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Abstract
The central auditory system consists of the lemniscal and nonlemniscal systems. The thalamic
lemniscal and non-lemniscal auditory nuclei are different from each other in response properties
and neural connectivities. The cortical auditory areas receiving the projections from these thalamic
nuclei interact with each other through corticocortical projections and project down to the
subcortical auditory nuclei. This corticofugal (descending) system forms multiple feedback loops
with the ascending system. The corticocortical and corticofugal projections modulate auditory
signal processing and play an essential role in the plasticity of the auditory system. Focal electric
stimulation -- comparable to repetitive tonal stimulation -- of the lemniscal system evokes three
major types of changes in the physiological properties, such as the tuning to specific values of
acoustic parameters of cortical and subcortical auditory neurons through different combinations of
facilitation and inhibition. For such changes, a neuromodulator, acetylcholine, plays an essential
role. Electric stimulation of the nonlemniscal system evokes changes in the lemniscal system that
is different from those evoked by the lemniscal stimulation. Auditory signals ascending from the
lemniscal and nonlemniscal thalamic nuclei to the cortical auditory areas appear to be selected or
adjusted by a “differential” gating mechanism. Conditioning for associative learning and pseudo-
conditioning for nonassociative learning respectively elicit tone-specific and nonspecific plastic
changes. The lemniscal, corticofugal and cholinergic systems are involved in eliciting the former,
but not the latter. The current article reviews the recent progress in the research of corticocortical
and corticofugal modulations of the auditory system and its plasticity elicited by conditioning and
pseudo-conditioning.
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(1) Introduction
This article reviews the recent progress in the research of the modulation of the auditory
system by corticocortical and corticofugal projections, conditioning and pseudo-
conditioning. I will first summarize the anatomical aspects of the auditory system directly
related to these physiological studies. The central auditory system is composed of the
lemniscal and nonlemniscal pathways or systems. The lemniscal system consists of the
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central nucleus of the inferior colliculus (ICc), the ventral division of the medial geniculate
body (MGBv), the primary auditory cortex (AI) and the anterior auditory field (AAF). It is
tonotopically organized. The nonlemniscal system consists of the external (ICx) and dorsal
(ICd) nuclei of the IC, the medial (MGBm) and the dorsal (MGBd) divisions of the MGB
and the posterior intralaminar nucleus (PIN). It is poorly tonotopically organized. The ICc,
ICx and ICd project to the MGBv, MGBm and MGBd, respectively (Aitkin and Webster
1972; Clarey et al. 1992 and Rouiller 1997 for reviews).

In general, MGBv neurons are sharply frequency-tuned and carry tonotopically organized
auditory specific information. Their responses to sounds are consistent. On the contrary,
MGBm and MGBd neurons are broadly frequency-tuned and their responses to a repeatedly
delivered identical stimulus are inconsistent and quickly habituate. MGBm neurons carry
poly-sensory information and are presumably involved in associative learning (Rouiller
1997, He 2003 and Hu 2003 for reviews). However, they are sensitive to changes in auditory
stimuli (Kraus et al. 1994). The MGBd projects to the cortical auditory areas surrounding
AI, whereas the MGBm projects to all auditory areas including AI (Imig and Morel 1983 for
review; Andersen et al. 1980; Winer et al. 1977). Unlike MGBv neurons, MGBm neurons
have extensive and direct connections with the amygdala, striatum and association cortex
(He 2003 and Hu 2003 for reviews). Therefore, these two systems are anatomically and
physiologically quite different from each other. The cortical auditory areas mutually project,
so that they are not simply assigned either the lemniscal or nonlemniscal areas. However, for
convenience, AI and the secondary auditory cortex (AII) are included in the lemniscal and
nonlemniscal systems, respectively.

The cortical auditory areas project to the corresponding contralateral cortical areas through
the corpus callosum, with certain exceptions (Imig and Brugge 1978; Liu and Suga 1997).
They also project to subcortical auditory nuclei: AI and AAF project back to the MGBv, ICc
and ICx; AII to the MGBd and ICd; and all auditory areas to the MGBm. The ICd receiving
sparse ascending auditory projections receives a prominent descending projection from AII
(Rouiller 1997 for review; Andersen et al. 1980; Weiner et al. 2001). In echolocating bats,
the ICd is extremely small, whereas the ICc is very large (Pollak and Casseday 1989).
Unlike the MGBd, the MGBm projects to AI and AAF, and has feedback from them.
Therefore, it may be more important than the MGBd in terms of interactions between the
lemniscal and nonlemniscal systems. The GABAergic thalamic reticular nucleus (TRN)
receives collateral projections from the thalamocortical (Jones 1975; Crabtree 1998) and
corticothalamic fibers and projects to the neighboring thalamic nuclei (He 2003 and Hu
2003 for reviews). The TRN may also play an important role in the interaction between the
lemniscal and nonlemniscal systems.

The corticofugal (descending) system forms multiple feedback loops with the ascending
system. The shortest feedback loop is the thalamo-cortico-thalamic loop, and the longest one
is the cochlea-cortico-cochlear (via multiple auditory nuclei) loop. The colliculo-thalamo-
cortico-collicular loop has an intermediate length. The changes occurring in the auditory
cortex are looped back to the cortex through these multiple feedback loops.

Acoustic stimuli such as trains of 60 dB SPL tone bursts activate the auditory system and
may activate the ascending reticular activating system (ARAS). For auditory fear
conditioning and pseudo-conditioning, electric leg- or foot- stimulus has often been used as
an unconditioned stimulus (US). The US activates not only the somatosensory system, but
also the ARAS and brain aversion system (BAS). They evoke arousal and defensive
behaviors, respectively. The ARAS and BAS activate the various neuromodulatory systems
which broadly project to both the cerebral cortex and subcortical sensory nuclei and play an
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important role in their activities and organizations (Siegel 2002 and Brandao et al. 2003 for
reviews).

(2) Corticocortical modulation by the lateral, contralateral, feedforward, and
feedback projections
2.1. Three major types of changes evoked by focal electric stimulation of the lemniscal
system

Focal repetitive stimulation with, e.g., a train of 100 nA, 0.2 ms electric pulses of AI, evokes
three major types of changes in the responses and tuning curves of cortical neurons
neighboring the stimulated ones. Namely, when the recorded neuron is matched in best
frequency (BF) to the stimulated one, the response of the “matched” neuron is augmented at
its BF and is inhibited at frequencies lower and/or higher than the BF. As a result, its
frequency tuning is sharpened. When BF-unmatched, the “unmatched” neuron is inhibited at
its BF and is facilitated at non-BFs so as to shift its frequency tuning (Fig. 1a and b). The
frequency-tuning shift is accompanied with a shift in BF, so that such a shift has been called
a “BF shift”. The BF shift develops to the peak at 0.5 h after the onset of the stimulation and
disappears within 3.0 h after the peak.

There are two types of BF shifts: shifts toward the BF of the stimulated neurons
(“centripetal” shifts) and shifts away from it (“centrifugal” shifts) (Fig. 1a and b). The
centripetal BF shift results in an increase in the number of neurons responding to the
frequency equal to the stimulated cortical BF or the stimulus tone (“expanded”
representation), whereas the centrifugal BF shift results in a reduced representation which is
associated with the augmentation of responses and sharpening of the frequency-tuning of
matched neurons (“compressed” representation). The reorganization that takes place differs
depending on the cortical areas, as described in the following text (Suga et al. 2002 and
Suga and Ma 2003 for reviews). The direction of the BF shifts changes from centrifugal to
centripetal when cortical inhibition is removed by bicuculline methiodide, an antagonist of
inhibitory GABA-A receptors (Xiao and Suga 2004, 2005; Ma and Suga 2004). The
reorganization (therefore, organization) of a cochleotopic (tonotopic or frequency) map is
apparently based upon the interaction between excitation and inhibition in the auditory
cortex. In addition to the above three types of changes, the response latency and pattern to a
sound stimulus may change (e.g., Jen et al. 1998; Fritz et al. 2007 for review). However,
most of the studies on the effects of electric stimulation have been focused on the above
three major changes, because an auditory neuron is tuned to at least a specific value of a
parameter such as frequency, and because the tuning shift indicates the change in a neural
representational map.

2.2. Modulation in the less-specialized auditory cortex
The auditory system is more or less specialized in a species-specific way. Here, “less-
specialized” means that the auditory system is less specialized compared with that of the
mustached bat. In the AIs of the big brown bat (Chowdhury and Suga 2000; Ma and Suga
2001a) and Mongolian gerbil (Sakai and Suga 2001, 2002), centripetal BF shifts in the
ipsilateral AI through the lateral projection (horizontal connections) occur in a large area
surrounding the stimulated neurons and small centrifugal BF shifts occur in a narrow zone
surrounding this large area. So, the reorganization of the tonotopic map in AI is “center-
surround” (Fig. 2a - c). BF shifts mean the shift of iso-BF lines. This shift is not parallel to
the iso-BF line crossing the stimulated neurons, because its amount is largest around the
stimulated neurons and becomes smaller away from them along the iso-BF line (Fig. 2e and
f). Fig. 2d shows a scatter plot of the BF shifts of many neurons studied as the function of
the difference in BF between the recorded and stimulated neurons. The curve encompassing
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such a plot is defined as the “BF-shift-difference” curve (Fig. 3d), which is different
depending on the animal species and stimulated cortical areas. However, it always spans 0.6
~ 0.7 mm from the stimulated neurons along the frequency axis regardless of the animal
species and stimulated cortex (Fig. 3). The posterior division of AI (AIp) of the mustached
bat is not particularly specialized for processing biosonar signals and is comparable to AI of
the cat (Fig. 1d). The BF shift in AIp is centripetal. The amount of the BF shift is up to 6.9
kHz for the 39 kHz BF (Fig. 3b).

