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Chowdhury, Syed A. and Nobuo SugaReorganization of the fre- In the big brown bat, an acoustic stimulus paired with electric
quency map of the auditory cortex evoked by cortical electricgbg-stimulation as in a classical conditioning paradigm evokes
stimulation in the big brown batl. Neurophysiol83: 18561863, an expansion in the representation of the acoustic stimulus in

2000. In a search phase of echolocation, big brown BEMesICUS e inferior colliculus. The auditory cortex is necessary for this
fuscus emit biosonar pulses at a rate of 10/s and listen to echo? pansion (Gao and Suga 1998)

When a short acoustic stimulus was repetitively delivered at this ra nth tached baP i m tical audit
the reorganization of the frequency map of the primary auditor n the mustache (eronotus parnellj, cortical auditory

cortex took place at and around the neurons tuned to the frequenc{'8Hrons mediate, via corticofugal projection, a highly focused
the acoustic stimulus. Such reorganization became larger when B@sitive feedback to subcortical neurons “matched” in tuning
acoustic stimulus was paired with electrical stimulation of the cortick® a particular acoustic parameter in the frequency or time
neurons tuned to the frequency of the acoustic stimulus. This reorgidmain, and a widespread lateral inhibition to “unmatched”
nization was mainly due to the decrease in the best frequencies of $ubcortical neurons. This cortical feedback changes subcortical
neurons that had best frequencies slightly higher than those of #gps, augments excitatory neural responses, and sharpens neu-
electrically stimulated cortical neurons or the frequency of the acoyg tuning curves so as to enhance the neural representation of
tic stimulus. Neurons with best frequenme_s slightly lower than _tho?f‘:equently occurring signals in the central auditory system.

of the acoustically and/or electrically stimulated neurons sllghtl¥ u " .

increased their best frequencies. These changes resulted in the on#-S function, named “egocentric selection,

representation of repetitively delivered acoustic stimulus. Because Vves the cortical neurons: own input, and, (I:onsequently,
over-representation resulted in under-representation of other frequeiLtical signal processing (Yan and Suga 1996; Zhang et al.

cies, the changes increased the contrast of the neural representatidkd&7)- In the big brown batHptesicus fuscys egocentric
the acoustic stimulus. Best frequency shifts for over-representatid@lection shifts the best frequencies (BFs) of collicular neurons
were associated with sharpening of frequency-tuning curves of 25%t only toward the BF of electrically stimulated cortical
of the neurons studied. Because of the increases in both the contrasfirons but also toward the frequency of a repetitively deliv-
of neural representation and the sharpness of tuning, the over-regied acoustic stimulus (tone burst), resulting in local reorgani-
sentation of the acoustic stimulus is accompanied with an improvgation of the frequency map in the inferior colliculus (Yan and
ment of analysis of the acoustic stimulus. Suga 1998). Egocentric selection also evokes BF shifts accord-
ing to auditory experience based on associative learning (Gao
and Suga 1998).
It appears that the cerebral cortex has mechanisms to adjust
The auditory, visual, and somatosensory systems, respage improve sensory epithelial (frequency) and computational
tively, have cochleotopic, retinotopic, and somatosensory magsho delay) maps not only in the cortex, but also in subcortical
in their central neural pathways. These sensory epithelial mapglei via corticofugal feedback. In the above experiments on
are modified by deprivation, injury, and experience in youniats, however, changes evoked by acoustic stimuli and/or focal
(Hubel et al. 1977) and adult animals (Clark et al. 1988; Irvineortical electrical stimulation were studied only in the subcor-
and Rajan 1996; Jenkins et al. 1990; Kaas et al. 1990; Mé&cal auditory nuclei. The aim of our present paper is to report
zenich et al. 1984; Pettet and Gilbert 1992; Recanzone et@lr finding that the changes in the frequency map of the
1993; Snyder et al. 1990, 1991; Weinberger et al. 1993). Sugtimary auditory cortex are similar to, but slightly larger than,
plasticity has been explained by changes in divergent atftbse in the inferior colliculus.
convergent projections of neurons in the ascending sensory
system. However, recent findings, briefly reviewed belowmjeTtHoDS
indicate that the cerebral cortex and the descending (corticofus

. . e Sixteen adult big brown bat&ptesicus fuscusyere used in the
gal) system play an important role in modifying these map resent experiment. Under neuroleptanalgesia (Innovar 4.08 mg/kg

In the motor (Nudo et al. 1996), somatosensory (Recanzofigy, " \eight), a 1.5-cm-long metal post was glued on the dorsal
et al. 1993; Spengler and Dinse 1994), and auditory corticggface of the bat's skull. The physiological experiment was started
(Maldonado and Gerstein 1996; Yan and Suga 1998), electrigal days after the surgery. The animal was placed in a polyethylene-
stimulation of particular parts of the cortex evokes an expafvam body mold and hung at the center of a soundproof room which
sion in the cortical or subcortical representation of those pantgs maintained at 31°C. The metal post mounted on the skull was

fixed on a metal rod with set screws to immobilize the animal’s head

The costs of publication of this article were defrayed in part by the paymefd adjusted to face directly at a loudspeaker located 74 cm away.

of page charges. The article must therefore be hereby maedatttisemerit (The protocol of our research was approved by the animal studies
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ committee of Washington University.) To record action potentials of
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ulated. Eg was a train of four monophasic electric pulses (100 nA,
0.2-ms duration, 2.0-ms interval). The first pulse of,lB8d the onset
of each tone burst were in register in time (Fig)1AS, or AS, + ES,
was delivered at a rate of 10/s for 30 min.

