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In the big brown bat, Eptesicus fuscus, the response properties
of neurons and the cochleotopic (frequency) maps in the audi-
tory cortex (AC) and inferior colliculus can be changed by
auditory conditioning, weak focal electric stimulation of the AC,
or repetitive delivery of weak, short tone bursts. The corticofu-
gal system plays an important role in information processing
and plasticity in the auditory system. Our present findings are as
follows. In the AC, best frequency (BF) shifts, i.e., reorganization
of a frequency map, slowly develop and reach a plateau ~180
min after conditioning with tone bursts and electric-leg stimu-
lation. The plateau lasts more than 26 h. In the inferior colliculus,
on the other hand, BF shifts rapidly develop and become the
largest at the end of a 30-min-long conditioning session. The
shifted BFs return (i.e., recover) to normal in =180 min. The
collicular BF shifts are not a consequence of the cortical BF shifts.
Instead, they lead the cortical BF shifts. The collicular BF shifts
evoked by conditioning are very similar to the collicular and
cortical BF shifts evoked by cortical electrical stimulation. There-
fore, our working hypothesis is that, during conditioning, the
corticofugal system evokes subcortical BF shifts, which in turn
boost cortical BF shifts. The cortical BF shifts otherwise would be
very small. However, whether the cortical BF shifts are conse-
quently boosted depends on nonauditory systems, including
nonauditory sensory cortices, amygdala, basal forebrain, etc.,
which determine the behavioral relevance of acoustic stimuli.
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he response properties of neurons and the sensory map in a
sensory cortex and subcortical sensory nucleus can be
changed by conditioning, learning of a discrimination task, or
focal cortical electrical stimulation (see refs. 1-3 for reviews). In
the central nucleus of the inferior colliculus (IC) of the big brown
bat, Eptesicus fuscus, the best frequency (BF) of a neuron shifts
toward the frequency of a conditioned tone that is followed by
an unconditioned electric leg stimulus (ES;). The BF shift of
~1.5 kHz lasts up to 180 min after a 30-min-long conditioning
session. Inactivation of the primary auditory cortex (AC) during
the conditioning abolishes the collicular BF shift that otherwise
would be evoked (4). Focal electrical stimulation of the AC
evokes collicular (5, 6) and cortical BF shifts (6, 7) very similar
in the amount and duration (retention) to the collicular BF shift
evoked by the conditioning. These data indicate that the col-
licular BF shift evoked by the conditioning is produced by the
corticofugal system but do not indicate whether the collicular BF
shift is due to the cortical BF shift or vice versa. It has not yet
been determined which is the case, because it is very difficult, if
not impossible, to inactivate corticofugal fibers selectively with-
out inactivating thalamocortical fibers. One of the aims of the
present paper is to present data that strongly suggest that the
cortical BF shift is boosted by the collicular BF shift mediated
by the corticofugal system.
In the guinea pig, BF shifts evoked by conditioning last for
several weeks in the AC (8) but about 1 h in the ventral division

of the medial geniculate body (MGB), which receives the input
from the central nucleus of the IC (9). Because the BF shifts
observed in the AC or the central nucleus of the IC of the big
brown bat last up to 3.0 h for cortical electrical stimulation,
these BF shifts are somewhat comparable to those obtained
from the MGB but quite different from those obtained from
the AC of the guinea pig. This difference may be due to the
difference in species or the difference in cortical effect be-
tween the cortical electrical stimulation and conditioning. The
second aim of our paper is to demonstrate that the difference
is not due to a species difference but rather due to the
difference between cortical electrical stimulation and condi-
tioning. We will demonstrate that long-lasting cortical BF
shifts depend on the activity of the auditory corticofugal
system and nonauditory systems.

It has been demonstrated that the basal forebrain plays an
important role in cortical plasticity in the guinea pig (10, 11) and
in the cat (12). The basal forebrain plays the same role in the big
brown bat (6). Gao and Suga (4) demonstrated that the somato-
sensory cortex as well as the AC is necessary for collicular BF
shifts evoked by auditory conditioning, i.e., by associative learn-
ing; that the corticofugal system plays an essential role in the
collicular BF shift; and that the slow return of the collicular BF
shift in 180 min does not depend on the corticofugal activity but
on the IC itself (4). However, they did not show whether the
somatosensory cortex is also necessary for cortical BF shifts. The
third aim of the present paper is to report the effect of the
bilateral inactivation of the somatosensory cortices during au-
ditory conditioning on cortical BF shifts.