In the big brown bat, BF shifts in AI evoked by focal electric stimulation of the contralateral
AI are basically the same as those evoked by the stimulation of the ipsilateral AI. That is, the
lateral and contralateral modulations both are predominantly centripetal BF shifts (Ma and
Suga 2001a). Since centripetal tuning shifts for an expanded representation are common in
the different sensory systems of various mammalian species (See 2.4. Remarks; Suga et al.
2003 for review), it may also be common that the corresponding auditory cortical areas on
both sides show similar centripetal BF shifts.

2.3. Modulation in the specialized auditory cortex
Since the AIs described above are not highly specialized for processing specific auditory
information, the Doppler-shifted constant frequency (DSCF) and frequency modulation-
frequency modulation (FF) areas of the mustached bat were studied in comparison.

The orientation sound (hereafter, pulse) of the mustached bat consists of a long constant
frequency (CF) component followed by a short frequency modulated (FM) component. Each
component is composed of four harmonics. Therefore, there are eight components in each
biosonar signal, CF1–4 and FM1–4. Among these eight components, the second harmonic CF
component (CF2) is the most intense and plays an essential role in the Doppler shift (target
relative velocity and wing motion) measurement.

2.3.1. Cortical area specialized for processing velocity information—The DSCF
area consists of neurons sharply tuned to the frequencies between 60.6 and 62.3 kHz which
are the frequencies of the emitted pulse and its Doppler-shifted echoes (Fig. 1d). This area
occupies ~ 30% of AI and is specialized for processing the Doppler-shifted echo CF2.

Focal electric stimulation of the DSCF area evokes the centrifugal BF shifts of DSCF
neurons around the stimulated ones (Fig. 4Aa). The amount of the BF shift is small, only up
to 0.22 kHz for ~ 61 kHz BFs (Fig. 3c), instead of up to 6.9 kHz for ~ 39 kHz BFs in the
AIp (Fig. 3b). Such a small amount of BF shift is due to the over-representation of the ~ 61
kHz sound by sharply tuned neurons in the DSCF area. The BF shift occurs within 0.6 mm
from the stimulated neurons along the frequency axis in both the DSCF and AIp areas (Xiao
and Suga 2002b).

The contralateral modulation through the corpus collosum is unexpectedly different from the
lateral one. The dorsal and ventral divisions (DSCFd and DSCFv) of the stimulated DSCF
area respectively evoke the centripetal and centrifugal BF shifts of contralateral DSCFd
neurons, and the centrifugal and centripetal BF shifts of contralateral DSCFv neurons (Xiao
and Suga 2005). That is, the direction of BF shifts in the contralateral DSCF area shows a
flip-flop, depending on the spatial relationship between the stimulated and recorded neurons
(Fig. 4C). When inhibition in the stimulated DSCF area is blocked by bicuculline
methiodide, all the BF shifts in the ipsilateral and contralateral DSCF areas become
centripetal, regardless of the stimulated location in the DSCF area (Fig. 4Ab). Therefore,
centrifugal BF shifts originate from inhibition occurring in the stimulated DSCF area (Xiao
and Suga 2002b, 2005).
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The DSCFd and DSCFv divisions consist of different types of binaural neurons (Manabe et
al. 1978). The DSCFd is not bilaterally connected by commissural fibers, but the DSCFv is
(Liu and Suga 1997). The intriguing asymmetry in corticocortical modulations described
above appears to be related to binaural signal processing. In the cat’s AI, the different types
of binaural neurons are separately clustered and form binaural bands (Imig and Adrian
1977). One type of band is bilaterally connected by commissural fibers, but the others are
not (Imig and Brugge 1978), as those in the DSCF area. Therefore, the intriguing asymmetry
in corticocortical modulations may also be found in cats.

2.3.2. Cortical areas specialized for processing distance information—The
auditory cortex of the mustached bat consists of at least nine areas. Three of these are the
FF, dorsal fringe (DF) and ventral fringe (VF) areas. The FF, DF and VF areas are
composed of “delay-tuned” neurons sensitive to the combination of the emitted pulse FM1,
and its echo FM2–4, with a specific echo delay, best delay (BDe). Each area also consists of
three subdivisions in terms of the combination sensitivity of neurons, FM1-FM2, FM1- FM3
and FM1-FM4 combinations (Suga 1990, 1994 for review). The DF and VF areas are
hierarchically at a higher level than the FF (Fitzpatrick et al. 1998).

Focal electric stimulation of the FF area evokes centrifugal BDe shifts in the ipsilateral and
contralateral FF areas and also in the ipsilateral DF and VF areas (Fig. 5a and d). These
centrifugal BDe shifts change into centripetal shifts when inhibition in the stimulated FF
area is blocked by bicuculline methiodide (Xiao and Suga 2004). On the other hand, the
stimulation of the DF area evokes centripetal BDe shifts in the ipsilateral and contralateral
DF areas and also in the ipsilateral FF area (Fig. 5e). In other words, lateral, contralateral,
feedforward and/or feedback modulations by the FF area are centrifugal but those of the DF
area are centripetal (Xiao and Suga 2004; Tang et al. 2007; Tang and Suga 2008, 2009). In
addition, it has also been known that feedback modulation of the VF area to the FF area is
centripetal (Fig. 5b and f). The centripetal BDe shifts are ~ 2.5 times larger than the
centrifugal BDe shifts. All those BDe shifts occur in BDe unmatched neurons (Fig. 5, d-f).
In each of the FF, DF and VF areas, the direction of a BDe shift stays the same regardless of
the combination-sensitivity of the delay-tuned neurons. In other words, iso-BDe lines shift
together across the three subdivisions of each area. A flip-flop in the direction of BDe shifts
does not occur. The BDe-matched neurons do not shift their BDe’s and show facilitation of
their responses at their BDe’s and sharpening of their delay-tuning curves (Fig. 5c). The
lateral projection within the FF area and FF-to-DF/VF feedforward projections are
presumably for the finer analysis of target information at a specific distance. On the other
hand, the DF-to-FF and VF-to-FF feedback projections are presumably for focusing the
neural processing of target information at that specific distance represented by the FF area.
These projections presumably promote finer analysis of target information at shorter
distances because the target distances represented in the FF, DF and VF areas are shorter in
this order (Suga 1990 for review).

2.4. Remarks on corticocortical modulation
The lateral projection within a specific cortical area commonly evokes the centripetal shifts
of the tuning curves or receptive fields of neurons in AI’s of different mammalian species
(rats, Rattus rattus, Talwar and Gerstein 2001; big brown bats, Chowdhury and Suga 2000,
Ma and Suga 2001a; Mongolian gerbils and mustached bats, Sakai and Suga 2001); in the
primary visual cortex (cats, Felis catus, Godde et al. 2002, Calford et al. 2003); and in the
primary somatosensory cortex (rats and owl monkeys, Aotus trivirgatus boliviensis,
Recanzone et al. 1992a,b). However, it evokes the centrifugal tuning shifts in the DSCF
(Zhang and Suga 2000, Xiao and Suga 2005) and FF (Xiao and Suga 2004) areas. These two
areas are highly specialized for processing specific biosonar information (Suga 1990 for
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review). The centripetal tuning shifts are apparently much more common than the
centrifugal tuning shifts.

The interaction between different cortical areas has also been studied in the cat visual cortex.
The deactivation of the visuoparietal cortex decreases orientation and direction sensitivities
of neurons in area 18 and abolishes the global layout of the direction map in it. The higher
cortical visual area significantly contributes to the creation of the basic response properties
of the lower cortical visual area (Galuske et al. 2002). Corticocortical modulation between
different cortical auditory areas is simple in AI of the big brown bat, but is complex in the
DSCF area (a part of AI) of the mustached bat. The feedforward and feedback modulations
are different between the FF, DF and VF areas. Therefore, there are apparently different
types of corticocortical modulations. In macaques (Rauschecker and Tian 2000) and cats
(Lomber and Malhotra 2008), the auditory cortex consists of several areas. How do the
feedforward and feedback projections between these cortical areas contribute to the creation
of specific response properties of neurons? Are there corticocortical modulations different
from those thus far found in bats?

For a 30-min-long cortical electric stimulation, tuning shifts reach a peak 30 min after the
onset of the stimulus and then gradually disappear within 3.0 hours. So, the behavioral
changes which might occur have not yet been examined. The cortical tuning shifts can be
elicited by repetitive acoustic stimulation or auditory fear conditioning. They represent an
auditory memory trace, as described in Section 4.

(3) Corticofugal modulation: the primary auditory cortex to the subcortical
auditory nuclei and to cochlear hair cells

Neural mechanisms for creating the various response properties of auditory neurons and the
“computational” maps – maps different from the tonotopic map inherited from the cochlea –
in the central auditory system had been explained only by neural interactions in the
ascending auditory system (Suga 1990 and Covey and Casseday 1999 for reviews).
However, the findings since 1995 indicate that the corticofugal system plays important roles
in shaping the response properties of the neurons and in organizing the tonotopic and
computational maps (Suga et al. 2002 and Suga and Ma 2003 for reviews).

Focal electric stimulation of the lemniscal system evokes basically the same plastic changes
in MGBv, ICc and CN as those in AI. Namely, the stimulation evokes the augmentation of
responses and sharpening of tuning of tuning-matched subcortical neurons and the tuning
shifts of tuning-unmatched subcortical neurons. Almost all of the changes, if not all, first
occur in AI and then are transferred down to the subcortical auditory nuclei regardless of the
stimulated sites: AI (Suga and Ma 2003 and Xiong et al. 2009 for reviews; Luo et al. 2008),
MGBv (Jafari et al. 2007; Wu and Yan 2007) or ICc (Zhang and Suga 2005). Since there is
only one type of change in the tuning-matched neurons, but two types of changes in the
tuning-unmatched neurons, the following text mainly describes centripetal and centrifugal
tuning-shifts.

