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The central auditory system of the mustached bat shows two types
of reorganization of cochleotopic (frequency) maps: expanded
reorganization resulting from shifts in the best frequencies (BFs) of
neurons toward the BF of repetitively stimulated cortical neurons
(hereafter centripetal BF shifts) and compressed reorganization
resulting from the BF shifts of neurons away from the BF of the
stimulated cortical neurons (hereafter centrifugal BF shifts). Facil-
itation and inhibition evoked by the corticofugal system have been
hypothesized to be respectively related to centripetal and centrif-
ugal BF shifts. If this hypothesis is correct, bicuculline (an antago-
nist of inhibitory GABA-A receptors) applied to cortical neurons
would change centrifugal BF shifts into centripetal BF shifts. In the
mustached bat, electric stimulation of cortical Doppler-shifted
constant-frequency neurons, which are highly specialized for fre-
quency analysis, evokes the centrifugal BF shifts of ipsilateral
collicular and cortical Doppler-shifted constant-frequency neurons
and contralateral cochlear hair cells. Bicuculline applied to the
stimulation site changed the centrifugal BF shifts into centripetal
BF shifts. On the other hand, electric stimulation of neurons in the
posterior division of the auditory cortex, which are not particularly
specialized for frequency analysis, evokes centripetal BF shifts of
cortical neurons located near the stimulated cortical neurons.
Bicuculline applied to the stimulation site augmented centripetal
BF shifts but did not change the direction of the shifts. These
observations support the hypothesis and indicate that centripetal
and centrifugal BF shifts are both based on a single mechanism
consisting of two components: facilitation and inhibition.
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The auditory system shows two types of reorganization of
cochleotopic (frequency) maps: expanded and compressed.

Expanded reorganization results from shifts of the frequency–
tuning curves (or receptive fields) of neurons toward the best
frequency (BF) of electrically stimulated cochlear hair cells
(1–3), the BF of electrically stimulated cortical auditory neurons
(4–7), the frequency of repetitively delivered acoustic stimulus
(4–6, 8), the frequency of tone bursts paired with electric
stimulation (ES) of the basal nucleus (6, 9, 10), or the frequency
of a conditioning tone followed by an unconditioned electric leg
or foot stimulation (8, 11–13). Expanded reorganization is
common in the sensory systems of different species of mammals
(14–18), whereas compressed reorganization is not common; it
results from shifts of the tuning curves of neurons away from the
BF of stimulated cortical neurons and the augmentation of
neurons at a core of neural representation of a stimulus (19, 20).
The BF shifts resulting in expanded reorganization have been
termed centripetal BF shifts and those resulting in compressed
reorganization, centrifugal BF shifts (17).

Suga et al. (17) hypothesized that corticofugal facilitation and
lateral inhibition respectively evoke centripetal and centrifugal
BF shifts of subcortical and cortical auditory neurons, because
centrifugal BF shifts were observed at the edge of the area for
centripetal BF shifts. If facilitation is strong and widespread to
neighboring unmatched neurons in BF, and inhibition is weak,
the corticofugal system may evoke centripetal BF shifts. (Neu-
rons with a BF equal to that of stimulated neurons are called

matched neurons, and others are called unmatched neurons.) On
the contrary, if facilitation is highly focused to matched neurons,
and inhibition is strong and widespread to neighboring un-
matched neurons, the corticofugal system may evoke centrifugal
BF shifts (Fig. 1A 1 and 2) (17). This hypothesis suggests that the
two types of reorganization are due not to two completely
different mechanisms but rather to a single mechanism consist-
ing of two components: facilitation and inhibition.

In the big brown bat (Eptesicus fuscus), the centripetal BF
shifts of collicular and cortical neurons can be evoked by
auditory fear conditioning (8, 11, 12), by a tone burst repetitively
delivered to the animal, or by focal ES of cortical auditory
neurons (4–6, 8). The amount of BF shift changes as a function
of the difference in BF between stimulated and recorded cortical
or subcortical neurons or as a function of the difference between
the frequency of a stimulus sound and the BF of a recorded
neuron. The change is basically the same regardless of the means
to evoke BF shifts. ES of cortical auditory neurons is the easiest
and most effective means to evoke BF shifts (4–6, 8).