To measure a BF shift as a function of distance between the
recorded and electrically stimulated cortical neurons, the BFs of
cortical neurons were first measured at 12—-14 locations. These loca-
tions were~100 um apart and rostral or caudal to the location ofES
along the frequency axis in the AC. Then, A8 ES, were delivered
for 30 min. Within 60 min thereafter, BFs of neurons at these 12—-14
locations were remeasured.

The following criteria were used for a shift in the frequency-
response or -tuning curve (or BF) of a neuron by, ABAS, + ES,;
if a shifted frequency-response or -tuning curve did not shift back by
more than 50%, the data were excluded from the analysis. In stable,
B long recording conditions, all curves shifted by the stimulation recov-

AS; _( 20 ms-long )_ ered by more than 50%. This recovery itself helped prove that the shift

was significant. When a BF shift was small and its significance was
not obvious, a weighted average frequency (i.e., BF) was calculated
100 for the summed response to five consecutive frequency scans. Then
nA, 0.2 ms-long L. .
| | | l electric pulses the mean and standard deviation of these weighted averages were
computed, and a two-tailed pairgdtest was used to determine
) whether or not the weighted-average frequencies (BFs) obtained for
10/s for 30 min. control and stimulus conditions were significantly different Rk

Fic. 1. Cochleotopic map in the primary auditory corté® énd stimulus 0.01.
configurations B). A: numbers and lines on the left auditory cortex indicate
isobest frequency contour lines. Our recordings of auditory responses were
made within the dotted area. (The map is based on Dear et al. 1BaB)e RESULTS
burst used for repetitive acoustic stimulation d a train of electric pulses . . .
used for corticalpstimulation (E¥ These stimmere delivered at aprate ofShlfts in best frequencies
10/s for 30 min. CBL, cerebellum; CER, cerebral cortex; e.d.v., epidural
vessel; IC, inferior colliculus; SC, superior colliculus.

ESa

6 ms-long train

In the AC of the big brown bat, the low-to-high-frequency
axis was parallel to the caudorostral axis of the brain, as
cortical auditory neurons, a tungsten-wire electrode (#8 tip previously reported (Fig.A; Dear et al. 1993; Jen et al. 1989).
diam) was orthogonally inserted into the auditory cortex (AC), whicie recorded 71 single and 45 multiple neurons in the AC and
is tonotopically organized ang900-um thick (Fig. 14). All record-  found shifts in BFs that were the same as those found in the
ings were made at the depth of 200—-8pf. A BAK window inferior colliculus (Yan and Suga 1998). That is, AS ES,
discriminator was usgd to selepp action potgntlals from a smg]e Ne&yhired with the ASmainly evoked downward shifts in the BFs
ron. When the selection was difficult and action potentials Or'g.mat"fgjcortical neurons which had a BF slightly higher than the
from 2—-3 neurons were recorded, the recording was classified a reaquency of the AS These cortical neurons were located

Itiunit ding. The BF and mini threshold of ingle =1 . :
mutuni reccreng. he anc. minmum freshac o & 09 ithin ~600 um rostral to the neurons activated with the,ES

neuron or multiple neurons were first measured audiovisually. Thé’l\% 8 .
the computer-controlled frequency scan was delivered, which coh'® BF shifts were larger and longer-lasting for the ASES,

sisted of 22 time blocks, each 200-ms long. A single tone burst wian for the AS alone.

delivered at the beginning of each block. The frequency of the toneln Fig. 2, the frequency-response curves of two single cor-
burst was shifted from block to block in 0.5-kHz steps across the Bieal neurons A and B) are shown by the arrays of PSTC

of the neuron(s). The amplitude of tone bursts in the scan was seh@dtograms displaying their responses to tone bursts obtained
20 dB above the minimum threshold of the neuron or varied every Hafore, immediately after, and 90 min after A®a) or AS, +

scans in 5 dB steps from 80 to 0 dB sound pressure level. Neu (Ba). The amplitude of the tone bursts was 10 dB above
responses to tone bursts were displayed as peristimulus-time (PST, minimum threshold of a given neuron. A, the neuron
PST cumulative (PSTC) histograms. (In a PSTC histogram, impu as tuned to 43.5 kHz in the control condition. When, &8

counts in the bins of a PST histogram are successively added.) ) L .
responses to the frequency scans were displayed on a comp 0 kHz was delivered for 30 min, its BF shifted down to 43.0

monitor as an array or arrays of PST or PSTC histograms, storeddnz. The BF returned to 43.5 kHz 90 min after the A Ba,
a computer hard drive, and used to construct a frequency-responsé6r neuron was tuned to 58.5 kHz in the control condition.
frequency-tuning curve. Such a curve was obtained before and altéhen AS at 53.0 kHz was paired with ESo stimulate 53.0
repetitive acoustic stimuli (A$ or focal cortical electric stimulation kHz tuned cortical neurons, the 58.5-kHz BF shifted down to
(ES,) paired with AS, delivered at a rate of 10/s for 30 min. 55.5 kHz. The BF returned to 58.5 kHz 90 min after AS

AS, consisted of 300 tone bursts, each of which was 20-ms Ior%a_ These shifts in the BFs were due to a decrease in the
with a 0.5-ms rise-delay time (FigB). Its amplitude and frequency rasponse at the BF in the control condition and an increase in
were set at 50 dB SPL and at a frequency the same as or lowerr e qhonse at the shifted BF. Neither decrease nor increase in

higher than the BF of a recorded cortical neuron, respectively. E . . .
was delivered through a pair of tungsten-wire electrodes glued side ponse was assoc!ated with a ch_ange In response pattern, as
shown by the PST histograms in Fig. 2.