The present paper describes an important aspect of the
functional role of the corticofugal system in plasticity (reorga-
nization) of the cochleotopic (i.e., frequency) map in the central
auditory system related to associative learning.

Materials and Methods

Preparation. Experiments were performed with 31 adult big
brown bats (E. fuscus). Procedures for animal preparation,
acoustic stimulation, ES; and recording of action potentials have
been described (4, 13). The protocol for this research was
approved by the animal studies committee of Washington Uni-
versity. Under neuroleptanalgesia (Innovar 4.08 mg/kg body
weight), a 15-mm-long metal post was glued to the dorsal surface
of the bat’s skull. Experiments for recording auditory responses
from single neurons began 3-4 days after the surgery. The
unanesthetized bat was placed in a polyethylene-foam body mold
suspended by an elastic band at the center of a soundproof room
maintained at a temperature of about 31°C. The head was
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frequency; ES), electric stimulation of a leg; IC, inferior colliculus in the midbrain; MGB,
medial geniculate body in the thalamus.

*To whom reprint requests should be addressed. E-mail: suga@biology.wustl.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | July5,2000 | vol.97 | no.14 | 8081-8086

NEUROBIOLOGY



immobilized by fixing the metal post glued on the skull onto a
metal rod with set screws and was adjusted to face directly at a
loudspeaker located 74 cm away.

Acoustic and /or Electric Stimuli. Acoustic stimuli (20-ms-long tone
bursts with a 0.5-ms rise—decay time) were delivered to the bat
at a rate of five per second. Their frequency and amplitude were
varied manually to measure the BF and minimum threshold of
a given neuron. Then, the tone bursts were computer controlled.
The sharpness of the manually measured tuning curve was used
to determine the step size (0.2-1.0 kHz) of a computer-
controlled frequency scan: the sharper the tuning curve, the
smaller the step. The frequency scan usually consisted of 21
200-ms-long time blocks or of 34 150-ms-long time blocks when
a tuning curve was particularly wide. In each scan, a single tone
burst was delivered at the beginning of each block, and the
frequency of the tone burst was shifted in 20 or 33 steps across
the BF of the neuron. The amplitude of the tone bursts in the
scan was always set at 10 dB above the minimum threshold of the
neuron to detect a shift in BF more easily. An identical frequency
scan was delivered 50 or 100 times to obtain an array of
poststimulus time histograms as a function of frequency. BFs and
frequency-response curves were obtained by counting the total
numbers of impulses discharged to 50 or 100 identical tone
bursts.

To evoke changes in the BF and frequency-response curve of
a cortical or collicular neuron, the bat was conditioned with a
1.0-s-long train of acoustic stimuli (AS;), followed by a 1.0-s gap
and then by an ES; (hereafter, AS; + ES)). In AS,, the tone bursts
were 50 dB sound pressure level and 10 ms-long and were
delivered at a rate of 33 per second. Their frequencies were
always 5.0 kHz lower than the BF of a given cortical or collicular
neuron to be studied, because AS; evoked the largest BF shift for
cortical (7) and collicular neurons (4, 5) with a BF ~5.0 kHz
higher than that of AS; or the BF of cortical neurons electrically
stimulated. ES; was a 50-ms-long monophasic electric pulse. The
intensity of ES; was just above the threshold (0.15-0.57 mA) for
eliciting a just-noticeable leg flexion, which was monitored with
a strain gauge. This trace conditioning (AS; + ES;) was 1.0-s-long
AS; + 1.0-s gap + 50-ms-long ES;, and backward conditioning
(ES; + AS;) was 50-ms-long ES; + 1.0-s gap + 1.0-s-long AS.. A
single stimulus or paired stimuli were delivered every 30 s for 30
min (60 times in total). AS, and ES; were the conditioned and
unconditioned stimuli, respectively.

