity

A1 activity is causally related to learning
Decreasing A1 activity or blocking NMDA receptors prevents learning

Blocking A1 activity reverses the effect of learning

Auditory learning & auditory cortex plasticity



A1 area

Two common measures of auditory cortex plasticity
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Tone-shock pairing: neuron firing rate increases to trained frequency

Diamond & Weinberger, 1986; Bakin & Weinberger, 1990 

A1 plasticity correlates with associative learning
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Rutkowski & Weinberger, 2005

Conditioned Stimulus = 6 kHz
6 kHz signals availability of water
to bar press

animals. For each deprivation level, subsequent interindividual
variability created a divergence of weight and motivation level
for the task, leading to a relatively broad continuum of perfor-
mance values. Water intake was expressed in terms of the
percentage difference in weight measured immediately before
and after a training session. The overall degree of behavioral
importance of the CS was determined from the mean perfor-
mance level across all training sessions. The performance cal-
culation was based on measures previously used for operant
training (22) and involved correcting the hit rate (bar-press rate
during CS presentation as a proportion of the total bar-press
rate), with the false-positive rate (proportional bar-press rate in
absence of CS): performance ! hit rate " (false-positive rate #
hit rate) # 100. A performance score of 0 indicated no hits, and
100% indicated perfect performance, i.e., no false positives.
Chance performance, i.e., hit rate and false-positive rate were
equal, gave a score of 25%.

After training, the frequency organization of the right AI was
mapped by an experienced experimenter, blind to the previous
treatment of the animals, with the rats under general anesthesia
(sodium pentobarbital, 50 mg!kg i.p.) as described in ref. 23. A
series of calibrated digital photographs of the cortical surface
were taken, allowing the position of each recording to be noted.
Extracellular recordings of multiunits were obtained with
parylene-coated tungsten microelectrodes (1–4 M$, FHC, Bow-
doinham, ME) from a depth of 400–600 !m (layers III–V).
Acoustic stimuli were delivered monaurally through a calibrated
speaker placed at the entrance to the left ear canal and were
generated by using Tucker–Davis Technologies, Alachua, FL,
hardware and software. They consisted of white noise (band-
width ! 1 Hz–50 kHz) and pure tone bursts (1.3–1.7 per s),
duration ! 100 ms, rise–fall time ! 8 ms (cos2 ramp). AI sites
were defined by relative short latency (%20 ms) onset-type
responses, with significantly lower thresholds ("20 dB) for pure
tones than noise (20, 23–25). Nonresponsive sites or those that
showed either a significantly lower threshold or exclusive re-
sponse for noise defined the AI border with nonspecific cortex
or belt areas, respectively. The boundary between AI and the
anterior auditory field was determined by a reversal in the CF
representation, as well as changes in bandwidth and latency (23,
25). To estimate the representational area of each CF octave
band, Voronoi tessellations were constructed from each com-
plete map, and the area of each polygon was calculated. For all
AI sites, anterior–posterior (AP) distances from the most pos-
terior AI site were measured. Each AP distance measurement
was then binned into octave bands according to CF, and an
average AP distance for each CF octave band was calculated.
Unless otherwise stated, group data were statistically compared
by ANOVA, with Games–Howell post hoc testing.

Results
Because the aim of the present study was to investigate the
relationship between the magnitude of behavioral importance
and the degree of plasticity, it was important to validate the
performance measures in terms of motivation level to the CS, as
imposed by water deprivation. Fig. 1 shows correlations between
the mean performance level and the associated mean weight and
the mean amount of water consumed during a session, plotted as
a percentage of the overall body weight. The performance values
calculated were highly correlated with both weight (r ! 0.76, P %
0.05) and mean water consumed (r ! 0.66, P % 0.05), which
provides validation that they reflected overall motivation to
the CS.

Fig. 2 A and B shows representative maps of AI recorded from
a naive (untrained) and a trained experimental rat, respectively.
For the naive rat, the tonotopic organization of low to high CFs
is clearly seen to progress from posterior to anterior, in agree-
ment with previous reports (20, 23–25). The mean total area

calculated for naive AI (6 mm2) also agrees with most previous
studies (24, 25). The trained experimental animals showed a
similar tonotopic organization, with surprisingly no significant
difference in mean area for the CS band (4.1–8 kHz), compared
with naive animals (Student’s t test; t ! "0.12, P ! 0.91).
However, in some regions, the tonotopic gradient was com-
pressed as a result of CS representations being found in more
anterior locations. Also, an increased number of sites exhibited
either significantly lower thresholds for, or exclusive responses
to, white noise, thus making them more belt-like. The com-
pressed gradient and increased responses to noise contracted the
mean AI area to 3.3 mm2, a reduction of &50% from that of
naive rats, and contributed to a pronounced relative expansion
of the CS representational area.