In the mustached bat (Pteronotus parnellii parnellii), sounds at
�61 kHz are over-represented in the cochlea and the central
auditory system (21–23). In the auditory cortex (AC), the large
area representing �61 kHz is called the Doppler-shifted con-
stant-frequency (DSCF) area (Fig. 1B) (24). Activation of
cortical DSCF neurons with electric pulses augments the audi-
tory responses at the BF and sharpens the frequency–tuning
curves of matched subcortical DSCF neurons without shifting
their BFs. It simultaneously suppresses the auditory responses of
unmatched subcortical neurons at their BFs and shifts their BFs
(together with frequency–tuning curves) away from the BFs of
the activated cortical neurons (20). That is, cortical ES evokes
centrifugal BF shifts for compressed reorganization.

The corticofugal system forms multiple feedback loops (25–
28), the longest of which modulates the cochlear hair cells
through olivocochlear fibers (29). In the mustached bat, a
cochlear microphonic (CM) response (field potential) mostly
originating from outer hair cells is sharply tuned to �61 kHz. A
short train of electric pulses delivered to cortical DSCF neurons
at a high rate for 3 min evokes a short-term centrifugal BF shift
of the contralateral CM (29).

If the hypothesis proposed by Suga et al. (17) is correct,
elimination of inhibition from the cortical DSCF area and�or
corticofugal system must change centrifugal BF shifts evoked by
ES of cortical DSCF neurons to centripetal BF shifts (Fig. 1 A3).
The aim of the present study is to test their hypothesis. We found
that the elimination of inhibition in the AC changed centrifugal
BF shifts of cortical and collicular DSCF neurons and cochlear
hair cells into centripetal BF shifts as expected and proved that
the two types of reorganization are based on a single mechanism
consisting of two components: facilitation and inhibition.

Abbreviations: AC, auditory cortex; AIp, posterior division of the AC; BF, best frequency; RF,
resting frequency; BMI, bicuculline methiodide; CM, cochlear microphonic; DSCF, Doppler-
shifted constant frequency; ES, electric stimulation; IC, inferior colliculus; PST, peristimulus
time.
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Materials and Methods
Methods for surgery, acoustic and electric stimulations, and
recording of neural activity were the same as those described in
Zhang and Suga (20). Drug applications to cortical areas were
performed similarly to those described in Zhang and Suga (30).
Acquisition and processing of CM were the same as those
described in Xiao and Suga (29). The protocol for this research
was approved by the animal studies committee of Washington
University in St. Louis.

Eighteen adult mustached bats (Pteronotus parnellii rubigino-
sus) from Trinidad were used. Under neuroleptanalgesia
(Innovar 4.08 mg�kg, CZNTER, Fayetteville, NC), a 1.5-cm-
long metal post was glued on the dorsal surface of the bat’s skull,
and a tungsten-wire electrode (30- to 50-�m tip diameter) was
implanted at the intracranial opening of the cochlear aqueduct
to record the CM (29, 31). A local anesthetic (lidocaine HCl,
Astra USA, Westborough, MA) and antibiotic ointment (Fura-
cin, RXV Products, Porterville, CA) were applied to the surgical
wound.

Three to four days after surgery, the awake animal was placed
in a polyethylene-foam body mold that was hung with an elastic
band at the center of a soundproof room maintained at 31°C. The
metal post glued on the skull was fixed to a metal rod with set
screws to immobilize the animal’s head, and the head was
adjusted to face directly at a loudspeaker located 74 cm away. A

few holes (50- to 100-�m diameter) were made in the skull
covering the AC and inferior colliculus (IC), and a pair of
tungsten-wire electrodes (�7-�m tip diameter; 20–35 �m apart,
one proximal to the other) was inserted to a 500- to 700-�m
depth in the cortical DSCF area or the posterior division of the
AC (AIp) through one of the holes. First, the BFs of cortical
DSCF neurons were measured. Then these neurons were elec-
trically stimulated through the above electrodes, or bicuculline
methiodide (BMI; an antagonist of inhibitory GABA-A recep-
tors) was applied to the stimulation site, and the effects of the
stimulation or BMI were examined on the CM recorded with the
implanted electrode or auditory responses of collicular or cor-
tical neurons recorded with a tungsten-wire microelectrode
(�7-�m tip diameter). The effects were evaluated in reference
to the relationship in BF between the stimulated cortical neurons
and the recorded CM or neurons.