3.1. Modulation in the frequency domain
3.1.1. Medial geniculate body, inferior colliculus and cochlear nucleus—
Electric stimulation of cortical DSCF neurons evokes centrifugal BF shifts of the BF-
unmatched thalamic (MGBv) and collicular (ICc) DSCF neurons, and facilitation of the
responses of the BF-matched thalamic and collicular neurons (Zhang and Suga 2000).
Inactivation of the stimulated cortical DSCF neurons with a local anesthetic (lidocaine)
changes these centrifugal BF shifts into centripetal shifts (Fig. 6). It abolishes the facilitation
of the responses and reduces the responses to tone bursts of the BF-matched neurons (Zhang
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et al. 1997). The corticofugal system apparently improves and adjusts subcortical auditory
signal processing. Inactivation of the entire DSCF area including BF-matched and –
unmatched neurons by muscimol reduces the responses of the thalamic DSCF neurons by ~
60% and those of collicular ones by ~ 24% (Zhang and Suga 1997, 2000). In the big brown
bat, such inactivation of AI reduces collicular responses by ~ 38% (Gao and Suga 1998).
The corticothalamic and corticocollicular feedbacks apparently amplify thalamic and
collicular responses.

In the MGBv (Luo et al. 2011), ICc (Yan and Ehret 2002) and cochlear nucleus (Luo et al.
2008; Liu et al. 2010) of the house mouse and the ICc of the big brown bat (Ma and Suga
2001a), electric stimulation of cortical neurons facilitates BF-matched neurons and evokes
centripetal BF shifts of BF-unmatched neurons. The changes in the cochlear nucleus are
smaller than those in the MGBv. As in the AI’s of the Mongolian gerbil and the big brown
bat, small centrifugal BF shifts evoked by the electric stimulation are also found at the outer
edge of the area where the centripetal BF shifts are evoked (Fig. 3a, d and e). Inactivation of
AI by muscimol abolishes these thalamic (Zhang and Yan 2008) and collicular (Gao and
Suga 1998) BF shifts.

In the big brown bat, electric stimulation of collicular neurons evokes the BF shifts of
neighboring collicular neurons, which are predominantly centripetal. Inactivation of cortical
neurons with lidocaine abolishes these collicular BF shifts evoked by the collicular electric
stimulation (Zhang and Suga 2005). As described later, the collicular BF shifts elicited by
auditory fear conditioning are abolished by muscimol inactivation of AI (Gao and Suga
1998) or atropine applied to the ICc (Ji et al. 2001). Therefore, the collicular BF shifts
depend on both corticofugal feedback and acetylcholine (ACh) released into the colliculus.

ACh cortically released by the nucleus basalis (NB) of the forebrain plays an essential role
in cortical plasticity (Weinberger 1998 and Suga et al. 2010 for reviews). The auditory
cortex projects to the midbrain cholinergic nuclei, which in turn projects to the subcortical
auditory nuclei (Schofield et al. 2010). Therefore, the auditory cortex plays an important
role in the modulation of the subcortical auditory nuclei for auditory signal processing
through corticofugal feedback and activation of the cholinergic nuclei.

It was also found that strong cortical stimulation in the big brown bat inhibited half of the
ICc neurons and facilitated the remaining half (Jen et al. 2002 for review) and that
corticofugally-inhibited neurons showed centripetal BF shifts (Jen and Zhou 2003).

3.1.2. Cochlear hair cells—In the mustached bat, the receptor potential called the
cochlear microphonic response (CM) is sharply tuned to ~ 61 kHz. Electric stimulation of
cortical DSCF neurons at a low rate (5/s), evokes collicular, thalamic and cortical BF shifts,
but not the BF shift of the CM. However, stimulation at a high rate (33/s) evokes short-term
CM changes. Namely, the BF-matched CM is increased in amplitude and is sharpened in
frequency tuning, whereas the BF-unmatched CM shows the centrifugal BF shift for the
contralateral cortical stimulation and the centripetal or centrifugal BF shift for the ipsilateral
DSCFd or DSCFv stimulation, respectively (Fig. 4C). The BF of the CM systematically
shifts as much as 0.25 kHz around 61.0 kHz, according to the BF and the location of the
stimulated cortical DSCF neurons, i.e., the location of the stimulation of the cochleotopic
map of the cortical DSCF area (Xiao and Suga 2002a).

Without any electric stimulation, the BF of the CM of the awake stationary mustached bat
changes as much as 0.15 kHz in an unpredictable way during the emission of biosonar
signals (Goldberg and Henson 1998). Such a change is presumably evoked by the
corticofugal system and related to auditory attention to echoes. (The 0.25-kHz shift around
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61 kHz corresponds to a Doppler shift that could be evoked by a speed of 0.71 m/s, the
speed of small insects.)

Inactivation of the cortical DSCF area with muscimol reduces the BF (0.15 kHz
ipsilaterally; 0.24 kHz contralaterally) and amplitude (29% ipsilaterally; 31%
contralaterally) of the CM, and widens the CM frequency-tuning curve. The corticofugal
system mediates the positive feedback associated with lateral inhibition even at the cochlea.
Corticofugal modulation of cochlear hair cells apparently occurs in humans because
otoacoustic emission decreases during cortical electric stimulation (Perrot et al. 2006) or
visual selective attention (Puel et al. 1989).

3.2. Modulation in the time domain
3.2.1. Modulation of duration tuning—Duration-tuned neurons show the maximal
response to a specific duration of a sound (best duration: BDu), as well as to its frequency
(Pinheiro et al. 1991; Ehrlich et al. 1997; Galazyuk and Feng 1997; Ma and Suga 2001b). In
the ICc of the big brown bat, the BDu changes along the tonotopic axis: the lower the BF,
the shorter the BDu (Jen and Wu 2006). When cortical duration-tuned neurons are
electrically stimulated, a collicular duration-tuned neuron matched (i.e., the same) in BDu
and BF with the stimulated cortical neurons is augmented and its duration-tuning is
sharpened (Fig. 7a), whereas an unmatched one is either shifted (Fig. 7b) or broadened in
duration-tuning. The BDu shift and broadening occur toward the BDu of the stimulated
cortical neurons: the larger the BDu difference, the larger the BDu shift (Fig. 7c) and the
broadening (Fig. 7d). In addition to these centripetal changes in duration tuning, the
duration-tuned neurons show a centripetal BF shift if their BFs are unmatched with those of
the stimulated neurons. All these changes occur only when the BDu and BF differences
between the recorded collicular and stimulated cortical neurons are respectively less than 4
ms and less than 6 kHz (Ma and Suga 2001b).

3.2.2. Modulation of delay tuning—As already described in the preceding text, delay-
tuned neurons in the mustached bat are located in the FF, DF and VF areas of the auditory
cortex. Electric stimulation of the FF area augments the response of a collicular delay-tuned
neuron matched in BDe to the stimulated neurons and sharpens its delay tuning without
shifting its BDe. It simultaneously suppresses the responses at the BDe’s of unmatched
collicular delay-tuned neurons and shifts their BDe’s away from the BDe of the stimulated
neurons. That is, cortical electric stimulation evokes centrifugal BDe shifts (Yan and Suga
1996). Thus, all the corticocortical and corticocollicular projections from the FF area evoke
centrifugal BDe shifts (Fig. 5d).

Inactivation of the FF area including BDe-matched and -unmatched neurons with muscimol
(an agonist of GABA-A receptors) does not cause any change in the delay-tuning curves of
the thalamic and collicular delay-tuned neurons, but reduces their facilitative responses by
82% and 66%, respectively. Their facilitative responses to the combination of two FM
sounds greatly depend on the corticofugal system (Yan and Suga 1999).

3.2.3. Modulation of response latencies—The response latency of auditory neurons
typically shortens with an increase in stimulus intensity. However, certain cortical (AI) and
collicular (ICc) neurons of the little brown (Sullivan 1982a, b; Galazyuk et al. 2005; Wang
et al. 2007), big brown (Ma and Suga 2008) and Mexican free tailed (Klug et al. 2000) bats
show a “paradoxical latency-shift (PLS)”: long latencies to intense sounds but short
latencies to weak sounds). These neurons presumably are involved in the processing of
target distance information, because they show facilitation of a response when an intense
sound corresponding to an emitted pulse is followed by a weak sound corresponding to its
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echo (Sullivan 1982). Electric stimulation of cortical neurons evokes two types of changes
in the collicular PLS neurons, depending on the relationship in BF between them. That is,
the cortical stimulation does not shift the BFs of BF-matched collicular neurons and shortens
their response latencies at intense sounds. Therefore, the PLS becomes smaller. However,
the stimulation shifts the BFs of BF-unmatched neurons and lengthens their response
latencies at intense sounds. Therefore, the PLS becomes larger. The electric stimulation also
modulates the response latencies of collicular non-PLS neurons. These corticofugal
modulations of the collicular responses occur only when the BF difference between the
recorded and stimulated neurons is less than 6 kHz. The cortical electric stimulation
produces an inhibitory frequency tuning curve or curves of a collicular neuron (Ma and Suga
2008). Bicuculline applied to a collicular PLS neuron eliminates its PLS (Galazyuk et al.
2005). Corticofugal feedback is certainly involved in shaping the temporal patterns of the
responses of subcortical auditory neurons through inhibition.