Fig. 1. Validation of performance levels as measures of CS importance. The
plots highlight significant linear correlations between mean performance
level and mean weight (A), expressed as a percentage of the mean weight of
undeprived animals, and mean water intake (B), expressed as the mean
percentage difference in body weight measured before and after each train-
ing session.

Fig. 2. Examples of the effects of training on representational area. Orga-
nization of CFs in AI for a representative untrained naive (A), and a trained
experimental (B) rat. Each ‘‘#’’ indicates an electrode penetration, with
colored polygons indicating the estimated AI area representing the CF ac-
cording to the color bar shown below the maps; D, dorsal; A, anterior. Cortical
area representing CFs within the CS octave band, i.e., 4.1–8 kHz, is highlighted
by outlined polygons and vertical hatching. Points not surrounded by color
indicate sites physiologically classified as non-AI (see Materials and Methods).
(Scale bar: 1.0 mm.) (C) Learning curves for three animals showing low (blue
squares), mid (black diamonds), and high (red triangles) levels of motivation
level. (D) Corresponding distributions of relative representational area (per-
cent of total AI area) for each animal, together with mean naive areas (gray
line), are shown. Vertical bars on naive area distribution indicate ' SEM;
dashed circle and light gray box highlight the CS bin.
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animals. For each deprivation level, subsequent interindividual
variability created a divergence of weight and motivation level
for the task, leading to a relatively broad continuum of perfor-
mance values. Water intake was expressed in terms of the
percentage difference in weight measured immediately before
and after a training session. The overall degree of behavioral
importance of the CS was determined from the mean perfor-
mance level across all training sessions. The performance cal-
culation was based on measures previously used for operant
training (22) and involved correcting the hit rate (bar-press rate
during CS presentation as a proportion of the total bar-press
rate), with the false-positive rate (proportional bar-press rate in
absence of CS): performance ! hit rate " (false-positive rate #
hit rate) # 100. A performance score of 0 indicated no hits, and
100% indicated perfect performance, i.e., no false positives.
Chance performance, i.e., hit rate and false-positive rate were
equal, gave a score of 25%.

After training, the frequency organization of the right AI was
mapped by an experienced experimenter, blind to the previous
treatment of the animals, with the rats under general anesthesia
(sodium pentobarbital, 50 mg!kg i.p.) as described in ref. 23. A
series of calibrated digital photographs of the cortical surface
were taken, allowing the position of each recording to be noted.
Extracellular recordings of multiunits were obtained with
parylene-coated tungsten microelectrodes (1–4 M$, FHC, Bow-
doinham, ME) from a depth of 400–600 !m (layers III–V).
Acoustic stimuli were delivered monaurally through a calibrated
speaker placed at the entrance to the left ear canal and were
generated by using Tucker–Davis Technologies, Alachua, FL,
hardware and software. They consisted of white noise (band-
width ! 1 Hz–50 kHz) and pure tone bursts (1.3–1.7 per s),
duration ! 100 ms, rise–fall time ! 8 ms (cos2 ramp). AI sites
were defined by relative short latency (%20 ms) onset-type
responses, with significantly lower thresholds ("20 dB) for pure
tones than noise (20, 23–25). Nonresponsive sites or those that
showed either a significantly lower threshold or exclusive re-
sponse for noise defined the AI border with nonspecific cortex
or belt areas, respectively. The boundary between AI and the
anterior auditory field was determined by a reversal in the CF
representation, as well as changes in bandwidth and latency (23,
25). To estimate the representational area of each CF octave
band, Voronoi tessellations were constructed from each com-
plete map, and the area of each polygon was calculated. For all
AI sites, anterior–posterior (AP) distances from the most pos-
terior AI site were measured. Each AP distance measurement
was then binned into octave bands according to CF, and an
average AP distance for each CF octave band was calculated.
Unless otherwise stated, group data were statistically compared
by ANOVA, with Games–Howell post hoc testing.

Results
Because the aim of the present study was to investigate the
relationship between the magnitude of behavioral importance
and the degree of plasticity, it was important to validate the
performance measures in terms of motivation level to the CS, as
imposed by water deprivation. Fig. 1 shows correlations between
the mean performance level and the associated mean weight and
the mean amount of water consumed during a session, plotted as
a percentage of the overall body weight. The performance values
calculated were highly correlated with both weight (r ! 0.76, P %
0.05) and mean water consumed (r ! 0.66, P % 0.05), which
provides validation that they reflected overall motivation to
the CS.