ES of Cortical Neurons. ES delivered to cortical DSCF or AIp
neurons with a pair of tungsten-wire electrodes to examine
corticofugal modulation of collicular or cortical neurons was a
monophasic electric pulse (0.2 ms long, 100 nA) delivered at a
rate of 5 s for 7 min. Such electric pulses delivered at a low rate
do not evoke any noticeable change in CM. Therefore, ES to
examine the corticofugal modulation of CM was a 6.2-ms-long
train of four electric pulses (0.2 ms long, 100 nA, 2.0-ms interval)
delivered at a rate of 33�s for 3.0 min (29). The electric pulses
were estimated to stimulate neurons within a 60-�m radius
around the electrode tip (19).

Acoustic Stimulation. Acoustic stimuli delivered to the animal
were 20-ms-long tone bursts with a 0.5-ms rise–decay time for
the studies of neural responses and were 2.0-ms-long tone bursts
with a 0.01-ms rise–decay time for the studies of CM. These tone
bursts were generated with a voltage-controlled oscillator and an
electronic switch and were delivered to the animal at a rate of
5�s from a condenser loudspeaker. The frequency and ampli-
tude of tone bursts were varied manually to audiovisual mea-
surements of the BF and minimum threshold of a given neuron
or CM. Then, those parameters were computer controlled to
obtain a frequency–tuning or –response curve of the neuron or
CM. In computer-controlled frequency and�or amplitude scans,
the frequency of a tone burst was varied in 34 0.1-kHz steps for
the studies of neurons and CM or 34 1.0-kHz steps for the studies
of AIp neurons. The 1.0-kHz step was used for the studies of AIp
neurons, because their frequency–tuning curves were not sharp
compared with those of DSCF neurons and CM. An identical
frequency scan was repeated 50 times for the studies of neural
responses but 10 times for the studies of CM. The amplitude of
the tone bursts was set at 10 dB above the minimum threshold
of a given neuron or CM or varied in 4-, 5-, or 10-dB steps every
50 or 10 frequency scans.

Blocking Inhibition in the AC with BMI. A glass micropipette
(�10-�m tip diameter) filled with 5 mM BMI (Sigma) in saline
was placed at the site where the BF of electrically stimulated
cortical DSCF or AIp neurons was measured. Then, 1.0 nl of 5.0
mM BMI was applied to the stimulation site with a Picospritzer
II (General Valve, Fairfield, NJ). The Picospritzer was set at 0.67
bar in pressure and 30 ms in duration.

Data Acquisition. Neural responses. Action potentials of a single
neuron were selected with a time-amplitude-window discrimi-
nator (Bak Electronics, Rockville, MD; model DIS-1). The
waveform of an action potential of a recorded neuron was stored
and displayed on the screen of a digital storage oscilloscope at
the beginning of data acquisition. This action potential template
was compared with action potentials during data acquisition.
The responses of a single collicular or cortical neuron to tone

Fig. 1. Centripetal and centrifugal BF shifts and the primary AC of the
mustached bat. (A) Facilitation (red dashed lines) and inhibition (blue dashed
lines) spread along the frequency axis from the location of stimulated neurons
whose BF is referenced as 0 kHz. Recorded neurons, whose BFs are higher (�)
or lower (�) than the BF of the stimulated ones, shift their BFs toward (solid
red lines) or away from (solid blue lines) the BF of the stimulated neurons. It
was hypothesized that facilitation and inhibition, respectively, evoke centrip-
etal (A1, red solid lines) and centrifugal (A2, blue solid line) BF shifts (17). If this
hypothesis is correct, elimination of inhibition by BMI would change centrif-
ugal BF shifts into centripetal BF shifts (A3, solid red line). Because our present
data support this hypothesis, this figure serves as the summary of our results.
(B) The AC of the mustached bat over-represents 60.6- to 62.3-kHz sounds in
its DSCF processing area (42). The numbers and lines indicate iso-BF lines. AIa
and AIp, the anterior and posterior divisions of the AC; mca, middle cerebral
artery.