Bilateral Inactivation of the Somatosensory Cortex. In the big brown
bat, the corticofugal system is maximally inactivated 20 min after
an application of 0.4 ug of muscimol (an agonist of an inhibitory
synaptic transmitter, y-aminobutyric acid) to the AC, and the
inactivation stays near the maximum over 220 min and then
gradually disappears over 60 min (4). To examine whether the
primary somatosensory cortex influences the cortical and col-
licular BF shifts evoked by conditioning (AS; + ES)), the entire
primary somatosensory cortex was inactivated bilaterally during
conditioning by 0.4 ug of muscimol applied to each somatosen-
sory cortex 20 min before the conditioning. The method used to
apply muscimol to the cortex has been described (4, 14). The
primary somatosensory cortex was localized by identifying the
somatotopic map (15) and by recording neural responses to
touch stimuli before muscimol application.

Acquisition and Processing of Neural Responses. The responses of
cortical and collicular neurons to tone bursts were recorded at
200- to 700-um depths in the AC or 300- to 2,000-um depths in
the IC with tungsten-wire microelectrodes (=7-um tip diame-
ter). A time-amplitude window discriminator was used to select
action potentials from a single neuron. In five animals, the

8082 | www.pnas.org

electrodes were implanted chronically in the AC, but only two
neurons were recorded successfully for more than 10 h.

The BFs and frequency-response curves of cortical and col-
licular neurons were measured in each bat before and after a
30-min delivery of AS; alone, (AS; + ES)), (ES, + AS,), and/or
(AS; + ES)) + (AS; + ES)), which was a “double” conditioning
session. In each double conditioning session, the first and second
sessions were identical, and the second session was delayed from
the end of the first by 10, 90, or 180 min. All of the measurements
were based on arrays of poststimulus time histograms obtained
as a function of frequency. To minimize a cumulative effect of
conditioning, only one neuron was studied in a 1-day experiment,
and the same animal was used only after a 1- to 3-day interval.
In each 1-day experiment, tone bursts alone were delivered at a
rate of five per second over ~2.0-3.0 h to record single-unit
activity and to obtain data in the control condition. This period
presumably evoked extinction of BF shifts, if any remained, after
a previous conditioning experiment.

To test the significance of a BF shift, a weighted average
frequency (i.e., BF) was calculated for the summed response to
five consecutive frequency scans. Then, the mean and standard
error of these weighted averages were computed, and a two-
tailed, paired ¢ test was used to determine whether the weighted-
average frequencies obtained before and after conditioning were
significantly different at P < 0.01.

Results and Discussion

Shifts in the BFs of Collicular and Cortical Neurons Evoked by Acoustic
Stimulation Paired with ES, (Trace Conditioning). The behavioral
response to an ES; was leg flexion and body movement. When
an AS; followed by ES; was delivered to the animal for 30 min,
the animal showed the conditioned response to AS; in the last 10
min of the 30-min period, and collicular and cortical neurons
shifted their BFs toward the frequency of AS,. However, neither
a conditioned response nor BF shift was evoked by AS; alone or
by backward conditioning (ES; + AS,).

Fig. 1 shows the responses and the frequency-response curves
of a single collicular neuron (Fig. 14) and a single cortical
neuron (Fig. 1B). In Fig. 14, the collicular neuron was tuned to
24 kHz (open circles in Fig. 1A4c). When the animal was
conditioned with a 19-kHz AS; paired with ES,, the response of
the neuron decreased by 32.3% to a 24-kHz tone burst (Fig. 14,
compare a2 with al) but increased by 54.5% to a 22-kHz tone
burst (Fig. 14, compare b2 with bI). As a result of these
frequency-dependent changes, the frequency-response curve of
the neuron shifted to 22 kHz from 24 kHz (Fig. 14, filled circles
in ¢). Both the response and the frequency-response curve
returned (hereafter, recovered) to those in the control condition
~165 min after the cessation of the 30-min-long conditioning
(Fig. 14, a4, b4, and dashed line in c¢). All 48 collicular neurons
studied showed changes that were basically the same as those
described above.