Fig. 2 A and B shows representative maps of AI recorded from
a naive (untrained) and a trained experimental rat, respectively.
For the naive rat, the tonotopic organization of low to high CFs
is clearly seen to progress from posterior to anterior, in agree-
ment with previous reports (20, 23–25). The mean total area

calculated for naive AI (6 mm2) also agrees with most previous
studies (24, 25). The trained experimental animals showed a
similar tonotopic organization, with surprisingly no significant
difference in mean area for the CS band (4.1–8 kHz), compared
with naive animals (Student’s t test; t ! "0.12, P ! 0.91).
However, in some regions, the tonotopic gradient was com-
pressed as a result of CS representations being found in more
anterior locations. Also, an increased number of sites exhibited
either significantly lower thresholds for, or exclusive responses
to, white noise, thus making them more belt-like. The com-
pressed gradient and increased responses to noise contracted the
mean AI area to 3.3 mm2, a reduction of &50% from that of
naive rats, and contributed to a pronounced relative expansion
of the CS representational area.

Fig. 1. Validation of performance levels as measures of CS importance. The
plots highlight significant linear correlations between mean performance
level and mean weight (A), expressed as a percentage of the mean weight of
undeprived animals, and mean water intake (B), expressed as the mean
percentage difference in body weight measured before and after each train-
ing session.

Fig. 2. Examples of the effects of training on representational area. Orga-
nization of CFs in AI for a representative untrained naive (A), and a trained
experimental (B) rat. Each ‘‘#’’ indicates an electrode penetration, with
colored polygons indicating the estimated AI area representing the CF ac-
cording to the color bar shown below the maps; D, dorsal; A, anterior. Cortical
area representing CFs within the CS octave band, i.e., 4.1–8 kHz, is highlighted
by outlined polygons and vertical hatching. Points not surrounded by color
indicate sites physiologically classified as non-AI (see Materials and Methods).
(Scale bar: 1.0 mm.) (C) Learning curves for three animals showing low (blue
squares), mid (black diamonds), and high (red triangles) levels of motivation
level. (D) Corresponding distributions of relative representational area (per-
cent of total AI area) for each animal, together with mean naive areas (gray
line), are shown. Vertical bars on naive area distribution indicate ' SEM;
dashed circle and light gray box highlight the CS bin.
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A1 plasticity correlates with individual animal’s learning
CS signals water: A1 area increases at trained frequency

6

animals. For each deprivation level, subsequent interindividual
variability created a divergence of weight and motivation level
for the task, leading to a relatively broad continuum of perfor-
mance values. Water intake was expressed in terms of the
percentage difference in weight measured immediately before
and after a training session. The overall degree of behavioral
importance of the CS was determined from the mean perfor-
mance level across all training sessions. The performance cal-
culation was based on measures previously used for operant
training (22) and involved correcting the hit rate (bar-press rate
during CS presentation as a proportion of the total bar-press
rate), with the false-positive rate (proportional bar-press rate in
absence of CS): performance ! hit rate " (false-positive rate #
hit rate) # 100. A performance score of 0 indicated no hits, and
100% indicated perfect performance, i.e., no false positives.
Chance performance, i.e., hit rate and false-positive rate were
equal, gave a score of 25%.

After training, the frequency organization of the right AI was
mapped by an experienced experimenter, blind to the previous
treatment of the animals, with the rats under general anesthesia
(sodium pentobarbital, 50 mg!kg i.p.) as described in ref. 23. A
series of calibrated digital photographs of the cortical surface
were taken, allowing the position of each recording to be noted.
Extracellular recordings of multiunits were obtained with
parylene-coated tungsten microelectrodes (1–4 M$, FHC, Bow-
doinham, ME) from a depth of 400–600 !m (layers III–V).
Acoustic stimuli were delivered monaurally through a calibrated
speaker placed at the entrance to the left ear canal and were
generated by using Tucker–Davis Technologies, Alachua, FL,
hardware and software. They consisted of white noise (band-
width ! 1 Hz–50 kHz) and pure tone bursts (1.3–1.7 per s),
duration ! 100 ms, rise–fall time ! 8 ms (cos2 ramp). AI sites
were defined by relative short latency (%20 ms) onset-type
responses, with significantly lower thresholds ("20 dB) for pure
tones than noise (20, 23–25). Nonresponsive sites or those that
showed either a significantly lower threshold or exclusive re-
sponse for noise defined the AI border with nonspecific cortex
or belt areas, respectively. The boundary between AI and the
anterior auditory field was determined by a reversal in the CF
representation, as well as changes in bandwidth and latency (23,
25). To estimate the representational area of each CF octave
band, Voronoi tessellations were constructed from each com-
plete map, and the area of each polygon was calculated. For all
AI sites, anterior–posterior (AP) distances from the most pos-
terior AI site were measured. Each AP distance measurement
was then binned into octave bands according to CF, and an
average AP distance for each CF octave band was calculated.
Unless otherwise stated, group data were statistically compared
by ANOVA, with Games–Howell post hoc testing.