side. The tips of these electrodes were G#8 in diameter and were ) .
separated by-150 um along the electrode shaft. These stimulatin% The time course of a BF shift evoked by Aglone or AS +
electrodes were placed at a 500—7@@ depth of the AC. In the ES, was measured in 19 and 42 neurons, respectively. The BF
paired acoustic-electrical stimulation (A$ ES,), the AS frequency shift was always largest and stayed nearly the same in a period
was always the same as the BF of cortical neurons electrically stio 30—60 min after the cessation of A8 AS, + ES,. Then,
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BF shift were, respectively;-2.6 and 11 kHz for 23-27 kHz

A
120 _?. Control 20 b BF¢ _ BFs AS, frequenciesrf = 9), and—2.4 and 14 kHz for 46—-54 kHz
: 43.5 kHz 43.0 kHz AS, frequenciesr{f = 7). The maximum BF shift and the
60 1 10 . largest BF difference for a just-noticeable BF shift did not
0. ° 0 __11,4.4_‘ differ between the above two ranges of A&quencies. There
120 1 9. ag 20 _ fore in the following text, the BF shifts and the differences
it i between BF and ASare expressed in kilohertz, not in octave.
60y A10KHz 10 T The relationship between a BF shift and a difference be-
0 ° 04 _4‘.*;_‘ tween the BF of a recorded neuron and g A&quency or a BF

difference between recorded and stimulated cortical neurons is
shown in Fig. 4. Figure A shows that ASalone evoked the
60 4 i 10+ I 7 downward shifts of the BFs of neurons which had a BF within

5 __L,J_._, 8 kHz above the ASfrequency. The maximum BF shift

120 1 3: Recovery 90 min after 20

0 0
38 40 42 44 46 48 0 25 50 25 50 obpserved was 1.0 kHz, which occurred-a8 kHz above the
Frequency in kHz Time in ms AS, frequency. Figure B shows that AS + ES, evoked the

B downward shifts of the BFs of neurons which had a BF within

100 a ” b BE C & 12 kHz above the BFs of electrically stimulated cortical neu-

11: Control OT A T 558Kz rons. The maximum BF shift observed was 3.0 kHz, which

- occurred at 5 kHz above the BFs of electrically stimulated
neurons. Small but significant BF shifts were also noticed for
neurons in which BFs were more than 12 kHz higher or lower
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100 1 2: AS+ES, 207 7 than the BFs of neurons electrically stimulated. Therefore the
50 | 53.0 kHz 10 4 BF shifts between-1.0 and+0.5 kHz shown in Fig. B are
. VoA : . ‘f . replotted on the expanded ordinate in Fig. 4'he following
R 1

are indicated by Fig. @ 1) AS, + ES, also evoked the
3: Recovery 90 min after 207 . decrease in the BFs of some neurons with a BF within a range

50 10 4 “ i of 6—8 kHz lower (4 open circles on tHeft) or ~19 kHz

100 -

o higher (3 triangles on thfar right) than the BF of electrically

e 54 56 58 60 0 o5 5006 25 5o Stimulated neuro_nSZ) It also _ev_oked an increase in the BFs of
Frequency in kHz Time in ms some neurons with a BF within a range of 1-6 I_(Hz lower (7

triangles on théeft) or 12-15 kHz higher (7 open circles on the

right) than the BF of electrically stimulated neuror8. BF

FiIG. 2. Changes in the responses of 2 cortical neurdran@iB) evoked by  shifts between—3 and +8 kHz (triangle) tended to evoke

AS, (A or_(E%) paired yvith A_S (B). a: arrays of poststimulus-time cun_]ulative over-representation of the Aﬂequency or the BF of electri
(PSTC) histograms displaying the responses to tone bursts at different fre-

quencies.b and c: poststimulus-time (PST) histograms displaying the re-

AS; : 20 ms, 50 dB SPL, 10/s ES;:0.2ms, 100 nA, 10/s

0.3

sponses to the tone bursts at the best frequencies in the control (43.5 or 58.5 A
kHz) or the shifted condition (43.0 or 55.5 kH4).2, and3, respectively, show 0 0_‘{
the responses in the control, shifted (A& AS, + ES), and recovery
conditions. The frequency of A$s indicated by the arrow. ESvas delivered -0.34 \
to cortical neurons tuned to the Aequencya: filled circles, Xs, and open \\
circles indicate the best frequencies (BF) in the control, shifted, and recovery -0.6 \
conditions, respectively. Changes in response evoked hy-AES, were 0.9
larger than those evoked by A&lone. The parameters of AGnd ES are - AS; : tone burst
listed at the bottom. 404 20 ms long
N ’ AS; only 10/s
BFs gradually returned to those in the control condition over L -1.5+—T =TT —T—T—T—T——T—
2-3 h after the cessation (Fig. 3). A 75% recovery occurred at -= 0.3~
55.0 = 21.2 min @ = 19) after AS or at 100.2+ 28.3 min s B
(n = 42) after AS + ES,. w07 o=
The data obtained from 154 neurons indicate that the amount ~ 34 \
of the maximum BF shift of each neuron was different depend- 06- \\
ing on the difference between its BF and the frequency of AS e \\
(Figs. 4,A andB, and 5). (Note that in AS+ ES, the BF of -0.9 - \ ES.: 02ms
neurons electrically stimulated was the same as the frequency P & 100 nA
of AS,.) We considered that the higher the A&hd/or the BF ' AS+ES, 10/s
of cortical neurons electrically stimulated, the larger the range -1.5 SR RO A A v O e P e
of BFs affected by the ASand/or ES. That is, we considered ) T
that if the AS was one octave higher, the amount of a BF shift Time in minutes

was one octave larger. The ABequency in AS + ES, was Fic. 3. Recovery curves of BF shifts in 4 cortical neurons evoked by AS
h (A) or (ES) paired with AS (B). ES, was delivered to cortical neurons tuned

between 22.6 anc_i 54.0 kHz (346 11.2 kHZ_’ n 83). The to the AS frequency.A: AS, was 2.8 ¢) or 3.6 kHz () lower than the BFs

maximum BF shift and the largest BF difference betwegs 4 or 25.2 kHz) of 2 neuron&: AS, was 2.4 ¢) or 3.6 kHz () lower than

recorded and stimulated cortical neurons for a just-noticealtle BFs (31.4 and 37.8 kHz) of 2 neurons.
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0090 —g—=———®-eeep—eep—o—1— 0.0
FIG. 4. Shifts in the BFs of cortical neurons