15744 � www.pnas.org�cgi�doi�10.1073�pnas.242606699 Xiao and Suga



bursts were recorded before and after ES and�or BMI applica-
tion. Frequency–response curves based on the responses to
frequency scans were obtained at the amplitude of the tone
bursts fixed at 10 dB above the minimum threshold of a given
neuron, which was 24.87 � 4.18 dB sound pressure level for 186
neurons. Frequency–tuning curves were obtained with multiple
frequency scans at different amplitudes. The responses of a
single neuron to tone bursts were displayed as an array of
peristimulus time (PST) histograms or PST cumulative histo-
grams. The data were stored in the computer hard drive and were
used for off-line analysis.
CM responses. The CM recorded with the implanted electrode was
amplified, filtered (40–70 kHz band-passed), and displayed on
the oscilloscope screen. The frequency–responses curves of CM
were based on the responses to 10 identical frequency scans
recorded before and after ES and�or BMI application. The
amplitude of the tone bursts in the frequency scan was fixed at
10 dB above the minimum threshold of a given CM, which was
51.05 � 2.98 dB sound pressure level for four cochleae. The noise
level of the recording system was �5 �V. Frequency resolution
for the measurement of the BF of the CM was 0.10 kHz.

Off-Line Data Processing. The magnitude of auditory responses of
a neuron was expressed by a number of impulses per 50 identical
stimuli after the subtraction of background discharges counted
in the last block of the frequency scan. The magnitude of a CM
response was expressed by a peak-to-peak amplitude of the CM
with a computer. It was plotted as the function of the frequencies
of tone bursts.

The BF shift (i.e., shift in the frequency–response or –tuning
curve) of an auditory neuron or CM evoked by a focal cortical
stimulation or a BMI application was considered significant if it
shifted back (i.e., recovered) �90%. A t test was used to test the
difference between the auditory responses obtained before and
after the ES or BMI application. The difference between BF
shift-difference curves was also tested with a t test.

Normalization of BFs. The mean frequency of the second harmonic
of the CF component of biosonar pulses emitted by the 18
Trinidadian mustached bats, P. p. rubiginous, at rest [hereafter,
resting frequency (RF)] ranged from 57.761 to 59.179 kHz
(mean � SD: 58.280 � 0.583 kHz). These RFs are different from
the mean RF of Jamaican mustached bat, P. p. parnellii (61.21 �
0.68 kHz, 34 bats) and Panamanian mustached bats, P. p.
rubiginous (60.87 � 0.48 kHz, 77 bats) (32).

In the Jamaican mustached bat, the BF or resonance fre-
quency of the CM was �0.2 kHz higher than the RFs of
individual bats (33, 34). Accordingly, the cortical frequency map
is slightly different between individual bats (35). Therefore,
to compare tuning curves across animals, all stimulus frequen-
cies and BFs were normalized according to the following
formula (32):

y � x[1 � (61.00 � RF)�RF],

where x is the frequency of a stimulus tone or BF; y is its
normalized frequency or BF; and RF is the animal’s resting
frequency. The ‘‘61.00’’ in the formula reflects the mean RF of
a large population of mustached bats from Panama and Jamaica.

Results
BMI applied to cortical neurons increased background dis-
charges, augmented auditory responses to tone burst stimuli
(Figs. 2B and 3A), and evoked BF shifts of unmatched collicular
and cortical neurons (Fig. 2). In Fig. 2 A, a collicular neuron was
tuned to 60.6 kHz (control). When cortical neurons tuned to 60.9
kHz were electrically stimulated, the BF of the collicular neuron
shifted from 60.6 to 60.5 kHz. That is, the neuron showed a

centrifugal BF shift (Fig. 2Aa2). However, when BMI was
applied to the cortical stimulation site immediately before the
ES, the collicular BF at 60.6 kHz shifted to 60.8 kHz. That is, the
collicular neuron showed a centripetal BF shift (Fig. 2Ab2).
Because BMI applied to cortical neurons suppresses inhibitory
synapses associated with them, the neurons became more active
than in the normal condition. Accordingly, BMI, without ES,
evoked the centripetal BF shift, which was larger in amount than
the centrifugal BF shift evoked by ES (Fig. 2Ac2).

Just as collicular neurons showed centrifugal BF shifts for
cortical ES and centripetal BF shifts for BMI, cortical neurons
showed the same changes as those of collicular neurons. In Fig.
2B, a cortical neuron tuned to 61.1 kHz showed a centrifugal BF
shift for ES of cortical neurons tuned to 60.7 kHz (Fig. 2Ba2).
However, it showed a centripetal BF shift for BMI applied to the
60.7-kHz tuned location (Fig. 2Bb2). The centripetal BF shift
was two times larger than centrifugal BF shift, and an increase
in response to a tone burst was noticeable. Without ES, BMI also
evoked a centripetal BF shift of the cortical neuron (Fig. 2Bc2).
In both the IC and AC, the recovery of BF shifts was slow for ES
but fast for BMI, as described below.