Results
Because the aim of the present study was to investigate the
relationship between the magnitude of behavioral importance
and the degree of plasticity, it was important to validate the
performance measures in terms of motivation level to the CS, as
imposed by water deprivation. Fig. 1 shows correlations between
the mean performance level and the associated mean weight and
the mean amount of water consumed during a session, plotted as
a percentage of the overall body weight. The performance values
calculated were highly correlated with both weight (r ! 0.76, P %
0.05) and mean water consumed (r ! 0.66, P % 0.05), which
provides validation that they reflected overall motivation to
the CS.

Fig. 2 A and B shows representative maps of AI recorded from
a naive (untrained) and a trained experimental rat, respectively.
For the naive rat, the tonotopic organization of low to high CFs
is clearly seen to progress from posterior to anterior, in agree-
ment with previous reports (20, 23–25). The mean total area

calculated for naive AI (6 mm2) also agrees with most previous
studies (24, 25). The trained experimental animals showed a
similar tonotopic organization, with surprisingly no significant
difference in mean area for the CS band (4.1–8 kHz), compared
with naive animals (Student’s t test; t ! "0.12, P ! 0.91).
However, in some regions, the tonotopic gradient was com-
pressed as a result of CS representations being found in more
anterior locations. Also, an increased number of sites exhibited
either significantly lower thresholds for, or exclusive responses
to, white noise, thus making them more belt-like. The com-
pressed gradient and increased responses to noise contracted the
mean AI area to 3.3 mm2, a reduction of &50% from that of
naive rats, and contributed to a pronounced relative expansion
of the CS representational area.

Fig. 1. Validation of performance levels as measures of CS importance. The
plots highlight significant linear correlations between mean performance
level and mean weight (A), expressed as a percentage of the mean weight of
undeprived animals, and mean water intake (B), expressed as the mean
percentage difference in body weight measured before and after each train-
ing session.

Fig. 2. Examples of the effects of training on representational area. Orga-
nization of CFs in AI for a representative untrained naive (A), and a trained
experimental (B) rat. Each ‘‘#’’ indicates an electrode penetration, with
colored polygons indicating the estimated AI area representing the CF ac-
cording to the color bar shown below the maps; D, dorsal; A, anterior. Cortical
area representing CFs within the CS octave band, i.e., 4.1–8 kHz, is highlighted
by outlined polygons and vertical hatching. Points not surrounded by color
indicate sites physiologically classified as non-AI (see Materials and Methods).
(Scale bar: 1.0 mm.) (C) Learning curves for three animals showing low (blue
squares), mid (black diamonds), and high (red triangles) levels of motivation
level. (D) Corresponding distributions of relative representational area (per-
cent of total AI area) for each animal, together with mean naive areas (gray
line), are shown. Vertical bars on naive area distribution indicate ' SEM;
dashed circle and light gray box highlight the CS bin.
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animals. For each deprivation level, subsequent interindividual
variability created a divergence of weight and motivation level
for the task, leading to a relatively broad continuum of perfor-
mance values. Water intake was expressed in terms of the
percentage difference in weight measured immediately before
and after a training session. The overall degree of behavioral
importance of the CS was determined from the mean perfor-
mance level across all training sessions. The performance cal-
culation was based on measures previously used for operant
training (22) and involved correcting the hit rate (bar-press rate
during CS presentation as a proportion of the total bar-press
rate), with the false-positive rate (proportional bar-press rate in
absence of CS): performance ! hit rate " (false-positive rate #
hit rate) # 100. A performance score of 0 indicated no hits, and
100% indicated perfect performance, i.e., no false positives.
Chance performance, i.e., hit rate and false-positive rate were
equal, gave a score of 25%.

After training, the frequency organization of the right AI was
mapped by an experienced experimenter, blind to the previous
treatment of the animals, with the rats under general anesthesia
(sodium pentobarbital, 50 mg!kg i.p.) as described in ref. 23. A
series of calibrated digital photographs of the cortical surface
were taken, allowing the position of each recording to be noted.
Extracellular recordings of multiunits were obtained with
parylene-coated tungsten microelectrodes (1–4 M$, FHC, Bow-
doinham, ME) from a depth of 400–600 !m (layers III–V).
Acoustic stimuli were delivered monaurally through a calibrated
speaker placed at the entrance to the left ear canal and were
generated by using Tucker–Davis Technologies, Alachua, FL,
hardware and software. They consisted of white noise (band-
width ! 1 Hz–50 kHz) and pure tone bursts (1.3–1.7 per s),
duration ! 100 ms, rise–fall time ! 8 ms (cos2 ramp). AI sites
were defined by relative short latency (%20 ms) onset-type
responses, with significantly lower thresholds ("20 dB) for pure
tones than noise (20, 23–25). Nonresponsive sites or those that
showed either a significantly lower threshold or exclusive re-
sponse for noise defined the AI border with nonspecific cortex
or belt areas, respectively. The boundary between AI and the
anterior auditory field was determined by a reversal in the CF
representation, as well as changes in bandwidth and latency (23,
25). To estimate the representational area of each CF octave
band, Voronoi tessellations were constructed from each com-
plete map, and the area of each polygon was calculated. For all
AI sites, anterior–posterior (AP) distances from the most pos-
terior AI site were measured. Each AP distance measurement
was then binned into octave bands according to CF, and an
average AP distance for each CF octave band was calculated.
Unless otherwise stated, group data were statistically compared
by ANOVA, with Games–Howell post hoc testing.