05-] ASralone o o® evoked by AS (A) or by ES, paired with AS (B)
- T ee® as a function of difference between the BF of a
ASy: 35.4 +17.0 kHz - neuron and the ASrequency. ESwas delivered
404 N= 33 1 ee to cortical neurons tuned to the ASiequency,
N ; r I y : . . . . : which was 34.6+ 11.2 kHz f = 83). C: BF
T -20 -10 0 10 20 -20 -10 0 10 20 shifts between—1.0 and +0.5 kHz in B are
= Freq. difference (AC,—ASy) in kHz BF difference (AC,—ACg) in kHz replotted on the expanded BF shift axis. Trian-
= gles and open circles, respectively, indicate BF
S 1.0 shifts toward and away from the A&equency.
L D: mean BF shifts with a bar for one standard
0.0 deviation are plotted for cortica#] and collicu
lar neurons §). A-C: horizontal dashed lines
-1.0 AS+ES, indicate =SD. AG: cortical neurons recorded.
ACg: cortical neurons stimulated. |Ccollicular
2.0 -2.0 neurons recorded. (The collicular data were ob-
ESg:34.6 £ 11.2 kHz ° ® AC ;
30 N= 83 o 30 oIC tained by Yan and Suga 1998.)
20 -0 0 10 20 20 -0 0 10 20
BF difference (AC;,—ACg) in kHz BF difference (AC or IC—ACyg) in kHz

cally stimulated cortical neurons, but those betwee® and stimulated cortical neurons are different from neuron to neu-
—8 kHz and between-8 and +15 kHz (open circles) tended ron. For example, a BF shift occurred in some neurons, but did
to evoke under-representation of these frequencies. In othet occur in some others at the BF difference-&& kHz. If a
words, the BF shifts occurred to increase the contrast of neushlft did occur, the direction of BF shift could be different
representation of ASor the BF of electrically stimulated between neurons. Such variation might be due to pooling the
cortical neurons. data obtained for AS+ ES, in which ES, was delivered to

As shown in Fig. 4, the most noticeable BF shifts werdifferent locations of cortical iso-BF lines tuned to a frequency
downward toward the BF of electrically stimulated corticabetween 22.6 and 54.0 kHz (349 11.2 kHz,n = 83).
neurons and occurred on the high-frequency side of the BFTdierefore a pair of electrodes for E®vas implanted at a
electrically stimulated cortical neurons or the frequency &00—-700um depth at a 30.2= 0.6 kHz tuned location and
AS,. Therefore the BF shifts (i.e., frequency map adjustmergingle or multiple neurons were recorded from different loca-
is asymmetrical and centripetal. The comparison of the preséinhs rostral or caudal to the stimulation electrodes along the
cortical data with the collicular data obtained by Yan and Sudieequency axis of the AC. The data obtained from three ani-
(1998) indicate that BF shifts evoked by AS ES, were mals (Fig. 5) indicate that cortical neurons located rostrally
slightly larger for cortical neurons than for collicular neurons<600 um (corresponding to~47 kHz) to the stimulation
(P < 0.005 at 6 and 9 kHz above the BF of cortical neurorelectrodes decreased their best frequencies and that those lo-
electrically stimulated) (Fig. @). cated caudally<400 um (corresponding te-22 kHz) to the

The BF shifts at a given BF difference between recorded astimulation electrodes increased their best frequencies. The
decrease in BF was much larger than the increase in BF. The
BF shifts were thus asymmetrical and centripetal. The largest
downward BF shift observed was 1.8 kHz, which occurred at
0.2 mm rostral (corresponding te35 kHz) to the electrically
stimulated neurons. The largest upward BF shift was 0.4 kHz,
which occurred at 0.1 mm caudal (corresponding-@4 kHz)
to the electrically stimulated neurons. The BF shifts toward the
BF of the electrically stimulated neurons tended to evoke an
over-representation of the BF of the electrically stimulated
neurons. The over-representation is, however, associated with
the under-representation of BFs at 0.2—0.6 mm rostral and
—0.1to—0.4 mm caudal portions to the electrically stimulated

19

245+1.2
30.1+0.3
30.5+05
35.3+3.9
38.8+4.9
50.0

47.3+3.7
46.7 £ 4.0

@9 267+13
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[Fip

18.3+1.5

17.0
® 23.6+2.0
55.0
56.2
61.0

0.5

ot
o (<)
I |

BF shift in kHz

N
1

157 As +Es, ° 3 bats neurons, because the amount of BF shift became less at the
at BF = 30.2£ 0.6 kHz A N =238 portion more rostral to the 0.2 mm rostral place or more caudal
24T 7T T 7T —+ 7T 71T —1 1 tothe 0.1 mm caudal place to the electrically stimulated

-1.0 -08 -06 -04 -02 0 0.2 04 06 08 1.0
Caudal <¢———— > Rostral

Distance between recorded and stimulated neurons (mm)

neurons.