In Fig. 1B, the cortical neuron was tuned to 23 kHz (Fig. 1B,
open circles in ¢). When the animal was conditioned with a
18-kHz AS; followed by ES,, the response of the neuron imme-
diately after the conditioning decreased by 13.5% to a 23-kHz
tone burst (Fig. 1B, compare a2 with al) but increased by 10.8%
to a 22-kHz tone burst (Fig. 1B, compare b2 with b1). As a result,
the BF of the neuron shifted down to 22 kHz from 23 kHz (Fig.
1B, filled circles in ¢). About 2 h after the conditioning, however,
the response decreased further by 72.0% at 23 kHz (Fig. 1B,
compare a3 with al) and increased further by 47.9% at 21 kHz
(Fig. 1B, compare b3 with bI). Because of these changes, the
frequency-response curve shifted further down to 21 kHz (Fig.
1B, filled triangles in ¢). The shifted response and frequency-
response curve of the neuron showed no sign of recovery as far
as we tested (Fig. 1B, e.g., a4, b4, and dashed line in ¢ were
obtained 24 h after the conditioning). Of 49 cortical neurons
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Fig. 1. Changesin the responses (a and b) and frequency-response curves (c)
of a single collicular neuron (A) and a single cortical neuron (B) evoked by a
30-min-long conditioning session consisting of 60 stimulus pairs of a short AS;
followed by an ES,. All of the data were obtained with tone bursts fixed at 10
dB above the minimum threshold (MT) of a given neuron. In A, AS; was 19.0
kHz, and the BF of the collicular neuron was 24.0 kHz. In B, AS; was 18.0 kHz,
and the BF of the cortical neuron was 23.0 kHz. The data in A and B were
obtained before (1, control condition), immediately after (2), 85 or 120 min
after (3), and 165 min or 24 h after conditioning (4). The poststimulus time
histogramsin columns a and b, respectively, show the changesin the responses
at the BFs in the control (BF,) and “shifted” conditions (BFs), which are
indicated by arrows in c. The BF shift of the collicular neuron recovered (i.e.,
BFs shifted back to BF) 165 min after the conditioning, but that of the cortical
neuron did not recover even 24 h after the conditioning.

studied, 46 showed changes that were basically the same as those
described above. However, the remaining three showed no
significant BF shift. In 2 neurons of the 46, responses to tone
bursts were recorded up to 26 h after the conditioning. These
responses showed no sign of recovery of a shifted BF (open
triangles in Fig. 2). The time course of the BF shift and the
recovery of BF were dramatically different between collicular
and cortical neurons.

In Fig. 2, the averaged time courses of the BF shifts of 13
collicular (curve a) and 10 cortical neurons (curve b) evoked by
the conditioning show the following five facts. (i) The collicular
BF shift was largest (1.12 = 0.14 kHz) at the end of the
conditioning and monotonically recovered ~180 min after the
conditioning. (ii) The cortical BF shift slowly developed and
reached a plateau (1.50 * 0.14 kHz) ~180 min after the
conditioning. The plateau lasted for at least 26 h. (iii) Immedi-
ately after the 30-min-long conditioning, the cortical BF shift
(0.81 = 0.13 kHz) was smaller than the collicular BF shift (1.12 =
0.14 kHz). This difference is significant (P = 0.003). Such a
difference is also shown in Fig. 3 A-C. For the 48 collicular and
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Fig. 2. Time courses of the BF shifts of collicular (curve a, open circles) and

cortical neurons (curve b, filled triangles) evoked by a 30-min-long condition-
ing session consisting of AS; + ES (horizontal bar). The time course is quite
different between the collicular and cortical neurons. Each data point repre-
sents the mean and standard error of the values obtained from the number of
neurons (N) listed on the right. The mean frequency of AS;s ranged from 19 to
60 kHz (30.5 = 10.4 kHz). The BFs of 13 collicular and 10 cortical neurons
studied were 5.0 kHz higher than the frequency of AS;. For comparison, the
time courses of the BF shifts of collicular and cortical neurons evoked by a focal
electrical stimulation of the AC are also shown in the figure by the dashed
curves ¢ and d, respectively (based on refs. 6 and 7). These two dashed curves
are similar to curve a.

46 cortical neurons studied, the difference in BF shift at the end
of the conditioning was 0.32 * 0.04 kHz. This difference was
highly significant (1.15 = 0.06 kHz vs. 0.83 = 0.09 kHz; P <
0.0005). (iv) The cortical BF shift reached a plateau (i.e., largest)
when the collicular BF shift had almost recovered, i.e., shifted
back to the BF of the control condition. This plateau is also clear
in the data shown in Fig. 3. (v) At the peak or plateau, the cortical
BF shift is slightly larger than the collicular BF shift (1.50 = 0.09
kHz vs. 1.12 = 0.14 kHz; P = 0.03). These data suggest that the
collicular change occurs first and evokes the cortical change. The
relationship between the collicular and cortical changes was
examined further through double conditioning sessions.