Results
Because the aim of the present study was to investigate the
relationship between the magnitude of behavioral importance
and the degree of plasticity, it was important to validate the
performance measures in terms of motivation level to the CS, as
imposed by water deprivation. Fig. 1 shows correlations between
the mean performance level and the associated mean weight and
the mean amount of water consumed during a session, plotted as
a percentage of the overall body weight. The performance values
calculated were highly correlated with both weight (r ! 0.76, P %
0.05) and mean water consumed (r ! 0.66, P % 0.05), which
provides validation that they reflected overall motivation to
the CS.

Fig. 2 A and B shows representative maps of AI recorded from
a naive (untrained) and a trained experimental rat, respectively.
For the naive rat, the tonotopic organization of low to high CFs
is clearly seen to progress from posterior to anterior, in agree-
ment with previous reports (20, 23–25). The mean total area

calculated for naive AI (6 mm2) also agrees with most previous
studies (24, 25). The trained experimental animals showed a
similar tonotopic organization, with surprisingly no significant
difference in mean area for the CS band (4.1–8 kHz), compared
with naive animals (Student’s t test; t ! "0.12, P ! 0.91).
However, in some regions, the tonotopic gradient was com-
pressed as a result of CS representations being found in more
anterior locations. Also, an increased number of sites exhibited
either significantly lower thresholds for, or exclusive responses
to, white noise, thus making them more belt-like. The com-
pressed gradient and increased responses to noise contracted the
mean AI area to 3.3 mm2, a reduction of &50% from that of
naive rats, and contributed to a pronounced relative expansion
of the CS representational area.

Fig. 1. Validation of performance levels as measures of CS importance. The
plots highlight significant linear correlations between mean performance
level and mean weight (A), expressed as a percentage of the mean weight of
undeprived animals, and mean water intake (B), expressed as the mean
percentage difference in body weight measured before and after each train-
ing session.

Fig. 2. Examples of the effects of training on representational area. Orga-
nization of CFs in AI for a representative untrained naive (A), and a trained
experimental (B) rat. Each ‘‘#’’ indicates an electrode penetration, with
colored polygons indicating the estimated AI area representing the CF ac-
cording to the color bar shown below the maps; D, dorsal; A, anterior. Cortical
area representing CFs within the CS octave band, i.e., 4.1–8 kHz, is highlighted
by outlined polygons and vertical hatching. Points not surrounded by color
indicate sites physiologically classified as non-AI (see Materials and Methods).
(Scale bar: 1.0 mm.) (C) Learning curves for three animals showing low (blue
squares), mid (black diamonds), and high (red triangles) levels of motivation
level. (D) Corresponding distributions of relative representational area (per-
cent of total AI area) for each animal, together with mean naive areas (gray
line), are shown. Vertical bars on naive area distribution indicate ' SEM;
dashed circle and light gray box highlight the CS bin.
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Polley et al., 2006 
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A1 plasticity correlates with type of practice
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A1 plasticity correlates with type of practice



Record A1 neural sensitivity while animals practice

A1 plasticity correlates with individual learning



water spout

Behavior: amplitude modulation detection



Measure of performance
d’ = z (hit rate) – z (false alarm rate)