3.3. Modulation in the intensity (amplitude) domain
3.3.1. Modulation of minimum thresholds—A frequency-threshold (tuning) curve is
based on many thresholds measured as a function of the frequency of a tone burst stimulus.
The lowest threshold -- the threshold at the BF of a neuron -- is called the “minimum”
threshold (MT). In the central auditory system, a MT and a BF both differ from neuron to
neuron. For focal electric stimulation of AI of the house mouse, its collicular neuron
matched to the stimulated cortical neurons in BF but not in MT shows no BF shift, but a MT
shift toward the MT of the stimulated neurons (Fig. 7e). On the other hand, a collicular
neuron unmatched in both BF and MT increases its MT regardless of MT and BF
differences (Yan and Ehret 2002). In corticofugally-inhibited collicular neurons of the big
brown bat, both BF-matched and -unmatched neurons show centripetal MT shifts: the larger
the MT difference, the larger the MT shift (Jen and Zhou 2003). Corticofugal modulation of
MT is somewhat different between the house mouse and the big brown bat. However, this
might be due to the difference in the experimental design.

In cats, electric stimulation of the medial olivo-cochlear system (MOCS) increases the
threshold of peripheral neurons and shifts their intensity-response curves to tone bursts
toward higher intensities without changing their dynamic range in intensity coding. When
the peripheral neurons are responding to persistent noise, their dynamic range in intensity
coding of tone bursts becomes very small. However, electric stimulation of the MOCS
reduces the response to the noise and restores their dynamic range. Therefore, the MOCS
plays a role in antimasking for detecting signals (tone bursts) in noise (Robertson and
Mulders 2010). AI can control the cochlear hair cells via the olivo-cochlear neurons (Xiao
and Suga 2002a), and it can be controlled by the prefrontal cortex (Fritz et al. 2007 for
review, 2003). Therefore, the auditory periphery is subject to modulation by auditory
attention.

3.4. Modulation in the spatial domain
The spatial tuning (i.e., directional sensitivity) of the ear varies with the frequency of a
stimulus tone. In the central auditory system, binaural interactions produce neurons with
spatial tunings different from those determined by the ear. In the big brown bat, focal
electric stimulation of AI sharpens the spatial tuning curves of corticofugally-inhibited
collicular neurons and broadens those of corticofugally-facilitated collicular neurons (Jen et
al. 1998). Collicular neurons show centripetal “best azimuth (BAZ)” shifts for the electric
stimulation only when the BF difference between the stimulated and recorded neurons is less
than 6 kHz. The larger the difference in BAZ between them, the larger the centripetal BAZ
shift (Fig. 7f; Zhou and Jen 2005).
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3.5. Excitation and inhibition for tuning shifts and reorganization
Stimulated cortical AI neurons evoke both facilitation and lateral inhibition of the auditory
responses of subcortical neurons as well as cortical neurons nearby. The amount of
facilitation and inhibition varies with the parameter values characterizing a stimulus sound
and with the relationship in tuning between the stimulated and recorded neurons. These
tuning-dependent effects of the stimulated cortical neurons on the tuning-matched and -
unmatched subcortical neurons improve the input to the stimulated cortical neurons and the
subcortical and cortical representations of the stimulus parameters to which the stimulated
cortical neurons are tuned (Zhang et al. 1997; Yan and Suga 1998; Zhang and Suga 2000;
Chowdhury and Suga 2000; Ma and Suga 2001a; Sakai and Suga 2001, 2002). In other
words, cortical neurons modulate the subcortical and neighboring cortical neurons to be best
for their excitation. This corticofugal function has been named “egocentric selection” (Yan
and Suga 1996). The changes resulting from egocentric selection are larger in thalamic
neurons than in collicular ones (Zhang et al. 1997; Zhang and Suga 1997), and the changes
in the collicular neurons are larger than those in the cochlear nuclear ones (Luo et al. 2008).
Egocentric selection apparently takes place at different levels of the auditory system through
the multiple feedback loops.

When excitation is stronger and more widespread to the neighboring unmatched neurons
than is inhibition, centripetal tuning shifts in the cortical and subcortical neurons are evoked.
On the contrary, when inhibition is stronger and more widespread to the neighboring
unmatched neurons than is excitation, centrifugal tuning shifts are evoked (Suga et al. 2000
for review). In the highly specialized cortical auditory areas, inhibition is stronger and more
widespread than excitation and evokes compressed reorganization, whereas in the less-
specialized cortical auditory areas, excitation is stronger and more widespread than
inhibition and evokes expanded reorganization. The removal of cortical inhibition changes
the cortical and subcortical centrifugal tuning shifts into centripetal tuning shifts (Xiao and
Suga 2004, 2005; Ma and Suga 2004). Therefore, the reorganization and organization of a
neural map is mostly based upon the balance between excitation and inhibition occurring in
the cortex.

3.6. Remarks on corticofugal modulation
Animal sounds, including human speech sounds, are characterized by multiple parameters
such as frequency, intensity (amplitude), duration, time interval between sounds, etc. The
central auditory system produces various types of neurons tuned to behaviorally relevant
acoustic parameters, i.e., “information-bearing parameters” (Suga 1982 for review), rather
than a single frequency (Suga 1973, 1990, Covey and Casseday 1999, and Rauschecker and
Tian 2000 for reviews). As reviewed above, corticofugal modulation occurs for different
types of subcortical neurons and is multiparametric. It occurs at multiple levels, perhaps
more easily at higher levels than lower levels. Focal inactivation of AI evokes the responses
and tuning shifts which are opposite to those evoked by AI stimulation (Zhang et al. 1997;
Zhang and Suga 2000). So, the responses to sounds and tuning of subcortical neurons are
maintained by the corticofugal system (feedback loop) as they are.

All these findings have been made only on lemniscal neurons by stimulating and recording
from them. Auditory signal processing and auditory plasticity in the nonlemniscal system
and interaction between the lemniscal and nonlemniscal systems remains to be studied.
Based on recent findings, one may speculate that the activation of the lemniscal system
suppresses the activity of the nonlemniscal system and changes the response properties of
nonlemniscal neurons toward those of lemniscal neurons, that the activation of the
nonlemniscal system suppresses the activity of the lemniscal system and changes the
response properties of the lemniscal neurons toward those of the nonlemniscal neurons, and
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that ACh excites the lemniscal system and suppresses the nonlemniscal one, whereas a
neuromodulator other than ACh suppresses the former and excites the latter. One may also
speculate that the prefrontal cortex (which is involved in attention) may play a role in
determining which system, either lemniscal or nonlemniscal, has a dominant role in auditory
signal processing. These speculations remain to be explored for further understanding of the
auditory system.

(4) Plasticity related to associative and non-associative learning
Tone burst and electric foot-stimuli have been used as conditioned (CS) and unconditioned
(US) stimuli, respectively. When the CS and US are paired as CS-US for conditioning, i.e.,
for associative learning, an animal shows a conditioned behavioral response specific to the
CS and its auditory system shows the “tone-specific” plasticity which consists of the
facilitation of auditory responses and sharpening of the frequency tuning of BF-matched
neurons and the BF shifts of BF-unmatched neurons (Fig. 8A). Here, “BF-matched” means
that the BF of a given neuron is the same as the frequency of the tone burst used as the CS.
These changes are specifically related to the tone burst, so that they are tone-specific. For
simplicity, the tone-specific plasticity is represented by BF shifts. Backward conditioning
(US-CS) does not evoke BF shifts.

On the other hand, when the CS and US are unpaired for pseudo-conditioning, i.e., for non-
associative learning, the animal shows behavioral responses nonspecific to the CS and its
auditory system shows the “nonspecific” plasticity which consists of the nonspecific
augmentation of auditory responses, shortening of response latencies, a decrease in threshold
and broadening of the tuning of BF-matched and -unmatched neurons (Fig. 8B). For
simplicity, nonspecific plasticity is represented by nonspecific augmentation. Excitation and
inhibition both occur in specific combinations for the tone-specific plasticity, but not for the
nonspecific plasticity. The tone-specific plasticity has been well studied, but the nonspecific
plasticity has not (Weinberger 1998 and Suga et al. 2002 for reviews; Ji and Suga 2008,
2009). The recent research on these two types of plasticity are reviewed below.

4.1. Tone-specific plasticity elicited by auditory fear conditioning
A train of tone bursts elicits small short-lasting cortical (AI) and collicular (ICc) BF shifts as
the difference between the tone frequency and the BF of a given neuron is set at the peak of
the BF-shift-difference curve (Yan and Suga 1998; Gao and Suga 1998; Chowdhury and
Suga 2000; Ma and Suga 2003). When this train of tone bursts is paired as is the CS with the
US for auditory fear conditioning, large long-lasting cortical and large short-lasting
collicular BF shifts are elicited (Fig. 9a and b; Suga and Ma 2003 for review). The small BF
shifts evoked by the train of tone bursts are apparently augmented by the conditioning
activating the cholinergic system.

The BF shifts elicited by the tone bursts alone or conditioning are basically the same as
those evoked by the focal electric stimulation of AI, except for the time course of the
cortical BF shifts (Fig. 9b; Gao and Suga 2000). They occur in a specific relation to the BF
of the electrically stimulated neurons or the frequency of the tone burst delivered as a
stimulus. The BF of the electrically stimulated neurons corresponds to the frequency of the
tone burst.

The CS (weak tonal stimulation) stimulates both the lemniscal and nonlemniscal auditory
systems. The US (electric leg-stimulation) is aversive to an animal and stimulates not only
the somatosensory system, but also the ascending reticular activating and brain aversion
systems which activate the neuromodulatory systems.
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Gao and Suga (1998, 2000) found that the corticofugal auditory system and the auditory and
somatosensory cortices play an essential role in eliciting the conditioning-dependent
collicular (ICc) and cortical (AI) BF shifts. [Needless to say, the conditioning also elicits
thalamic (MGBv) BF shifts (Edeline and Weinberger 1991).] Therefore, Suga and his
collaborators (2000, 2002) proposed the so-called Gao-Suga model. This model has been
developed by incorporating many important findings in bats and rodents after 1998. The
following text reviews how different portions of the auditory and non-auditory systems are
involved in the BF shifts elicited by conditioning and by electric stimulation of different
portions of the brain.