FIG. 5. Shifts in the BFs of cortical neurons as a function of the distamcSeharpenlng of frequency tuning curves

between recorded and stimulated cortical neurons. The data obtained from P .
different bats are indicated by the 3 different symbols. The best frequency Qf% shift in BF of a neuron was always accompanled by a

cortical neurons stimulated was 30:20.6 kHz. The BFs of neurons recordedSIMilar shift of the whole frequency-tuning curve. The shift
at different locations are shown at the top. in a tuning curve was mostly parallel to the frequency axis
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B Twenty-one neurons out of the 83 had a BF within a range

T A of —6 and+20 kHz of the AS frequency and shifted the BF

. by —3.2 to +1 kHz (Fig. 48B). They showed a decrease in the
A 7 width of the tuning curve, i.e., sharpening in the tuning curve.

ASHES, Sharpening at 30 dB above minimum threshold was small,

i + 0.4-1.0 kHz, in 16 neurons (FigB§, but large, 1.2-1.6 kHz,

T oo in the remaining three neurons (FigC)e

24 26 28 30 32 34 . .

It has been known that the width of a frequency-tuning curve
go_C D sharpened by lateral inhibition generally does not change or
changes only a little at 10 dB above the minimum threshold,
but changes noticeably at higher stimulus levels (e.g., Suga et
. al. 1997). Therefore a width of a tuning curve was measured at
i ASrES, 10, 30, and 50 dB above the minimum threshold of each of the
83 neurons studied with AS+ ES,. Sixty-two out of 83
25 BB RTRTE TR neurons showed no change at all in the bandwidth of their

Frequency in kHz tuning curves, regardless of stimulus levels because the amount
Fie. 6. Changes in the frequency-tuning curves of four cortical neuro@ change was not more that 0.1 kH2% 0.05). However, the
(A-D) evoked by paired acoustic and electric stimuli (ASES,). A-C: BFs remaining 21 neurons showed changes larger than 0.1 kHz, so
of the recorded neurons were higher than the BFs of the electrically stimulayﬁht the changes at different stimulus levels were plotted
cortical neurons (arrows: BF of the recorded neuron was lower than that o . - . .
the electrically stimulated neuron (arrow). The frequency of &8s the same against the difference m_ BF between the recorded and stimu-
as the BFs of neurons electrically stimulated. The open and filled circles d@fed cortical neurons (Fig. A-C). Out of the 21, 19 neurons
dashed lines indicate the frequency-tuning curves measured in the contstiowed 0.3—1.6 kHz narrower widths of a tuning curve at 30
shifted, and recovered _conditio_ns, respectiv_ﬂyD: tuning curves shifted dB above minimum threshold than those in the control condi-
toward the BFs of electrically stimulated cortical neurons (arrows). tion (Fig. 78), and 1 neuron showed 1.0 kHz wider width than
that in the control condition. Such changes (sharpening) were
(Fig. 6). For AS alone, the minimum threshold and thesignificant at all three stimulus levels: valuesPare 0.0330,
shape of a frequency-tuning curve did not change in all 380002, and 0.0049 for 10, 30, and 50 dB above minimum
neurons studied, perhaps because a change was too smdiheshold, respectively (Fig. A-C).
be detected in our measurement. However, for ASES,, There was a tendency that sharpening was somewhat larger for
change in minimum threshold was observed, which w#&s the neurons with BFs withirt 2 kHz of the AS frequency, which
dB in 61 neurons out of the 83 neurons showing a BF shiftas the same as the BF of electrically stimulated cortical neurons
and was=*=10 dB in the remaining 22 neurons. The overalfFig. 7B). However, cross-correlation analysis indicates that there
shape of a tuning curve did not change in 70 neurons outiefno correlation between BF shift and change in bandwidth:
the 83 (Fig. 6 A, B, andD), but changed in the remaining 130.17, 0.24, and 0.10 at 10, 30, and 50 dB above minimum

Threshold in dB SPL

60
40+

20 A

neurons (Fig. €). threshold, respectively (Fig. B—).
A MT+10 dB B MT+30 dB C MT+50 dB
17 AS+ES, ] ° ] °
] ] °
0 7 1= e —=—
e o o3 g g0 o Qo
14 1 oo o ° 4 O
] [ ]
] ®
-2 ] T T 1 T T 1

-10 0 10 20 -10 (') 1'0 2'0 -10 0 10 20 FIG. 7. Changes in the widths of frequency-tuning curves of
. _ cortical neurons evoked by E®aired with AS. A-C. changes
BF difference (AC;—ACs) in widths at 10, 30, and 50 dB above minimum threshold, as the

D MT+10 dB E MT+30 dB F MT+50 dB function of difference in BF between recorded and electrically
17 ASAE _ o - o stimulated cortical neuron®-F: changes in widths at 10, 30,
] Sr+ESq ] ] J and 50 dB above minimum threshold as a function of the BF
] i o :
shift.

lol

Change in tuning curve width in kHz

T
4 2 0 2 4 4 2 0 2 4 4 -2 0 2 4

BF shift in kHz (No change in 60 units
out of the 81 studied.)
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DISCUSSION Gao and Suga (1998) therefore proposed a model which is
Adjustment of frequency representation in the AC and somewhat different from Weinberger's model. A train of
inferior colliculus sounds combined with an electric leg-stimulation excite the AC
. o and the somatosensory cortex, respectively. These sensory
The adjustment of frequency representation in the Agortices send signals to the amygdala through the association
evoked by AS alone or AS + ES, is similar to that in the cortex (Amaral et al. 1992; Romanski and LeDoux 1993). The
inferior colliculus (Yan and Suga 1998), although the former i3y of acoustic stimuli evokes changes in the AC, which are
slightly larger than the latter. Classical conditioning with tongjghy specific to acoustic stimuli, and are based on egocentric
bursts and electric leg-stimulation also evokes the adJU.Stm%@%ection mediated by the corticofugal system. When associa-
of frequency representation in the inferior colliculus which ig, learning takes place in the amygdala, that is, when an

the same as that evoked in the inferior colliculus by, AS ~ 4 nima) is conditioned for the train of acoustic stimuli paired