Behavior: amplitude modulation detection
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Caras & Sanes, 2017
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Training improves cortex neuron sensitivity
Single animal recorded across days of practice
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Acetylcholine neuron stimulation induces plasticity
Nucleus basalis: cholinergic projection to A1
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FIG. 2. Paired CS/NB stimulation produces CS-specific modification of auditory cortex RF. (A) A summary of the experimental protocol. (B)
Prepairing peristimulus histogram (PSTH). (C) Immediate postpairing PSTH. (D) Quantified RFs for prepairing (Pre), immediate (Imm), and
20 min (20 m) postpairing. (E) Corresponding RF difference functions (post- minus pre-RFs) reveal that pairing produced an increase in response
that was highly specific to the frequency of the CS (filled arrowhead); it was the only frequency that showed a consistent increase in the RFs. In
addition, there was a decrease in response to the prepairing BF (6.0 kHz, open arrowhead) and its adjacent higher frequency. (F) RF from another
subject in the paired group, showing an example of a CS-specific shift in tuning. Prior to pairing (Pre) the BF was 10.0 kHz (open arrowhead).
Thirty minutes after pairing (30 m), the BF had shifted to the frequency of the CS, 13.3 kHz (filled arrowhead). (G) The RF difference function
for the date shown in F shows the specific increase in response to the frequency of the CS, and decreases in response to other frequencies, including
the pretraining BF. (H) Unpaired CS/NB stimulation does not produce CS-specific plasticity. Prior to training, the pre-BF was 13.0 kHz (open
arrowhead). Tuning was unchanged following 40 trials of unpaired CS (16.0 kHz, filled arrowhead) and NB stimulation; shown are RFs immediately
(Imm) and 30 min (30 m) after training. (I) The RF difference functions for the RFs shown in H show a slight increase to non-CS frequencies,
with no change in response to the CS frequency (filled arrowhead) immediately and 30 min posttraining.

tude of response to the CS frequency after treatment while
decreases indicate the converse.

Prior to pairing, the average CS/BF ratio of the paired subjects
was not significantly different from the average CS/BF ratio of
the unpaired subjects (Mann-Whitney test, U = 6, P > 0.05),
indicating that prior to treatment the CS frequency was equally
effective for both groups. Therefore within group analyses could
be performed. For the paired group, the ACS/BF was signifi-
cantly increased immediately after pairing (Wilcoxin test, P =

0.01) and this effect was maintained at 10 (P = 0.01) and 20 (P =
0.01) min posttraining, but not at 30 min (P > 0.05). In contrast,
the ACS/BF of unpaired subjects did not change significantly at
any time period (Wilcoxin test, all P values > 0.05). Group
comparisons for each post-treatment period are presented in Fig.
3B. Statistical comparisons of the differences between the paired
and unpaired groups showed significant differences immediately
(Mann-Whitney test, P < 0.05), 10 min (P < 0.05), and 20 min
(P < 0.01) posttreatment.
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FIG. 2. Paired CS/NB stimulation produces CS-specific modification of auditory cortex RF. (A) A summary of the experimental protocol. (B)
Prepairing peristimulus histogram (PSTH). (C) Immediate postpairing PSTH. (D) Quantified RFs for prepairing (Pre), immediate (Imm), and
20 min (20 m) postpairing. (E) Corresponding RF difference functions (post- minus pre-RFs) reveal that pairing produced an increase in response
that was highly specific to the frequency of the CS (filled arrowhead); it was the only frequency that showed a consistent increase in the RFs. In
addition, there was a decrease in response to the prepairing BF (6.0 kHz, open arrowhead) and its adjacent higher frequency. (F) RF from another
subject in the paired group, showing an example of a CS-specific shift in tuning. Prior to pairing (Pre) the BF was 10.0 kHz (open arrowhead).
Thirty minutes after pairing (30 m), the BF had shifted to the frequency of the CS, 13.3 kHz (filled arrowhead). (G) The RF difference function
for the date shown in F shows the specific increase in response to the frequency of the CS, and decreases in response to other frequencies, including
the pretraining BF. (H) Unpaired CS/NB stimulation does not produce CS-specific plasticity. Prior to training, the pre-BF was 13.0 kHz (open
arrowhead). Tuning was unchanged following 40 trials of unpaired CS (16.0 kHz, filled arrowhead) and NB stimulation; shown are RFs immediately
(Imm) and 30 min (30 m) after training. (I) The RF difference functions for the RFs shown in H show a slight increase to non-CS frequencies,
with no change in response to the CS frequency (filled arrowhead) immediately and 30 min posttraining.

tude of response to the CS frequency after treatment while
decreases indicate the converse.

Prior to pairing, the average CS/BF ratio of the paired subjects
was not significantly different from the average CS/BF ratio of
the unpaired subjects (Mann-Whitney test, U = 6, P > 0.05),
indicating that prior to treatment the CS frequency was equally
effective for both groups. Therefore within group analyses could
be performed. For the paired group, the ACS/BF was signifi-
cantly increased immediately after pairing (Wilcoxin test, P =

0.01) and this effect was maintained at 10 (P = 0.01) and 20 (P =
0.01) min posttraining, but not at 30 min (P > 0.05). In contrast,
the ACS/BF of unpaired subjects did not change significantly at
any time period (Wilcoxin test, all P values > 0.05). Group
comparisons for each post-treatment period are presented in Fig.
3B. Statistical comparisons of the differences between the paired
and unpaired groups showed significant differences immediately
(Mann-Whitney test, P < 0.05), 10 min (P < 0.05), and 20 min
(P < 0.01) posttreatment.
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regulate learning in experiments conducted
over more than a century (2). Recently,
behavioral relevance has been shown to di-
rectly modulate representational plasticity in
cortical learning models (3, 4). The cholin-
ergic nucleus basalis (NB) has been impli-
cated in this modulation of learning and
memory. The NB is uniquely positioned to
provide the cortex with information about
the behavioral importance of particular stim-
uli, because it receives inputs from limbic
and paralimbic structures and sends projec-
tions to the entire cortex (5). NB neurons
are activated as a function of the behavioral
significance of stimuli (6). Several forms of
learning and memory are impaired by cho-
linergic antagonists and by NB lesions (7).
Even the highly robust cortical map reorga-
nization that follows peripheral denervation
is blocked by NB lesions.