4.1.1. The Primary auditory cortex—The direction of the cortical and collicular BF
shifts changes when an antagonist of GABA-A receptors, bicuculline methiodide (Xiao and
Suga 2002b; Ma and Suga 2004), or a local anesthetic, lidocaine (Zhang et al. 1997), is
focally applied to AI. Inactivation of AI by muscimol abolishes the conditioning-dependent
collicular BF shift without affecting the collicular frequency tuning (Gao and Suga 1998,
2000). An antagonist of muscarinic acetylcholine receptors, atropine, applied to AI
completely blocks the development of the conditioning-dependent cortical BF shift and
reduces the conditioning-dependent collicular BF shift by 25% without affecting the
collicular auditory responses and frequency tuning (Ji et al. 2001). Therefore, the neural
circuit within AI, corticofugal feedback and acetylcholine (ACh) all play an essential role in
eliciting the cortical and subcortical BF shifts.

The auditory cortex projects to the nucleus basalis via multiple pathways including the
amygdala or the prefrontal cortex (Zaborszky et al. 1999; Golmayo et al. 2003; Rasmusson
et al. 2007). It directly projects to the ponto-mesencephalic tegmentum (PMT). The PMT
projects to the multiple subcortical auditory nuclei on both sides (Schofield et al. 2011),
whereas the basal nucleus broadly projects to the cortex including the auditory cortex. Thus,
AI has the neural net for the adjustment (reorganization) of auditory signal processing and
also the projections to the cholinergic system which augments the adjustment. The
functional role of the non-AI areas in the adjustment of auditory signal processing has not
yet been explored. Electric stimulation of AI mostly excites MGBv neurons and inhibits
MGBm neurons through the thalamic reticular nucleus (Zhang et al. 2008).

4.1.2. The ventral and medial divisions of the medial geniculate body—As
described in the introduction, MGBv neurons project specifically to AI, are sharply
frequency-tuned, and habituate little. On the contrary, MGBm neurons project widely over
cortical auditory areas including AI, mostly have a broad or multi-peaked frequency-tuning
curve, and habituate after several stimulus presentations (Aitkin and Webster 1972; Calford
1983; Bordi and Ledoux 1994, b). MGBd neurons specifically project to AII. Their response
properties are similar to those of MGBm neurons. Unlike the MGBv and MGBd, the MGBm
is multisensory and projects to the amygdala as well as to the auditory cortex (He 2003 for
review). The MGBm-to-amygdala projection is essential in eliciting conditioned behavioral
responses (LeDoux 1993 for review; Lanuza et al. 2004).

The conditioning elicits short-lasting BF shifts in the MGBv (Edeline and Weinberger
1991b), MGBm (Edeline and Weinberger 1992) and MGBd (Edeline and Weinberger
1991a). Conditioning-elicited MGBm changes are blocked by a lesion of the amygdala
(Maren et al. 2001; Poremba and Gabriel 2001; No BF shifts were examined in these
studies.). Therefore, interesting questions are where the MGBm changes do originate and
what kinds of cortical plastic changes are evoked by the MGBm. Focal electric stimulation
of the MGBm evokes nonspecific cortical augmentation, but not the cortical BF shift (Fig.
10b; Ma and Suga 2009), whereas the stimulation of the MGBv evokes the cortical (Fig.
10a; Jafari et al. 2007; Ma and Suga 2007) and collicular (Wu and Yan 2007) BF shifts.
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Therefore, MGBm neurons are suited for evoking the nonspecific cortical plasticity but not
the tone-specific cortical plasticity. MGBv neurons are undoubtedly implicated in evoking
the cortical BF shift. It is quite possible that the BF shifts in the lemniscal system are
transferred to the nonlemniscal system.

As described in the preceding text, any electric stimulation of AI, MGBv or ICc, tonal
stimulation, and tonal-plus-nucleus basalis stimulation can evoke the cortical BF shift
without CS-US association in the MGBm and PIN. It has been shown that electrical
stimulation of the PIN, not the MGBm, paired with a tone burst evokes a heart-rate change
as does the conditioning (Cruikshank et al. 1992) and that a lesion of the MGBm impairs
conditioning and blocks associative plasticity in the amygdala (Poremba and Gabriel 1997).

4.1.3. The central nucleus of the inferior colliculus—The ICc, ICx and ICd
respectively project to the MGBv, MGBm and MGBd. The conditioning-elicited BF shift
has been studied only in the ICc. It lasts up to 3.5 hours (Fig. 9b; Gao and Suga 1998, 2000;
Ji et al. 2001; Ji and Suga 2003). As already described, atropine applied to AI blocks the
development of the cortical BF shift and reduces the collicular one by 25%, although it does
not block the corticocollicular feedback. Atropine applied to the IC blocks the collicular BF
shift, reduces the cortical one by ~38%, and changes it from long-term to short-term without
affecting the cortical auditory responses and frequency tuning. So, the collicular BF shift
consists of the corticofugally-transferred BF shift and the intrinsic collicular BF shift based
on both the corticocollicular feedback and ACh. The short-lasting collicular BF shift
contributes to producing the large long-lasting cortical BF shift (Ji et al. 2001). ACh is
released into the ICc by the cholinergic midbrain tegmental nuclei (Hallanger et al. 1987;
Schofield et al. 2011).

In the ascending auditory system, the ICc in the midbrain is located below the MGB in the
thalamus, but shows the conditioning-elicited BF shift. Therefore, the MGB is not the first
place in the ascending auditory system where CS-US associated responses are found.

4.1.4. Subcollicular auditory nuclei and cochlear hair cells—It has not yet been
studied whether the conditioning elicits changes in the subcollicular auditory nuclei and
cochlear hair cells. These nuclei and hair cells directly or indirectly receive corticofugal and
cholinergic projections. Focal electric stimulation of AI evokes the small short-lasting BF
shifts of cochlear nuclear neurons (Luo et al. 2008; Liu et al. 2010) and hair cells (Xiao and
Suga 2002a). The collicular BF shift evoked by focal AI stimulation is the same in amount
and time course as that elicited by the conditioning (Fig. 9b). As previously stated,
corticofugal modulation of cochlear hair cells apparently occurs in humans because the
otoacoustic emission decreases during visual selective attention (Puel et al. 1989) or cortical
electric stimulation (Perrot et al. 2006). Therefore, the conditioning may elicit the BF shifts
of subcollicular neurons and hair cells as AI stimulation does.

4.1.5. The Corticofugal Auditory System and Feedback Loops—As described in
the preceding text, the corticofugal auditory system and feedback loops play an essential
role in eliciting the short-lasting subcortical and long-lasting cortical BF shifts. In the big
brown bat, ~ 25% of the conditioning-elicited collicular BF shift is due to the cortical BF
shift carried down by the corticofugal system, and the remaining ~ 75% is produced in the
colliculus (ICc) by utilizing ACh and corticofugal feedback. The collicular BF shift
contributes to producing the large long-lasting cortical BF shift, although the ICc itself can
not produce the long-term BF shift (Ji et al. 2001). These conclusions obtained from the
conditioning experiments are supported by electric stimulation experiments: (1) electric
stimulation of the ICc (Zhang and Suga 2005) or the MGBv (Wu and Yan 2007) evokes the
collicular BF shift via corticofugal feedback, and (2) focal electric stimulation of AI evokes
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the short-term collicular BF shift which is the same as that elicited by the conditioning (Ma
and Suga 2001a, 2003; Gao and Suga 2000).

4.1.6. The Primary Somatosensory Cortex, SI—Bilateral inactivation of SI by
muscimol does not affect the auditory responses and frequency tuning of cortical and
collicular neurons and the development of nonspecific augmentation of these neurons due to
pseudo-conditioning, but selectively abolishes the development of their BF shifts elicited by
the conditioning (Fig. 9c and d; Gao and Suga 1998, 2000) or pseudo-conditioning (Ji and
Suga 2008, 2009). Electric stimulation of SI after, but not before, focal electric stimulation
of AI (Fig. 9e) or tone burst stimulation (Fig. 9f) augments the small cortical and collicular
BF shifts. This augmentation particularly lengthens the duration of the cortical BF shift. It
does not occur when the cholinergic nucleus basalis is lesioned (Ma and Suga 2001a, 2003).
This pair of inactivation and activation experiments clearly indicates that SI plays an
essential role in the development of the conditioning-dependent BF shifts through the
nucleus basalis.

4.1.7. The cholinergic neuromodulator, acetylcholine—ACh applied to AI or the
ICc prior to the conditioning augments both the cortical and collicular BF shifts. Atropine
applied to AI or the ICc prior to the conditioning respectively blocks the cortical and
collicular BF shifts (Ji et al. 2001). Focal electric stimulation of AI evokes the short-lasting
cortical and collicular BF shifts. When it is accompanied with ACh applied to AI, the large
long-term cortical BF shift and the large short-term collicular BF shift are evoked, as are
those elicited by the conditioning (Ma and Suga 2005). Electric stimulation of the nucleus
basalis augments the development of the cortical and collicular BF shifts evoked by the
focal electric stimulation of AI or by tone burst stimulation (Ma and Suga 2003). It also
evokes the large long-lasting cortical BF shift when it is delivered together with tone burst
stimulation (in guinea pigs, Bakin and Weinberger 1996; Bjordahl et al. 1998; Kilgard and
Merzenich 1998; in big brown bats, Ma and Suga 2003; in the house mouse, Yan and Zhang
2005; Zhang et al. 2005; Sarter et al. 2006: Parikh et al. 2007). ACh released in AI by the
nucleus basalis apparently augments the cortical BF shift and consequently the collicular BF
shift evoked by both the corticofugal feedback and ACh released in the ICc. ACh makes the
cortical BF shift long-lasting. These findings confirm that the long-lasting cortical BF shift
can be evoked without CS-US association in the MGBm and PIN, and that AI, corticofugal
feedback loops and ACh together play a key role in evoking the long-term cortical BF shift.