Effects of a Second Conditioning Session on BFs of Collicular and
Cortical Neurons. The BF shifts of collicular and cortical neurons
were investigated further with a second conditioning session
conducted 10, 90, or 180 min after the cessation of the first
conditioning session. These time intervals corresponded to the
times for the largest, half recovered, and completely recovered
collicular BF shift, respectively. When the second conditioning
session occurred 10 min after the first, cortical neurons showed
no additional BF shift (Fig. 34, filled triangles), but collicular
neurons showed a significant increase in the duration of BF shift
(Fig. 34, open circles). In other words, the collicular change
occurred without a cortical change. When the second condition-
ing session occurred 90 min after the first, cortical neurons
tended to show an additional BF shift (increase from 1.50 = 0.09
kHz to 1.72 = 0.11 kHz; n = 45), but it was small and not
significant (P = 0.24). The plateau of the cortical BF shift evoked
by the second conditioning session appeared ~30 min after that
(Fig. 3B, filled triangles). On the other hand, collicular neurons
showed an additional BF shift that peaked by the end of the
second conditioning session. The BF shift at the peak tended to
be smaller than that evoked by the first session, but it was
statistically insignificant (1.01 = 0.12 kHz for the second vs.
1.12 = 0.14 kHz for the first; n = 12; P = 0.18). The recovery
was faster than that evoked by the first session (1.44 = 0.19 h for
the second vs. 2.52 = 0.22 h for the first; P = 0.0007; Fig. 3B,
open circles). When the second conditioning session occurred
180 min after the first, cortical neurons showed an additional
prominent BF shift plateau at ~90 min after the second session
(increase from 1.54 = 0.10 kHz to 2.40 = 0.11 kHz; n = 16; P <
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Fig. 3. Time courses of the BF shifts of collicular (curve ¢, open circles) and
cortical neurons (curve d, filled triangles) evoked by two conditioning sessions
with an identical 30-min-long conditioning session consisting of AS; + ES,
(horizontal bars). The time interval between the first and second conditioning
sessions was 10 (A), 90 (B), or 180 min (C). Each data point represents the mean
and standard error of the values obtained from the number of neurons (N)
listed on the right. The mean frequency and the range of AS;s are listed in each
figure. The BFs of the neurons studied were 5.0 kHz higher than the frequency
of AS;. The dashed curves a and b represent the time courses of collicular (curve
a) and cortical BF shifts (curve b) evoked by the first conditioning session alone
and are the same as curves a and b in Fig. 2.

0.05; Fig. 3C, filled triangles). Collicular neurons, as expected,
also showed a BF shift that tended to be slightly smaller than that
evoked by the first session (0.92 = 0.11 kHz for the second vs.
1.15 = 0.13 kHz for the first; n = 13; P = 0.10). This additional
collicular BF shift was largest at the end of the second session
(Fig. 3C, open circles). The recovery tended to be faster than that
evoked by the first session (2.04 = 0.17 h for the second vs. 2.61 =
0.21 h for the first; P = 0.10).

The data shown in Fig. 3 indicate the following three facts. (i)
The collicular BF shift is not at all a consequence of the cortical
BF shift. (ii) The collicular BF shift always proceeds the cortical
BF shift. (iii) The increasing phase of the collicular BF shift is
more related to the large cortical BF shift than is its decreasing
phase. It seems to boost the cortical BF shift.

A focal electrical stimulation of the AC evokes collicular and
cortical BF shifts (5-7). These shifts almost immediately start to
develop together, reach the same peak at the same time, and
recover in ~180 min. Although the cortical BF shift tends to last
slightly longer than the collicular BF shift (Fig. 2, dashed curves
¢ and d). On the other hand, the collicular BF shift evoked by the
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conditioning developed with a ~15-min delay but reached the
same peak as the collicular BF shift evoked by the cortical
electrical stimulation at nearly the same time and then recovered
in ~180 min (Fig. 2, curve a). Therefore, the collicular BF shift
evoked by the conditioning was similar to that evoked by the
cortical electrical stimulation. However, the cortical BF shift
evoked by the conditioning (Fig. 2, curve b) was quite different
from that evoked by the cortical electrical stimulation. It slowly
developed with a ~15-min delay, reached a plateau in ~180 min,
and lasted for many hours after the conditioning.