Many studies using acute preparations
have shown that electrical stimulation of
the NB (8) or local administration of ace-
tylcholine (ACh) (9) can modulate stimu-
lus-evoked single-unit responses. The vari-
ability across studies in the direction, mag-
nitude, and duration of the modulation has
made it difficult to relate these effects to
long-term cortical map plasticity (10).

To clarify the role of the NB in represen-
tational plasticity, we investigated the con-
sequences of long-term pairing of tones with
episodic NB stimulation. A stimulating elec-
trode was implanted in the right NB of 21
adult rats. After recovery, animals were
placed in a sound attenuation chamber and a
pure tone was paired with brief trial-by-trial
epochs of NB stimulation during daily ses-
sions (11). The tone paired with NB stimu-
lation occurred randomly every 8 to 40 s.
Pairing was repeated 300 to 500 times per
day for 20 to 25 days. The rats were unanes-
thetized and unrestrained throughout this
procedure.

Twenty-four hours after the last session,
each animal was anesthetized and a detailed
map of the primary auditory cortex (A1)
was generated from 70 to 110 microelec-
trode penetrations (12). During this cortical
mapping phase, experimenters were blind to
the tone frequency that had been paired
with NB stimulation. The frequency-inten-
sity response characteristics of sampled neu-
rons were documented in every penetration
by presentation of 45 pure tone frequencies
at 15 sound intensities. Tuning curves were
defined by a blind experienced observer
(13).

Figure 1A illustrates the organization of
A1 in a representative naı̈ve rat. The color

of each polygon denotes each penetration’s
best frequency (BF), which is the frequency
that evoked a neuronal response at the
lowest stimulus intensity. The frequency
representation is complete and regular in
control rats. Each frequency is represented
by a band of neurons that extends roughly
dorsoventrally across A1. The 9-kHz isofre-
quency band, for example, is shaded light
blue in Fig. 1A, and penetrations with a BF
within a third of an octave of 9 kHz are
hatched with white. Figure 1B shows the
tips of the tuning curves recorded in every

penetration. The tip of the “V” marks the
BF; the width of the V denotes the range of
frequencies to which the neurons at the site
responded at 10 dB above threshold. In
naı̈ve rats, BFs were evenly distributed
across the entire hearing range of the rat, in
accordance with the well-known tonotopic
organization of A1 (14).

Pairing a specific tonal stimulus with NB
stimulation resulted in remodeling of corti-
cal area A1 in all 21 experimental rats. In
the representative example shown in Fig.
1C, a 50-dB 9-kHz tone was paired with NB
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Fig. 1. (A, C, E, and G) Representative maps of A1 that show the effects of pairing 9-kHz tones with
electrical stimulation of the NB. (A) Representative map from an experimentally naı̈ve rat demonstrating
the normal orderly progression of BFs recorded in the rat A1. Each polygon represents one electrode
penetration. The color of each polygon indicates the BF in kilohertz. The polygons (Voronoi tessellations)
were generated so that every point on the cortical surface was assumed to have the characteristics of
the closest sampled penetration. Hatched polygons designate sites with BFs within one-third of an
octave of 9 kHz, illustrating a typical isofrequency band. Penetrations that were either not responsive to
tones (O) or did not meet the criteria of A1 responses (X) were used to determine the borders of A1. (C)
Map of A1 after pairing a 250-ms 9-kHz tone with NB stimulation. (E) Map of A1 after pairing a train of
six 9-kHz tones with NB stimulation. (G) Map of A1 after pairing both 9- and 19-kHz tones with NB
stimulation. The expansion of the 9-kHz isofrequency band is shown in (C), (E), and (G). Scale bar, 200
!m. (B, D, F, and H) Distribution of tuning curve tips at every A1 penetration from each map, which
indicate the BF, threshold, and receptive field width 10 dB above the threshold for neurons recorded at
each penetration. Threshold as a function of frequency (in kilohertz) matches previously defined behav-
ioral thresholds. Solid vertical lines mark the frequency paired with NB stimulation. Dotted vertical lines
mark frequencies presented as often as, but not paired with, stimulation.
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regulate learning in experiments conducted
over more than a century (2). Recently,
behavioral relevance has been shown to di-
rectly modulate representational plasticity in
cortical learning models (3, 4). The cholin-
ergic nucleus basalis (NB) has been impli-
cated in this modulation of learning and
memory. The NB is uniquely positioned to
provide the cortex with information about
the behavioral importance of particular stim-
uli, because it receives inputs from limbic
and paralimbic structures and sends projec-
tions to the entire cortex (5). NB neurons
are activated as a function of the behavioral
significance of stimuli (6). Several forms of
learning and memory are impaired by cho-
linergic antagonists and by NB lesions (7).
Even the highly robust cortical map reorga-
nization that follows peripheral denervation
is blocked by NB lesions.