ES, This adjustment evoked by conditioning does not OCCith electric leg stimulation, the cholinergic basal forebrain is

when the AC or the somatosensory cortex is inactivated durin cited by these stimuli throuah the amvadala and increases
conditioning. These findings indicate that the corticofugal sy§* y the . 9 y9 )
e acetylcholine level in the cortex. As a result, the train of

;eurgitglr?/ygy;r;rkm(gggtoagtncrjolseuér; tlhgeggast|0|ty of the centr acoustic stimuli-related changes in the AC are augmented in
Recent studies indicate that the cholinergic basal forebr ehganvl;[g?aﬁlyar:gle?/li"{ri“c;::.olljgti(():thgmvtlj(l)ir?:’ égﬁjsq;%cfsén?m?f
plays an important role in cortical reorganization. Elecmcﬁoved. Our present data favor the hypothesis that the AC has

stimulation of the basal forebrain paired with tone burs e basic neural circuit which works together with the corti-
evokes massive cortical reorganization for the over-represens )

tation of the frequency of the tone bursts (Bakin and Wei

28598? 1995; Bjordahl et al. 1998; Kilgard and Merzenic In the AC, the duration of plastic changes is 2-3 h for a

Weinberger (1995) proposed a model to explain cortic ghaviorally irrelevant acoustic stimulus or direct cortical elec-
frequency-tuning plasticity in the learning of a classical co rical stimulation, but many hours for a behaviorally relevant

ditioning paradigm. An auditory signal (tone burst, conditio acoustic stimulus (Gao and Suga 2000). In the inferior collicu-

: : : e , however, it is 2-3 h for both conditions (Gao and Suga
ing stimulus) is sent to the AC through the ventral division S . o
the medial geniculate body (MG which is nonplastic, and is 998; Yan and Suga 1998). These data indicate that Gao and

also sent to the magnocellular division of the medial genicula%éfjg""'S model is a useful working hypothesis and that multiple

body (MGR,), which is plastic, and the posterior intralaminaFneChanisms are involved in the plastic changes of the auditory

complex, both in the thalamus. A somatosensory signal (eIéé’—Stem'

tric foot-shock, unconditioned stimulus) is also sent to the
MGB,, and posterior intralaminar complex, where the somatpifference in the adjustment of frequency representation
sensory and auditory signals are first associated with each othefiveen the big brown and mustached bats
for associative learning. The associated signal is sent up to the
AC to strengthen the effect of MGBeurons, excited by the The data obtained from the big brown bat (Gao and Suga
conditioning stimulus, on cortical neurons. This associatd®98; Yan and Suga 1998) and the mustached bat (Zhang et
signal is also sent to the amygdala, which in turn projects to thé 1997; Y. Zhang and N. Suga, unpublished data) indicate
nucleus basalis. Then, the nucleus basalis increases cortibal following. 1) By action of the corticofugal system, the
acetylcholine levels and amplifies the effect of the MGBneural responses of subcortical neurons tuned to frequencies
neurons on the cortical neurons which are excited by thiee same as or close to the BF of activated cortical neurons
conditioning stimulus. (i.e., so-called matched subcortical neurons) are augmented,
The MGB, shows “short-term” frequency-specific plasticitybut those of unmatched subcortical neurons are suppressed.
for fear conditioning (Edeline and Weinberger 1991), althoud?) The BFs of unmatched neurons are shifted away from the
it is assumed to be nonplastic in the above model. Because Bfe of activated cortical neurons in the mustached bat, but
inferior colliculus also shows plastic changes according &ore shifted toward the BF of activated cortical neurons in the
associative learning (Gao and Suga 1998), as does the AC (®&p brown bat.3) The change in frequency representation
and Suga 2000), the plastic changes of the MGBay be at due to BF shifts is symmetrical in the DSCF neurons of the
least partially due to those in the inferior colliculus. MGB mustached bat, but is asymmetrical in the big brown Bht.
neurons often have a broad or multipeaked frequency-tuniagd3) are also true in the AC of the big brown bat (present
curve and habituate after several stimulus presentations (Aitlstudy) and are expected to be true in the AC of the mus-
1973; Calford 1983). If so, MGB may not be suited for the tached bat. [In the mustached bat, corticofugal effects on
fine adjustment and improvement of the central auditory sysdbcortical neurons tuned in echo-delay are the same as
tem for signal processing. These must be performed within ttteose on subcortical DSCF neurons sharply tuned in fre-
auditory system, where the fine analysis of auditory signaisiency. That is, the best delays for the facilitative responses
takes place. It has been demonstrated that egocentric selectibonmatched subcortical delay-tuned neurons are symmet-
mediated by the corticofugal system evokes subcorticatally shifted away from the best delay of activated cortical
changes which are highly specific to acoustic stimuli (Yan artelay-tuned neurons (Yan and Suga 1996).]
Suga 1996, 1998; Zhang et al. 1997). Therefore the corticofu-Focused augmentation and widespread lateral inhibition of
gal system is expected to play an important role in stimulutie auditory responses are respectively evoked for matched and
specific cortical plasticity. unmatched neurons in both species of bats, but BF shifts are

ﬁ:_ofugal system for the adjustment and improvement of audi-
fory signal processing.
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different between these two species. Possible interpretation®\@fraL, D. G., RRICE, J. L., RTKANEN, A., AND CARMICHAEL, S. T. Anatomical
this difference are described below. organization of the primate amygdaloid complex. Tite Amygdala: Neu-