The centrifugal BF shifts of both collicular and cortical
neurons developed with a long latency (64.0 � 18.0 min, n � 75),
after cortical ES. The shifts lasted 202.0 � 68.0 min (n � 75) (Fig.
4, open circles). BMI applied at the beginning of cortical ES

Fig. 2. Changes in the direction of BF shifts of a collicular and a cortical DSCF
neuron of the mustached bat. BMI applied to cortical DSCF neurons changes
centrifugal BF shifts (a) evoked by ES of cortical DSCF neurons into centripetal
BF shifts (b and c). The arrays of PST histograms display frequency–response
curves of a collicular (A) and a cortical (B) DSCF neuron. The vertical and
horizontal arrows respectively indicate the BFs of cortical DSCF neurons
receiving ES and�or BMI and centrifugal or centripetal BF shifts of the re-
corded neurons. 1–4: arrays of PST histograms recorded before (control) and
after ES and�or BMI applications. The amplitude of tone bursts was set at 10
dB above the minimum threshold of a given neuron. ES, 0.2-ms 100-nA electric
pulses delivered at a rate of 5�s for 7.0 min; BMI, 1.0 nl of 5 mM BMI.
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evoked short-lasting centripetal BF shifts of collicular and
cortical neurons (17.8 � 6.5 min, n � 73) and prevented the
development of centrifugal BF shifts evoked by the ES (Fig. 4,
filled triangles). BMI applied during the ongoing centrifugal BF
shifts of the collicular and cortical neurons also evoked short-
lasting centripetal BF shifts (19.0 � 6.2 min, n � 9). After the
centripetal shifts, the collicular and cortical BF shifts did not
return to the centrifugal BF shifts but to the control BFs (Fig. 4,
filled circles). The centripetal BF shifts occurred within 5 min
after BMI application and disappeared within 35 min. This time
course was similar to that of the augmentation of the auditory
responses of cortical neurons evoked by BMI (Fig. 3B).

All of the BF shifts measured for 37 collicular and 81 cortical
neurons are plotted as a function of differences in BF between
recorded collicular or cortical neurons and electrically stimu-
lated or BMI applied cortical neurons (hereafter, BF shift–
difference curve; Fig. 5). As reported by Zhang and Suga (20),
cortical ES did not shift the BFs of matched collicular neurons
whose BFs did not differ more than 0.20 kHz from that of the
stimulated cortical neurons. However, it evoked centrifugal BF
shifts in unmatched collicular neurons whose BFs differed �0.20
kHz but not more than 1.10 kHz. Within the range of BF
differences of 0.20–0.50 kHz, the larger the BF difference, the
larger the BF shift was. BF shifts were smaller beyond this range
(Fig. 5A, open circles).

BMI applied to the cortical DSCF neurons immediately before
ES inverted the BF shift–difference curve of collicular neurons.
The amount of centripetal BF shifts became larger by 0.10 kHz
(P � 0.002), and the range of BF differences for centripetal BF
shifts became wider by 0.20 kHz (P � 0.01) (Fig. 5A, open
triangles). Centripetal BF shifts evoked by BMI applied to
cortical DSCF neurons during centrifugal BF shifts were not
different from those evoked by BMI applied before the centrif-
ugal BF shifts developed (Fig. 5A, filled circles).

Cortical ES evokes thalamic BF shifts that are slightly larger
than the collicular BF shifts (20). Therefore, it was expected that
cortical BF shifts would be larger than collicular BF shifts, which
was the case (Fig. 5B). ES of cortical DSCF neurons evoked the
centrifugal BF shifts of nearby cortical DSCF neurons. These
centrifugal cortical BF shifts were significantly larger and more
widely spread than the collicular BF shifts (Fig. 5B, open circles).
BMI applied to the cortical stimulation site evoked centripetal
BF shifts of nearby cortical neurons, which were also larger than
those of collicular neurons (Fig. 5B, filled circles and open
triangles). The cortical BF shifts at the peak were �25% larger
than collicular ones regardless of whether the shifts were cen-
trifugal or centripetal.