Conditioning-dependent discharges occur in the nucleus basalis (Quirk et al. 1995, 1997;
Maren 2000) and the lateral amygdala (Li et al. 1996; Armony et al. 1998) before AI. The
development of these discharges in AI is abolished by a lesion of the amygdala (Armony et
al. 1998). Inactivation of the amygdala prevents the conditioning-dependent changes in the
MGBm (Poremba and Gabriel 2001; Maren et al. 2001). Therefore, the origin of these
discharges in AI and the lateral amygdala is not the MGBm and PIN that project to the
amygdala. It is possible that, different from the CS-dependent BF shifts, the conditioning-
dependent discharges in AI are evoked via the pathway from the amygdala to the nucleus
basalis and then to AI, as is the augmentation of the CS-dependent BF shifts, and that the
discharges in the MGBm are evoked via the pathway from AI to the IC and then to the
MGBm. It should be noted that BF shifts in the lateral amygdala have not yet been studied.

4.1.8. The amygdala—The amygdala receives the projections from the multisensory
thalamic nuclei and primary sensory and association cortices, etc. (LeDoux 1993 for review;
Romanski and LeDoux 1993). Both the thalamic and cortical projections to the amygdala
are important for fear conditioning (Lanuza et al. 2004). The amygdala projects to the
nucleus basalis which consists of cholinergic and GABAergic neurons. It shows the neural
responses related to the conditioning and plays an essential role in eliciting conditioned
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behavioral responses (Phelps and LeDoux 2005 for review). However, activation and
inactivation experiments have not yet been performed to determine whether the amygdala
also plays an essential role in eliciting the cortical and collicular BF shifts.

4.1.9. The prefrontal cortex—The primary sensory cortices project to the prefrontal
cortex which, in turn, projects to the nucleus basalis (Rasmusson et al. 2007). The nucleus
basalis augments the cortical BF shift, as already described. The prefrontal cortex, which
plays an important role in attention (Dally et al. 2004), presumably plays a role in focusing
on a specific sound by augmenting tuning shifts toward the parameter values characterizing
the sound.

4.1.10. A working model for tone-specific plasticity elicited by auditory fear
conditioning—In rodents and bats, the tone-specific plasticity elicited by the conditioning
is basically the same as that elicited by the focal electric stimulation of AI, other than its
long-lasting cortical plasticity due to ACh. Therefore, the neural circuit explored through
electric stimulation experiments can be incorporated with that for the conditioning-elicited
plasticity. The Gao-Suga model proposed by Suga and his collaborators (2000, 2002) is
elaborated upon in the current review article. This working model states that small (or
subthreshold) short-lasting cortical, thalamic and collicular BF shifts specific to a
conditioned tonal stimulus (CS) are evoked by the neural circuit within AI and corticofugal
feedback loops activated by the CS through the ICc and MGBv. When the CS is paired with
an unconditioned leg- or foot-stimulus (US), the auditory and somatosensory cortices
respectively send the CS and US signals to the amygdala, where the CS is associated with
the US. (In addition, CS-US association may also occur in the association cortex.) Then, the
associated signal goes to the cholinergic basal forebrain (nucleus basalis), then the cortical
acetylcholine level increases and the small cortical BF shifts evoked by the CS are
augmented. AI activated by the CS projects to the cholinergic PMT as well as to the MGBv
and ICc. The thalamic and collicular BF shifts are evoked by the corticofugal feedback and
acetylcholine released from the PMT. Thus, the thalamic and collicular BF shifts consist of
intrinsically evoked BF shifts and corticofugally transferred ones. The gain of the thalamo-
cortico-thalamic feedback loop is presumably controlled by the thalamic reticular nucleus.
The BF shifts that occur in the lemniscal system are presumably transferred to the
nonlemniscal system in the cortical and/or subcortical levels (Fig. 11).

4.2. Nonspecific plasticity elicited by pseudo-conditioning and differential gating
4.2.1. Nonspecific plasticity—Unpaired CS and US, i.e., pseudo-conditioning, elicits
nonspecific augmentation in AI, MGBv and ICc. In the big brown bat, the BF shifts are most
effectively evoked when the BF of a recorded neuron is ~ 5 kHz higher than the tone burst
(Fig. 3a). So, when the CS is set at 5.0 kHz lower than the BF of a given neuron and
delivered with pseudo-randomized US for pseudo-conditioning (Fig. 8Ba), the neuron shows
a small brief-lasting BF shift in addition to nonspecific augmentation (Figs. 12b and 13b).
Then, drug effects on both the tone-specific and nonspecific plasticities can be
simultaneously examined. [In the house mouse, for example, the 10-kHz difference between
the CS frequency and the BF of a given neuron is perhaps appropriate in eliciting both the
BF shift and nonspecific augmentation, because the peaks of the BF-shift-difference curve
of the house mouse are at 10 kHz (Fig. 3e)].

For the pseudo-conditioning, the big brown bat shows a nonspecific heart-rate decrease (Fig.
8Bc), and cortical (AI) and collicular (ICc) neurons show nonspecific augmentation over
many different frequencies (Figs. 8Bb and 12) and, in addition, a small brief-lasting BF shift
only when the CS frequency is ~ 5 kHz lower than the BF of a recorded neuron (Figs. 12b
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and 13a2). The time course of the development of the nonspecific augmentation is the same
as that of the BF shifts elicited by the conditioning (Ji and Suga 2008, 2009).

The development of the nonspecific augmentation of cortical (Ji and Suga 2008) and
collicular (Ji and Suga 2009) neurons is not affected by atropine or mecamylamine (a
nicotinic cholinergic receptor antagonist) applied to AI or by muscimol applied to the
somatosensory cortex. However, these drugs abolish the small brief-lasting BF shift (Fig.
13b). Therefore, different from the BF shifts, the nonspecific augmentation depends on
neither the cholinergic meuromodulator nor the somatosensory cortex and the collicular
nonspecific augmentation does not depend on the corticofugal feedback. The increase in the
responses to tone bursts and in tuning curve width is slightly larger in AI than in the ICc,
suggesting that the cortical nonspecific augmentation mostly originates from the subcortical
nuclei (Ji and Suga 2009).

4.2.2. Differential gating and interaction between the lemniscal and
nonlemniscal systems—The paired CS-US delivered to guinea pigs or big brown bats
elicits BF shifts in their AIs, whereas the unpaired CS-US elicits the nonspecific
augmentation, i.e., sensitization (Bakin and Weinberger 1992; Edeline et al. 1993; Ji et al.
2001; Ji and Suga 2008). How do the identical CS and US elicit the different types of plastic
changes depending on whether they are paired or unpaired? Specifically, how can the CS
and US activate neural circuits and neuromodulators in different ways depending on whether
they are paired or unpaired?

The CS alone elicits the small BF shifts (Suga and Ma 2003 for review), and the randomized
US alone elicits the nonspecific augmentation (Ji & Suga 2008). Therefore, the nonspecific
augmentation may be decreased as the BF shift is increased by the CS paired with the US for
conditioning. However, the BF shift may be reduced as the nonspecific augmentation is
increased by the CS unpaired with the US for pseudo-conditioning. There appears to be a
“differential” gating mechanism for such cortical plasticity and auditory signal processing.
And different neuromodulators, the corticofugal system and the thalamic reticular nucleus
all appear to be implicated in the differential gating mechanism (Suga 2008). Over the last
45 years or so, it has been suggested that one corticofugal function is gating or gain control
(e.g., Watanabe et al. 1966; He 2003 for review).

There are findings that are favorable to the presence of the differential gating mechanism:
(1) Non-focal electric stimulation of AI excites the majority of MGBv neurons and inhibits
the majority of MGBm neurons (Yu et al. 2004). This inhibition is mediated by the thalamic
reticular nucleus, TRN (Zhang et al. 2008). (2) Focal electric stimulation of AI evokes the
centripetal BF shifts of MGBv neurons and reduces the auditory responses and broadens the
frequency tuning of MGBm neurons (Tang, Yang and Suga, unpublished). (3) ACh
depolarizes MGBv neurons, but hyperpolarizes MGBm neurons (Mooney et al. 2004). (4)
Electric stimulation of MGBm neurons broadens the tuning curves of AI neurons, but that of
MGBv neurons evokes their BF shifts (Fig. 10b; Ma and Suga 2009). (5) ICx inhibits ICc
neurons (Jen et al. 2001). (6) The trains of 60 dB SPL tone bursts used as the CS activate the
auditory system and may activate the ARAS. On the other hand, the electric leg-stimulus
used as the US activates the somatosensory system, ARAS and BAS. The BAS and ARAS
both activate the histaminergic system, which broadly releases histamine (HA) in the brain
and play an essential role in eliciting defensive behaviors and arousal, respectively (Siegel
2002 for review). The HA release depends on the level of stress and arousal (Hass et al,
2008 for review). In the rat cortex, activation of postsynaptic HA3 receptors induces the
release of GABA, which in turn inhibits the depolarization-induced ACh release (Giorgetti
et al. 1997). It also reduces ACh release in the cortex and impairs the object recognition and
passive-avoidance response by rats (Blandina et al. 1996).
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Findings (1) - (3) suggest that as AI (the lemniscal system) plays a major role in fine
auditory signal processing, the auditory signal processing by the nonlemniscal system is
reduced and that neuromodulators for plasticity are different between the lemniscal and
nonlemniscal systems. Finding (4) suggests that a high level of MGBm activity makes AI
neurons somewhat similar to nonlemniscal neurons and that a high level of MGBv activity
may make non-AI neurons somewhat similar to the lemniscal neurons. Finding (5) suggests
that auditory signal processing in either the lemniscal or nonlemniscal system is biased at
the cortical and subcortical levels according to the behavioral relevance of auditory signals.
The findings in (6) suggests that HA plays an essential role in eliciting the nonspecific
augmentation and in suppressing the BF shifts.