; ; : ; ; robiological Aspects of Emotion, Memory, and Mental Dysfunctasfited
As in the little brown batMyotis lucifugugSuga 1964), guinea by J. P. Aggleton. New York: Wiley-Liss, 1992, p. 1-66.

pig (Evans 1975), cat (L|be'rman 1978), anq monkey (Katsuki Ehan, J. S anp WeINBERGER N. M. Induction of physiological memory in the
a!- 1962), the frequency-tuning curves of Pe”pheral neurons of th@erebral cortex by stimulation of the nucleus bas&imc. Natl. Acad. Sci.
big brown bat are presumably asymmetrical: their high-frequencyusa93: 11219-11224, 1996.
slope is much steeper than their low-frequency slope. Thereforsaroat, T. S., Dmvan, M. A., ano Weinercer N. M. Induction of
stimulus tone at a given frequency activates more neurons tunef@ing-term receptive field plasticity in the auditory cortex of the waking
to higher frequencies than neurons tuned to lower frequencies, arfi"2 o l%égt'm“'a“o“ of the nucleus basalighav. Neuroscil12(3):
the effect of egocentric selection on aUdltory neurons, IS asymrn@/%FORD, M. B. The parcellation of the medial geniculate body of the cat
”Ca_l- In the mustached bat, however, frequency-tuning CUIVES Ofiefined by the auditory response properties of single uditSleurosci.3:
peripheral neurons tuned to about 61 kHz are roughly symmetrical3so—2364, 1983.
(Suga and Jen 1977), so that the effect of egocentric selectiondpfkrk, S. A., ALLARD, T., ENKINS, W. M., AND MERZENICH, M. M. Receptive
collicular neurons is also symmetrical (Zhang et al. 1997). fields in the body-surface map in adult cortex defined by temporally corre-
In the big brown (Haplea et al. 1994) and little brown bats 'ated inputsNature332: 444445, 1988.

: - DQEAR, S. P., RiTz, J., HARESIGN, T., FERRAGAMO, M., AND SIMMONS, J. A.
(SUQa 1964)’ frequency-tunlng curves of neurons at the peri Tonotopic and functional organization in the auditory cortex of the big

ery and/or cochlear nucleus are generally much Wlderbrown bat,Eptesicus fuscusl. Neurophysiol70: 1988-2009, 1993.

(Q104s < 20) than those@;oyp Up to 320) of 61-kHz tuned Epeiing, J. M. ano WENBERGER N. M. Thalamic short-term plasticity in the
neurons of the mustached bat (Suga and Jen 1977; Suga et alditory system: associative retuning of receptive fields in the ventral medial
1975), so that any single tone can excite many cortical andeniculate bodyBehav. Neuroscil05: 618—639, 1991.

subcortical neurons tuned to different frequencies in a muEkens, E. F. The sharpening of cochlear frequency selectivity in the normal

; ; ; ; nd abnormal cochle@éudiology14: 419-442, 1975.
Wkl]dffr r'arége Itn t?f? ?Ig brcr)lwn b?t tTan n tfl;e mtl.“ISt?Ched bat'h%ﬁ, E.AND Suca, N. Plasticity of midbrain auditory frequency map mediated
shiits indicate that each cortical or subcorfical neuron as‘oy the corticofugal system in ba®roc. Natl. Acad. Sci. USA5: 12663—

multiple inputs tuned to different frequencies, and that the BF12670, 199s.

of an unmatched neuron shifts toward the BF of the inp@ho, E. ano Susa, N. Experience-dependent plasticity in the auditory cortex
maximally excited, because the excitation transmission is augand the inferior colliculus of bats: role of the corticofugal system (Abstract).
mented for the maximally excited input and is suppressed forA®5°¢, Res- Otolaryngar93, 2000.

. . . . . o . APLEA, S., @VEY, E., AND CASSEDAY, J. H. Frequency tuning and response
other Inputs, mCIUdmg the Input for its or|g|nal BF (Flg. 2)' In latencies at three levels in the brainstem of the echolocatingElpéésicus

the big brown ba;, augmentation of cortical and subcorticalfuscus. J. Comp. Physiol. A Sens. Neural Behav. Phy&iel: 671—683,
responses by corticofugal feedback may be stronger and more94. N _
widespread in the frequency domain than the suppressionWﬁFELv D. H., WieseL, T. N., AND LEvAY, S. Plasticity of ocular dominance

their responses. In the mustached bat, however, suppressi@g’_rg'}i'_”gggnfg%sn'ate corteRhilos. Trans. R. Soc. Lond. B Biol. Sci

may be stronger and more widespread than aUgmemation- TFIW«E D. R. aND RaJan, R. Injury and use-related plasticity in the primary
direction of the BF shifts appears to depend on the interactiorsensory cortex of adult mammals: possible relationship to perceptual learn-
of augmentation and Suppression_ ing. Clin. Exp. Pharmacol. PhysioR3: 939-947, 1996.

Because focal cortical electrical stimulation alone evokes tHf": P- H- SN, X. D., anp Lin, P. J. Frequency and space representation in the
primary auditory cortex of the frequency modulating Egesticus fuscus.

asymmetric BF shift as repetifcive_acoustic gtimulation does; Comp. Physiol. AL65: 1—4, 1989.

(Yan and Suga 1998), anatomic differences in the AC and/@Kkins, W. M., MerzenicH, M. M., ANd RECANZONE, G. Neocortical repre-
corticofugal projections may exist between the DSCF area ofentation dynamics in adult primates: implications for neurophysiology.
the mustached bat and the AC of the big brown bat and may p&leuropsychologia8: 573-584, 1990.