Many studies using acute preparations
have shown that electrical stimulation of
the NB (8) or local administration of ace-
tylcholine (ACh) (9) can modulate stimu-
lus-evoked single-unit responses. The vari-
ability across studies in the direction, mag-
nitude, and duration of the modulation has
made it difficult to relate these effects to
long-term cortical map plasticity (10).

To clarify the role of the NB in represen-
tational plasticity, we investigated the con-
sequences of long-term pairing of tones with
episodic NB stimulation. A stimulating elec-
trode was implanted in the right NB of 21
adult rats. After recovery, animals were
placed in a sound attenuation chamber and a
pure tone was paired with brief trial-by-trial
epochs of NB stimulation during daily ses-
sions (11). The tone paired with NB stimu-
lation occurred randomly every 8 to 40 s.
Pairing was repeated 300 to 500 times per
day for 20 to 25 days. The rats were unanes-
thetized and unrestrained throughout this
procedure.

Twenty-four hours after the last session,
each animal was anesthetized and a detailed
map of the primary auditory cortex (A1)
was generated from 70 to 110 microelec-
trode penetrations (12). During this cortical
mapping phase, experimenters were blind to
the tone frequency that had been paired
with NB stimulation. The frequency-inten-
sity response characteristics of sampled neu-
rons were documented in every penetration
by presentation of 45 pure tone frequencies
at 15 sound intensities. Tuning curves were
defined by a blind experienced observer
(13).

Figure 1A illustrates the organization of
A1 in a representative naı̈ve rat. The color

of each polygon denotes each penetration’s
best frequency (BF), which is the frequency
that evoked a neuronal response at the
lowest stimulus intensity. The frequency
representation is complete and regular in
control rats. Each frequency is represented
by a band of neurons that extends roughly
dorsoventrally across A1. The 9-kHz isofre-
quency band, for example, is shaded light
blue in Fig. 1A, and penetrations with a BF
within a third of an octave of 9 kHz are
hatched with white. Figure 1B shows the
tips of the tuning curves recorded in every

penetration. The tip of the “V” marks the
BF; the width of the V denotes the range of
frequencies to which the neurons at the site
responded at 10 dB above threshold. In
naı̈ve rats, BFs were evenly distributed
across the entire hearing range of the rat, in
accordance with the well-known tonotopic
organization of A1 (14).

Pairing a specific tonal stimulus with NB
stimulation resulted in remodeling of corti-
cal area A1 in all 21 experimental rats. In
the representative example shown in Fig.
1C, a 50-dB 9-kHz tone was paired with NB
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Fig. 1. (A, C, E, and G) Representative maps of A1 that show the effects of pairing 9-kHz tones with
electrical stimulation of the NB. (A) Representative map from an experimentally naı̈ve rat demonstrating
the normal orderly progression of BFs recorded in the rat A1. Each polygon represents one electrode
penetration. The color of each polygon indicates the BF in kilohertz. The polygons (Voronoi tessellations)
were generated so that every point on the cortical surface was assumed to have the characteristics of
the closest sampled penetration. Hatched polygons designate sites with BFs within one-third of an
octave of 9 kHz, illustrating a typical isofrequency band. Penetrations that were either not responsive to
tones (O) or did not meet the criteria of A1 responses (X) were used to determine the borders of A1. (C)
Map of A1 after pairing a 250-ms 9-kHz tone with NB stimulation. (E) Map of A1 after pairing a train of
six 9-kHz tones with NB stimulation. (G) Map of A1 after pairing both 9- and 19-kHz tones with NB
stimulation. The expansion of the 9-kHz isofrequency band is shown in (C), (E), and (G). Scale bar, 200
!m. (B, D, F, and H) Distribution of tuning curve tips at every A1 penetration from each map, which
indicate the BF, threshold, and receptive field width 10 dB above the threshold for neurons recorded at
each penetration. Threshold as a function of frequency (in kilohertz) matches previously defined behav-
ioral thresholds. Solid vertical lines mark the frequency paired with NB stimulation. Dotted vertical lines
mark frequencies presented as often as, but not paired with, stimulation.
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