4.3. Remarks on plasticity elicited by conditioning and pseudo-conditioning
The lemniscal system including the MGBv is essential in eliciting the tone-specific
plasticity, BF shifts. The nonlemniscal system including the MGBm may not be. The
nonspecific plasticity already takes place in the inferior colliculus. Therefore, the MGBm
may not have an essential role in eliciting it, but only a supplementary one. The lemniscal
and nonlemniscal pathways form rich multiple feedback loops through the corticocortical
and corticofugal projections. Therefore, plastic changes evoked by acoustic stimuli or a
focal electric stimulation of a given auditory cortex spread to cortical areas and subcortical
auditory nuclei. Thus far, the plastic changes in the lemniscal system elicited by either the
electric stimulation, conditioning or pseudo-conditioning have been extensively studied, but
not those in the nonlemniscal system. Many questions remain to be answered about the
nonlemniscal system, interactions between the lemniscal and nonlemniscal systems, and
differential gating.

The corticocortical and corticofugal projections sharpen and shift the tuning of cortical and
subcortical neurons in the frequency, amplitude, time and spatial domains and play a key
role in the adjustment of the auditory system of an adult normal animal according to an
uneven distribution of neural activity over the auditory cortex which can be evoked by either
acoustic stimulation, focal electric stimulation, focal drug application or focal cochlear
lesion. For the tone-specific plasticity elicited by auditory fear conditioning, the auditory
cortex, corticofugal feedback, somatosensory cortex, amygdala and cholinergic nuclei all
play a key role. For the nonspecific plasticity elicited by pseudo-conditioning, the cortifugal
feedback, somatosensory cortex and cholinergic nuclei do not play a key role. These
findings are presumably applicable to many mammalian species.

The cortical BF shift evoked by repetitive acoustic stimulation may be considered as a
“physiological auditory memory trace” even if it is augmented by electric stimulation of the
cholinergic nucleus basalis or by the conditioning that effectively activates the nucleus
basalis. It is uncertain whether the conditioning-augmented cortical BF shift is a
physiological “associative” memory trace, because it has not yet been demonstrated that the
BF-shifted neurons produced by the conditioning carry the associated auditory-
somatosensory information (Suga 2008).

(5) Epilogue
5.1. Adjustment of the auditory system in the dynamic auditory environment

Animal sounds are dynamic, changing values of multiple parameters which characterize
them. So, one may consider that the changes evoked by repetitive focal electric stimulation
or conditioning using repetitive tone burst stimulation may not occur in nature. The long-
lasting stimulation has been used to evoke large, long-lasting changes for the clear-cut
demonstration of plasticity and drug effects on the changes. Each of the electric pulses used
for the bat research was 0.2 ms, 100 nA (e.g., Ma and Suga 2001a) and that used for the
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house mouse research was 1.0 ms, 500 nA (e.g., Yan and Ehret 2002). The amount of the
changes evoked by the focal electric stimulation greatly depends on the stimulus parameters.
For example, two-minute cortical electric stimulation with short trains of 0.2 ms, 100 nA
pulses evokes 0.6 kHz cortical and collicular BF shifts. Lengthing the stimulation period
from 2 to 30 min increases the BF shifts 2.5 times (Ma and Suga 2001a). A cortical BF shift
can be elicited by five trials of paired CS-US (Edeline et al. 1993). Therefore, the
corticocortical and corticofugal modulations would occur in the natural setting. Changes in
the auditory system would be fast and large if an acoustic stimulus is meaningful to an
animal and the animal pays attention to it (Fritz et al. 2007 for review, 2003).

5.2. Modulation of the auditory system in different animal species by conditioning
Centripetal BF shifts elicited by conditioning have been found in the big brown bat (Gao and
Suga 2000), guinea pig Cavia porcella (Bakin and Weinberger 1990), rat (Kisley and
Gerstein 2001) and cat (Diamond and Weinberger 1986). An expanded tonotopic
representation has been found in the rat, owl monkey (Rutkowski and Weinberger 2005) and
human (Molchan et al. 1994; Morris et al. 1998). Furthermore, the corticocortical and
corticofugal modulations explored by focal electric stimulation in the big brown and
mustached bats are shared not only with the auditory system of non-bat species, but also
with the somatosensory and visual systems, as described in Sections 2 and 3. Therefore, the
bat’s auditory system is specialized for echolocation, but has the common mammalian
neural mechanisms for plasticity.

On the earth, there are ~813 species of microchiropterans and ~1,687 species of rodents.
Because of easy availability, the big brown bat and guinea pig or mouse have been
frequently used for the research on the plasticity of the auditory system without any
consideration whether they are “representative” species of the orders microchiroptera and
rodentia. However, the findings thus far made in these three species of animals are basically
the same (Suga and Ma 2003 for review), in spite of the comments on the bat’s auditory
system and the paradigms of the conditioning used for the bat research (Weinberger 2004
for review). Therefore, there is a great possibility that the findings reviewed in the current
article are shared by many different species of animals beyond these three species. It is
important to identify the common and specialized mechanisms and to explore the
mechanisms for specialization deriving from the common ones. Shifts in frequency and
delay tuning in the mustached bat’s highly specialized auditory subsystems are centrifugal.
This uniqueness derives from common neural mechanisms by strengthening inhibition in the
auditory cortex. Therefore, one may conclude that even these specialized subsystems share
the basic neural mechanisms with the auditory systems of non-echolocating mammals.
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Highlight

• Electric stimulation and conditioning each evoke tone-specific plasticity.

• Pseudo-conditioning evokes nonspecific plasticity of auditory neurons.

• Neural mechanisms for the two types of plasticity are quite different.

• Specialization of the auditory system for plasticity is due to enhanced inhibition.