The AIp represents 10- to 50-kHz sounds and is not special-
ized for fine frequency analysis as the DSCF area (23). ES of
cortical AIp neurons evoked centripetal BF shifts of nearby
cortical AIp neurons, as reported by Sakai and Suga (36). BMI

Fig. 3. The effect of BMI on the responses of cortical DSCF neurons to tone
bursts. (A) PST histograms display the responses of a single cortical neuron to
60.8-kHz 34-dB SPL tone bursts without (1) and with (2) BMI. The short
horizontal bar below each histogram indicates a 20-ms-long tone burst. (B)
The time course of the augmentation of the auditory responses of seven
cortical neurons caused by BMI. Each data point indicates a mean and a
standard error (n � 7).

Fig. 4. The time courses of BF shifts of a collicular (A) and a cortical (B) DSCF
neuron evoked by ES and�or BMI applied to cortical DSCF neurons. BFe: BF of
cortical DSCF neurons receiving ES and�or BMI. ES (rectangle): 7-min-long ES
with a 0.2-ms 100-nA electric pulse delivered at a rate of 5�s. BMI (1.0 nl of
5 mM BMI) was applied immediately before or 135 min after ES (arrows).

Fig. 5. BF shift–difference curves representing the relationship between BF
shifts and the differences in BF between recorded neurons (ICr or ACr) and
cortical neurons (ACs) receiving ES and�or BMI. A and B, respectively, show the
BF shifts of 35 collicular and 38 cortical neurons evoked by ES alone (open
circles), BMI alone (filled circles), and BMI � ES (open triangles). Each data
point indicates a mean and a standard error. BMI inverted the BF shift–
difference curves for ES.
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applied to the stimulation site in the AIp augmented the
centripetal BF shifts evoked by the ES but did not change the
direction of the BF shifts. In each of five animals, mapping
experiments were performed over 2 weeks to further demon-
strate that BMI applied to cortical DSCF neurons changed the
centrifugal BF shifts of nearby cortical DSCF neurons to cen-
tripetal ones, but BMI applied to cortical AIp neurons did not
change the direction of the centripetal BF shifts of nearby
cortical AIp neurons. Fig. 6 A1 and B1 show the distributions of
stimulation sites where ES evoked either centrifugal or centrip-
etal BF shifts in the normal condition, whereas Fig. 6 A2 and B2
show the distribution of BMI applied sites where BMI evoked
centripetal BF shifts. It was clear that under BMI, centrifugal BF
shifts were not evoked.

ES of cortical DSCF neurons at a low rate evokes collicular
and cortical BF shifts but does not evoke a BF shift of the CM
recorded from the cochlea, whereas ES at a high rate evokes a
centrifugal BF shift of the contralateral CM (29). As found in the
IC and AC, BMI applied to the stimulation site, however, evoked
a centripetal BF shift. In Fig. 7B, the BF of the CM was 61.60
kHz; it shifted down to 61.40 kHz for ES of 62.00 kHz tuned
cortical neurons and shifted up to 61.90 kHz for BMI applied to
the stimulation site. Fig. 7C shows a BF shift–difference curve
of the CM. The amount of BF shift was highly specific for BF
differences. Within a �0.50-kHz BF difference, the slope of the
BF shift–difference curve was 0.46 for ES, �0.45 for BMI,
and�0.62 for BMI � ES.

The study of the BF shifts of the CM and those of collicular
and cortical neurons was different in the rate of ES. Therefore,
the difference in the BF shift for ES between the neural and CM
data is not discussed. However, the difference in BF shift for an
identical dose of BMI between them is discussed below. The BF
shift at a peak evoked by BMI was 0.20 kHz for the cochlea and
IC and 0.30 kHz for AC. The number of samples at the peak of
the BF shift–difference curve was too small to perform statistical
analysis, so that the slopes of the regression lines for BF shifts
between �0.50 and �0.50 kHz were calculated. The slope was
�0.45 for the cochlea, �0.46 for the IC, and �0.54 for the AC.
The slope was statistically different between the AC and others
but not different between the cochlea and IC. These observa-
tions indicate that almost all collicular BF shifts evoked by BMI

are due to the cochlear BF shift, and that �75% of the cortical
BF shift evoked by BMI is due to the cochlear BF shift.