. . s, J. H., KRUBITZER, L. A., CHINO, Y. M., LANGSTON, A. L., POLLEY, H.,
partly responsible for the differences observed between the ¢ ND BLair, N. Reorganization of the retinotopic cortical maps in adult

species of bats. Regardless of this unsolved problem, it is cleahammals after lesions of the retirBcience248: 229-231, 1990.
that the DSCF area and its corticofugal modulation in thesrsuxi, Y., Suca, N., AND Kanno, Y. Neural mechanism of the peripheral
mustached bat are much more specialized for fine frequencgnd central auditory system in monkeysAcoust. Soc. Ang4: 1396-1410,

; : : i 121962,
representation than the AC and its corticofugal modulation mLGARD, M. P.anD MERzENICH, M. M. Cortical map reorganization enabled

the blg brown bat. by nucleus basalis activityscience279: 1714-1718, 1998.
LiBeErmAN, M. C. Auditory-nerve response from cats raised in a low-noise
We thank Dr. N. M. Weinberger and N. Laleman for comments on the chamber.J. Acoust. Soc. An§3: 442—-455, 1978.
manuscript. MaALpoNADO, P. E.aND GERSTEIN, G. L. Neuronal assembly dynamics in the
This work was supported by a research grant from the International Brainrat auditory cortex during reorganization induced by intracortical micro-
Research Organization to S. Chowdhury and by National Institute on Deafnesstimulation.Exp. Brain Res112: 431-441, 1996.
and Other Communication Disorders Grant DC-00175 to N. Suga. MERZENICH, M. M., NELSON, R. J., SRYKER, M. P., CrNADER, M. S., SHoPP
Present address of S. A. Chowdhury: University of California at Irvine, MANN, A., AND ZoOK, J. M. Somatosensory cortical map changes following
Center for Neurobiology of Learning and Memory, Bonney Center, Irvine, CA digit amputation in adult monkeys. Comp. Neurol224: 591-605, 1984.

92697-3800. Nupo, R. J., MLLIKEN, G. W., ENKINS, W. M., AND MERZENICH, M. M.
Address for reprint requests: N. Suga, Dept. of Biology, Washington Uni- Use-dependent alterations of movement representations in primary motor
versity, One Brookings Dr., St. Louis, MO 63130. cortex of adult squirrel monkeys. Neurosci.16: 785—807, 1996.
. o PeTTET, M. W. AND GILBERT, C. D. Dynamic changes in receptive-field size
Received 10 March 1999; accepted in final form 23 December 1999. in cat primary visual cortexProc. Natl. Acad. Sci. USB9: 83668370,
1992.
REFERENCES REcANzONE, G. H., MERzENICH, M. M., AND DINSE, H. R. Expansion of the

cortical representation of a specific skin field in primary somatosensory
ArkiN, L. M. Medial geniculate body of the cat: responses to tonal stimuli of cortex by intracortical microstimulationCereb. Cortex2: 181-196,
neurons in medial division]. Neurophysiol36: 275-283, 1973. 1993.



REORGANIZATION OF PRIMARY AUDITORY CORTEX 1863

Romanski, L. M. anp LeEDoux, J. E. Information cascade from primary Suca, N., SmMmons, J. A., aND JEN, P.H.-S. Peripheral specialization for fine
auditory cortex to the amygdala: corticocortical and corticoamygdaloid analysis of Doppler-shifted echoes in the auditory system of the CF-FM bat,
projections of the temporal cortex in the r&ereb. Cortex3: 515-532, Pteronotus parnellii. J. Exp. Biob3: 161-192, 1975.

1993. SucA, N., ZHANG, Y., AND YAN, J. Sharpening of frequency tuning by inhibi-
SNYDER, R. L., REBSCHER S. J., @o, K. L., LEAKE, P. A., AND KELLY, K. tion in the thalamic auditory nucleus of the mustached hatleurophysiol.

Chronic intracochlear electrical stimulation in the neonatally deafened cat. I:77- 2098-2114, 1997.

Expansion of central representatidtear. Res50: 7-33, 1990. WEeINBerGER N. M. Retuning the brain by fear conditioning. I@ognitive

SNYDER, R. L., REBSCHER S. J., EAKE, P. A, KELLY, K., AND CA0, K. Chronic Neurosciencesedited by M. S. Gazzaniga. Cambridge, MA: MIT Press,
intracochlear electrical stimulation in the neonatally deafened cat. Il. Tem-, o9z chapt. 71, p. 1071-1089
poral properties of neurons in the inferior colliculiitear. Res56: 246— WEINBE"?GER N M., JaviD, R.,AND Lepan, B. Long-term retention of learning-

264, 1991. ; o o :
S E DinsE, H. R. Reversible relocation of representational induced receptive field plasticity in the auditory cort&oc. Natl. Acad.
ENGLER 7 AND LIRSS P Sci. USA90: 23942398, 1993.

boundaries of adult rats by intracortical microstimulatidleuroreport5:

949-953. 1994. YAN, J.AND SuGa, N. Corticofugal modulation of time-domain processing of
Suca, N. Single unit activity in cochlear nucleus and inferior colliculus of biosonar information in batsScience273: 11001103, 1996.
echolocating batsl. Physiol. (Lond.).72: 449—-474, 1964. YAN, W. AND Suca, N. Corticofugal modulation of the midbrain frequency

Suca, N. anD JEN, P.H.S. Further studies on the peripheral auditory system of map in the bat auditory systerNature Neuroscil: 5458, 1998.
“CF-FM” bats specialized for fine frequency analysis of Doppler-shiftedHANG, Y., SuGA, N., AND YaN, J. Corticofugal modulation of frequency
echoesJ. Exp. Biol.69: 207-232, 1977. processing in bat auditory systeidature 387: 900—-903, 1997.