The cortical electrical stimulation directly stimulates the AC
and corticofugal system, whereas the conditioning (AS; + ES))
stimulates the auditory and somatosensory systems and excites
brain regions related to associative learning and the cholinergic
basal forebrain (see ref. 2 for review). Therefore, the cortical
electrical stimulation and the conditioning are quite different
from each other but evoke very similar collicular BF shifts.
Because an inactivation of the AC during the conditioning
abolishes the collicular BF shift that otherwise would be evoked
(4), the collicular BF shift evoked by the conditioning must be
produced by the auditory corticofugal system.

These findings indicate the following. The cortical electric
stimulation does not excite nonauditory systems, such that the
cortical BF shift is evoked by the cortical neural net and the
corticofugal system, which forms multiple feedback loops via the
MGSB, IC, and subcollicular auditory nuclei and evokes subcor-
tical (e.g., collicular) BF shifts. On the other hand, in auditory
conditioning, the AC and corticofugal system evoke the subcor-
tical (e.g., collicular) BF shifts, which in turn boost the cortical
BF shift, depending on the activity of nonauditory systems.
Accordingly, the cortical BF shift can be quite different from the
subcortical (e.g., collicular) BF shifts in time course and amount.

Effects of Bilateral Inactivation of the Somatosensory Cortex on
Collicular and Cortical BF Shifts Evoked by Auditory Conditioning. The
nonauditory systems modulating the cortical BF shift evoked by
auditory conditioning include at least the cholinergic basal
forebrain (10, 12) and the somatosensory cortex (4). In the big
brown bat, the electrical stimulation of the basal forebrain or the
somatosensory cortex augments the cortical and collicular BF
shifts evoked by electrical stimulation of the AC (6). Bilateral
inactivation of the primary somatosensory cortex during audi-
tory conditioning abolishes the collicular BF shift that otherwise
would be evoked by the conditioning (4). As described below, it
also abolishes the cortical BF shift.

The effect of bilateral inactivation of the primary somatosen-
sory cortex with 0.4 ug of muscimol on the collicular and cortical
BF shifts evoked by the conditioning was studied in 16 collicular
and 13 cortical neurons. All of the data obtained from 29
neurons were identical. Fig. 4 shows that the bilateral inactiva-
tion of the somatosensory cortex during the conditioning abol-
ished the changes in the auditory responses (Fig. 4 Aa and Ba)
and frequency-response curves (Fig. 4 Ab and Bb) of a collicular
(Fig. 44) and a cortical neuron (Fig. 4B) that otherwise would
be evoked by conditioning. The averaged data of the 16 collicular
and 13 cortical neurons shown in Fig. 4C indicate that no BF
shifts were evoked by the conditioning when the somatosensory
cortex was inactivated bilaterally (0.03 = 0.06 kHz vs. 0.00 = 0.11
kHz; P = 0.63).

One may speculate that muscimol applied to the primary
somatosensory cortex during the conditioning might inactivate
not only the somatosensory cortex but also the AC and might
cause neither collicular nor cortical BF shifts. Therefore, mus-
cimol was applied bilaterally to the dorsoposterior portion to the
AC (presumably the visual cortex) during the conditioning, and
six collicular and six cortical neurons were studied. All of these
12 auditory neurons showed a normal BF shift for the condi-
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Fig. 4. Bilateral inactivation of the somatosensory cortex with 0.4 ug of

muscimol abolished changes in the responses (a) and frequency-response
curves (b) of a single collicular neuron (A) and a single cortical neuron (B)
that otherwise would be evoked by auditory conditioning. The poststimu-
lus time histograms in a display the responses to tone bursts at the BF of a
given neuron before (1, control condition); during muscimol application to
the somatosensory cortices (2); immediately after conditioning under bi-
lateral inactivation (3); and 75 or 180 min after conditioning (4). The
frequency-response curvesin b were obtained in the above four conditions.
The frequencies of conditioned AS; and the current of unconditioned ES;
are listed in b. BF, BF in the control condition. (C) No changes in collicular
(filled circles) and cortical BFs (filled triangles) were evoked by the condi-
tioning with AS; + ES; (horizontal bar) because of bilateral inactivation of
the somatosensory cortex. Each data point represents the mean and stan-
dard error of the values obtained from 16 collicular or 13 cortical neurons
(as indicated on the right, N). The mean frequency and the range of AS;s
used were 27.8 = 11.56 kHz and 19-72 kHz, respectively. The BFs of 29
neurons studied were 5.0 kHz higher than the frequency of AS;. All of the
data were obtained with a tone burst delivered at 10 dB above the
minimum threshold (MT) of a given neuron.
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tioning. It is thus very unlikely that muscimol applied to the
somatosensory cortex inactivated the AC.