Discussion
As reviewed in the introduction, expanded reorganization re-
sulting from centripetal BF shifts is common in the mammalian
sensory system. In the AC of the gerbil, centripetal BF shifts
occur in the elliptical area centered at the electrically stimulated
cortical neurons. This elliptical area is surrounded by a zone
where centrifugal BF shifts occur (37). Because the amount of
centrifugal BF shifts is much smaller than that of centripetal BF
shifts, this zone was first unnoticed (36) but later discovered
through more extensive studies of BF shifts (37). In the AC of
the big brown bat (5, 6) and the AIp of the mustached bat (36),
centrifugal BF shifts were found at the edge of the large area
where centripetal BF shifts occur. If extensive studies are
performed in these animals, a zone for centrifugal BF shifts may
be found, as in the gerbil.

Fig. 6. Cortical loci where ES with or without BMI evoked either centrifugal
(open circles) or centripetal (filled circles or triangles) BF shifts. (A) The right AC
of a mustached bat. (B) The left AC of another mustached bat. The dashed
circle and rectangle represent the DSCF and AIp areas, respectively. The thick
and thin lines represent the sylvian fossa and a branch of middle cerebral
artery. The loci (neurons) evoked centrifugal BF shifts without BMI (open
circles) changed into centripetal ones (filled circles) with BMI. Xs, cortical loci
where ES evoked no BF shifts of DSCF and AIp neurons.

Fig. 7. BF shifts and BF shift–difference curves of the CMs to 2-ms-long tone
bursts. (A) The CM evoked by a 61.6-kHz 60-dB SPL tone burst. The envelope
of the CM was different from that of the tone burst because of the sharp
tuning of hair cells to a 61.6-kHz sound (21). (B) The frequency–response curve
of the CM recorded from a single cochlea (open circles) shows a centrifugal BF
shift (filled circles) for ES of 62.0-kHz tuned cortical DSCF neurons but cen-
tripetal BF shift (filled triangles) for BMI applied to them. Cont., control; Rec.,
recovery. (C) BF shift–difference curves of CM for ES alone, BMI alone, and
BMI � ES. The data were obtained from four cochleae of three bats. The
numbers in parentheses indicate those of cortical loci to where ES and�or BMI
were applied. ACs, stimulated cortical DSCF neurons; CMr, recorded CM.
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Centrifugal BF shifts for compressed reorganization have thus
far been found only in the DSCF and frequency modulation
(FM)-FM areas of the AC of the mustached bat. As already
described, the DSCF area is large and consists of neurons that
are extremely sharply tuned to particular frequencies and also
tuned in sound amplitude. It is highly specialized for processing
biosonar information carried by a sound at �61 kHz. The DSCF
area has frequency vs. amplitude coordinates (22); the FM-FM
area is also large and consists of neurons tuned to particular echo
delays (target ranges). It has an echo-delay axis instead of a
frequency axis and is specialized for processing target-range
information (23, 38, 39). Therefore, the hypothesis has been
proposed that compressed reorganization resulting from cen-
trifugal shifts of tuning curves occurs in a highly specialized AC,
whereas expanded reorganization resulting from centripetal
shifts of the curves occurs in nonspecialized (ordinary) AC (17).
This hypothesis remains to be tested with animals other than the
mustached bat.

As demonstrated in our present paper, BMI changed centrif-
ugal BF shifts in the DSCF area into centripetal BF shifts but did
not change the direction of centripetal BF shifts in the AIp area
(Fig. 1 A). These observations suggest that the DSCF area
specialized for processing sound at �61 kHz has the neural
circuit for lateral inhibition stronger than that in the AIp area.
However, we do not yet know whether inhibitory neurons are

more abundant and more developed in the cortical DSCF area
than in the AIp area. In the mustached bat, the frequency–tuning
curves of peripheral neurons tuned to �61 kHz are very sharp
without lateral inhibition. The shape of these tuning curves is
triangular, so that the higher the stimulus level, the wider the
tuning curves (21). In the central auditory system, tuning curves
of many neurons change to spindle-shaped due to lateral inhi-
bition, and their width is independent of stimulus levels (22, 32,
35, 40). Neurons with a sharp ‘‘level-tolerant ’’ tuning curve are
very common in the DSCF system (41). Cortical ES evokes
the sharpening of the frequency–tuning curves of collicular
neurons (20).

It remains to be studied whether BMI applied to the AC
changes the sharpness of the frequency–tuning curves of col-
licular neurons. There are a number of questions remaining to
be answered. However, it is interesting and important to know
that the brain has two types of reorganization for improvement
of auditory signal processing, and that the two types of reorga-
nization are based on a single mechanism consisting of two
components: facilitation and inhibition.
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