Our Working Hypothesis. By 1990, a number of important findings
on learning and memory had been made. (i) Acetylcholine plays
an important role in learning and memory (see ref. 16 for
review). (if) The cholinergic basal nucleus of the forebrain
projects diffusely and widely to the cerebral cortex (see ref. 17
for review). (iii) The basal forebrain plays an important role in
learning and memory (18-20). (iv) The basal forebrain receives
an input from the amygdala, which is necessary for the acqui-
sition of conditioned response (21-23). (v) The amygdala re-
ceives an input from thalamic nuclei (24). Adapting these
findings to auditory conditioning and learning, Weinberger (2,
25) hypothesized that auditory and somatosensory stimuli used
for conditioning are associated for associative learning in the
medial division of the MGB and the posterior intralaminar
complex, both in the thalamus; that the associated signal is then
sent to the amygdala, which in turn sends the signal to the basal
forebrain; and that the basal forebrain increases cortical acetyl-
choline levels and amplifies the effect of the medial division of
the MGB on the cortical neurons, which are excited by the
conditioned stimulus.

Four findings described in the present and previous papers (4),
however, do not fit the above hypothesis. (i) The excitation of the
AC by an AS; and the excitation of the somatosensory cortex by
an ES; both are essential for cortical and collicular BF shifts
evoked by conditioning. These sensory cortices indirectly project
to the amygdala through the association cortices (26, 27).
Therefore, the neural pathway from the sensory cortices to the
amygdala is presumably much more important than that from
the sensory thalamus to the amygdala for plastic changes in the
auditory system related to auditory associative learning. (if)
Collicular changes proceed cortical changes. This fact strongly
suggests that collicular changes evoked by the corticofugal
system are necessary for boosting cortical changes that otherwise
would be very small. (iif) The AC and corticofugal system have
an intrinsic mechanism for cortical and subcortical plastic
changes, which are highly specific to the parameters character-
izing the acoustic stimuli (4, 5, 28, 29). (iv) Cortical changes
evoked by conditioning are different from those evoked by focal
cortical activation. This fact strongly suggests that the cortical
changes that would be evoked by the corticofugal system (i.e., by
subcortical changes) are modulated by nonauditory systems (4).
Therefore, we want to propose the following working hypothesis.

According to cortical activation evoked by acoustic stimuli, the
corticofugal system adjusts and improves subcortical signal
processing. Whether the AC changes according to the subcor-
tical change depends on nonauditory systems that suppress or
augment cortical changes. The system for suppression hypoth-
esized herein may be related to a mechanism for the extinction
of conditioned response, which has been speculated to be evoked
by inhibition mediated by the corticofugal system (30). One of
the systems for augmentation must consist of nonauditory
sensory cortices (the somatosensory cortex in our conditioning
experiment), amygdala, and cholinergic basal forebrain. During
conditioning with acoustic stimuli followed by an ES,, the
auditory and somatosensory cortices indirectly send signals to
the amygdala where the sensory signals are associated with each
other. When the acoustic stimuli become behaviorally relevant
to the animal, the associated signals are sent from the amygdala
to the cholinergic basal forebrain, which in turn increases the
cortical acetylcholine level. Then, cortical changes based on the
corticofugal system (i.e., egocentric selection) are augmented.
Our working hypothesis uses part of the hypothesis proposed by
Weinberger (2, 25).

Armony et al. (31) found that conditioning with a conditioned
acoustic stimulus followed by an unconditioned electric stimulus
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augmented a short latency response and evoked a long latency
response of cortical auditory neurons and that the long
latency response was abolished by amygdala lesion, but the short
latency response was not. Conditioning changes neural activity
in several brain regions, including the auditory and somatosen-
sory cortices, the hippocampus, and the amygdala. The amygdala
is necessary for the acquisition of conditioned behavioral re-
sponse, whereas the hippocampus and sensory cortices are
necessary for the memory of the relation between the condi-
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