• A differential gating mechanism exists for auditory signal processing.
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Fig. 1. Tuning shifts, the auditory pathway and auditory cortex
Focal electric stimulation (ES) of the lemniscal auditory system evokes facilitation,
inhibition and tuning shifts in AI and subcortical auditory nuclei. There are two types of
tuning shifts of “tuning-unmatched” neurons: centripetal (a) and centrifugal (b). (a) and (b)
The unbroken and broken triangles represent the tuning curves in the control and shifted
conditions, respectively. “Tuning-matched” neurons do not show tuning shifts, but
facilitation of their auditory responses. Centripetal and centrifugal tuning shifts both have
been found in the frequency and time domains. (c) The dorsolateral view of the brain of the
mustached bat, Pteronotus parnellii parnellii (P.p.p.). The arrows indicate the ascending and
descending (corticofugal) systems. (d) A neurophysiological map of the auditory cortex
(AC) of the mustached bat. The numbers and lines in the anterior (AIa) and posterior (AIp)
divisions and the Doppler-shifted constant frequency (DSCF) area in AI indicate iso-best-
frequency lines. The CF/CF area sensitive to combinations of constant-frequency (CF)
signals consists of two subdivisions that contain a Doppler-shift (velocity) axis. The
frequency modulation-frequency modulation (*FF), dorsal fringe (DF) and ventral fringe
(VF) areas are sensitive to combinations of frequency-modulated (FM) signals. Each area
consists of three subdivisions. These areas contain an echo-delay (range) axis. CBL,
cerebellum; CER, cerebrum; CN, cochlear nucleus; DIF, dorsal intrafossa area; DM,
dorsomedial area; DP, dorsoposterior area; IC, inferior colliculus; MGB, medial geniculate
body; NLL, nucleus of the lateral lemniscus; P.p.r., Pteronotus parnellii rubiginosus which
is larger than P.p.p.; SOC, superior olivary complex; VA, ventroanterior area; VM,
ventromedial area; VP, ventroposterior area (Suga and Ma 2003). Focal electric stimulation
of the AIp, DF or VF area evokes centripetal tuning shifts, whereas that of the DSCF or FF
area evokes centrifugal tuning shifts. [*The FF area had been called the FM-FM area
because it consists of FM-FM combination-sensitive neurons. Both the DF and VF areas,
subsequently found, also consist of FM-FM neurons. So, the FM-FM area is now called the
FF area (Tang and Suga 2008).]
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Fig. 2. Distribution of centripetal and centrifugal BF shifts in the primary auditory cortex (AI)
evoked by focal electric stimulation of AI in the Mongolian gerbil, Meriones unguiculatus
Electric stimulation of 1.1-kHz-tuned neurons in AI evokes centripetal (a, circles) and
centrifugal (b, triangles) BF shifts of other AI neurons within 1.0 mm. Locations of recorded
neurons along the cortical surface are plotted relative to that of the stimulated neurons at the
origin of the coordinates. x- and y-axes: directions parallel and orthogonal to the
cochleotopic (tonotopic) axis of AI, respectively. “x” in b indicates a neuron that showed no
BF shift. Data are pooled from 16 hemispheres of 11 animals. Confidence ellipses are shown
for neurons that showed centripetal (a) or centrifugal (b) BF shifts. The amounts of BF
shifts were measured in a zone parallel (1) or orthogonal (2 and 3) to the cochleotopic axis
(c). The directions and amounts of BF shifts of neurons in the rostro-caudal (1 in c) and
dorso-ventral (2 and 3 in c) zones are respectively plotted in d – f as a function of distance
along the cortical surface. BFe: BF of electrically stimulated AI neurons. BFr: BF of
recorded AI neurons. See the inset at the bottom of (c) for symbols (Sakai and Suga 2002).
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Fig. 3. “BF-shift-difference” curves obtained from the primary auditory cortex (AI) or the
central nucleus of the inferior colliculus (ICc) of four species of mammals
The BF shift changes as a function of the difference in BF between the recorded collicular
(ICcr, dashed curves) or cortical (AIr, undashed curves) neurons and the electrically
stimulated cortical neurons (AIs). Each BF-shift-difference curve encompasses a scatter plot
of BF shifts of many neurons studied (N) such as in Fig. 2d. Note the differences in the
curves between species and between different areas of the same species. (a, b, d and e)
Centripetal BF shifts, except where indicated by arrows. A prominent centripetal BF shift
occurs at ~ 5 kHz higher than the stimulated cortical BF in the big brown bat, Eptesicus
fuscus (a) and at ~ 1 kHz higher than that in the Mongolian gerbil, Meriones unguiculatus
(d). By contrast, the prominent centripetal BF shift occurs at ~ 10 kHz lower than the
stimulated cortical BF in the posterior division of AI (AIp) of the mustached bat, Pteronotus
parnellii parnellii (b). In the house mouse, Mus domesticus, prominent centripetal BF shifts
occur at ~ 9 kHz higher and lower than the stimulated cortical BF (e). (c) Prominent
centrifugal BF shifts occur at ~ 0.5 kHz higher and lower than the stimulated cortical BF in
the Doppler-shifted constant frequency (DSCF) area of the mustached bat. The shape of
these BF-shift-difference curves might change with the mean BF of stimulated cortical
neurons (AIs). (f) Distance along the cochleotopic axis of AI from the stimulated cortical
neurons. (g) The mean and standard deviation of the BFs of stimulated cortical neurons as
well as references are shown for each figure, a – e. The characteristics of the electric
stimulation (ESa) were 0.2 ms, 100 nA pulses for a - d and 1 ms, 500 nA pulses for e (Suga
and Ma 2003).
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Fig. 4. Best frequency (BF) shifts in the specialized auditory system of the mustached bat
Changes in the direction of the BF shifts of a cortical (A) and a collicular (B) DSCF neuron
evoked by an antagonist of inhibitory GABA-A receptors, bicuculline methiodide (BMI). A
and B: Focal electric electrical stimulation (ES) of cortical DSCF neurons evokes centrifugal
BF shifts (a), whereas BMI applied to the cortical DSCF neurons evokes centripetal BF
shifts (b). The arrays of PST histograms display frequency-response curves of the recorded
neurons. The vertical and horizontal arrows respectively indicate the BFs of cortical DSCF
neurons receiving ES or BMI and centrifugal or centripetal BF shifts of the recorded
neurons. 1 – 4: The PST histograms recorded before (control) and after ES 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 (Xiao and Suga 2002b). The vertical scale bars indicate 50 impulses.
(C) Distribution of centripetal and centrifugal BF shifts in the primary auditory cortex (AI),
the central nucleus of the inferior colliculus (ICc) and the cochlea evoked by focal cortical
electric stimulation (ES). (1) Dorsolateral view of the cerebral cortex. In AI, the Doppler-
shifted constant frequency (DSCF) area is sandwiched between the anterior (AIa) and
posterior (AIp) divisions of AI. (2) The DSCF area can be divided into dorsal and ventral
divisions (DSCFd and DSCFv) in terms of the effect of cortical electric stimulation. (3) The
ICc consists of the dorsoposterior (DPD), anterolateral (ALD) and medial (MD) divisions.
The DPD can be divided into the dorsal (DPDd) and ventral (DPDv) portions in terms of the
effect of cortical electric stimulation. (4) Cochlea where cochlear microphonic responses
(CM) were recorded. Electric stimulation (ES) of DSCFd or DSCFv (2, right) evokes the
changes in the BFs of DSCF and DPD neurons and CM. Centripetal and centrifugal BF
shifts evoked by DSCFd stimulation are expressed by open and filled triangles, respectively,
whereas those evoked by DSCFv stimulation are expressed by open and filled circles,
respectively (Xiao and Suga 2005).
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Fig. 5. Changes in delay tuning evoked by electric stimulation of cortical delay-tuned neurons
through the lateral, contralateral, feedforward, feedback and corticofugal projections
(a) The centrifugal best delay (BDe) shift of a VF neuron tuned to a 3.0 ms echo delay
evoked by electric stimulation of FF neurons tuned to a 7.0 ms delay through feedforward
projection. The delay-response curves of the VF neuron were obtained before (control, open
circles), 85 min after (filled circles) and 137 min after (open triangles) the onset of the FF
stimulation. (b) and (c) A centripetal BDe shift of a BDe-unmatched FF neuron (b) and
sharpening of the tuning of a BDe-matched FF neuron (c) evoked by electric stimulation of
VF neurons via the feedback projection. The BDe’s of the recorded FF and stimulated VF
neurons were 3.5 and 2.0 ms, respectively in (b), but both were 1.5 ms in (c). The downward
arrows indicate the BDe’s of the stimulated neurons. The BDe-shift-difference curves for the
BDe shifts evoked by electric stimulation of either the FF (d), DF (e) or VF (f) neurons. (d)
“1–5” respectively show the curves for the BDe shifts elicited by the lateral, contralateral,
feedforward to DF or VF and corticofugal projections from (or within) the FF area. cFF,
contralateral FF. (e) “1–3” respectively show the curves for the BDe shifts elicited by the
feedback, lateral and contralateral projections from (or within) the DF area. cDF,
contralateral DF. (f) “1” shows the curve for the BDe shifts elicited by the feedback
projection from the VF area to the FF area. (g) The block diagram showing the projections
evoking the centripetal (arrow) or centrifugal (line with a short bar at its end) BDe shifts.
The short dashed lines indicate either centripetal or centrifugal BDe shifts that are
speculated (Tang and Suga 2009).
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Fig. 6. Changes in tuning curve, best frequency and response magnitude of thalamic and
collicular DSCF neurons evoked by focal activation or inactivation of cortical DSCF neurons in
the mustached bat, Pteronotus parnellii parnellii
(a) and (b) Shifts in the frequency-tuning curves of two thalamic (MGBv) neurons evoked
by an activation (a) or inactivation (b) of cortical neurons: activation by electric stimulation
of a 0.2 ms, 100 nA electric pulse delivered at a rate of 5/s for 7 min (ESa) and inactivation
by 90 nl of 1.0% lidocaine (Lid.). The best frequencies (BFs) of the activated or inactivated
cortical neurons are indicated by the arrows. The curves were measured before (control,
open circles), during (closed circles), and after (recovery; dashed lines) the cortical
activation or inactivation. The data points for the recovery are not shown because almost all
of them overlapped with those for the control. (c) and (d) The BF shifts of thalamic (c) and
collicular (d) neurons evoked by a focal activation (dashed lines) or inactivation (solid lines
and filled circles) of cortical neurons. The abscissae represent the differences in BF between
the stimulated cortical (AI) and recorded thalamic (MGBv) or collicular (ICc) neurons in the
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control condition. The abscissae are the same as those in (e) and (f). The BFs of the
stimulated cortical neurons were 61.2 kHz on the average. The triangles and circles
represent the data obtained from matched and unmatched subcortical neurons, respectively.
The regression lines, their slopes ‘a’ and correlation coefficients ‘r’ are shown in the graphs.
The BF shift is centrifugal for the cortical activation, but centripetal for the cortical
inactivation. (e) and (f). The ordinates represent the percent change in the response
magnitude (number of pulses per tone burst) of thalamic (e) and collicular (f) neurons
evoked by the cortical activation. The triangles and circles, respectively, represent percent
changes in the response magnitude of matched and unmatched subcortical neurons at the
BFs of individual neurons in the control condition. To measure response magnitudes, tone
bursts were set at the best amplitude of each neuron in the control condition. Changes in BF
(c and d) and response magnitude (e and f) both are larger in the MGBv than in the ICc
(Zhang and Suga 2000).
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Fig. 7. Corticofugal modulation of collicular neurons
(a) and (b) Corticofugal modulation of duration-tuned collicular (ICc) neurons evoked by
electrical stimulation of duration-tuned cortical (AI) neurons in the big brown bat, Eptesicus
fuscus. The stimulated cortical (AIs) and recorded collicular (ICcr) neurons were matched
(a) or unmatched (b) in both best frequency (BF) and best duration (BDu). The open and
filled arrows indicate the BDu’s of ICcr and AIs neurons, respectively. Cortical stimulation
sharpened (a) or shifted (b) duration-tuning. (c) and (d) Distributions of the BDu shifts (c)
and width changes (d) in duration-tuning. The abcissae represent a BDu difference between
the recorded and stimulated neurons. Each triangle in (c) represents a BDu shift. Each open
or filled circle in (d) represents sharpening or broadening of a duration-tuning curve,
respectively. Crosses mark neurons that showed neither BDu shift nor change in the width of
a duration-tuning curve. The extent of change is linearly related to the BDu difference
between ICcr and AIs neurons. The BDu’s of the stimulated neurons were 5.5 or 5.6 ms on
the average (Ma and Suga 2001b). (e) Centripetal minimum-threshold (MT) shifts of BF-
matched collicular neurons in the house mouse, Mus domesticus (Yan and Ehret 2002). (f)
Centripetal best azimuth (BAZ) shifts of collicular neurons sensitive to the contralateral
auditory fields in the big brown bat. Their BAZs shift toward the midline, i.e., toward the
BAZs of the stimulated cortical neurons. L, lateral; M, medial (Zhou and Jen 2005). The MT
and BAZ shifts are linearly related to the difference in MT and BAZ between the recorded
collicular (ICcr) and stimulated cortical (AIs) neurons, respectively.
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Fig. 8. Conditioning, pseudo-conditioning, frequency-tuning changes and heart rate change
(Aa) Paired conditioned (CS) and unconditioned (US) stimuli and the parameter values of
the CS (tone bursts) and US (electric leg-shock) used for the experiments on the big brown
bat. (Ab) Facilitation of the response and sharpening of the frequency-tuning of BF-matched
neurons and BF shifts of BF-unmatched neurons. These changes are tone-specific changes.
Here “BF-matched” means that the BF of a recorded neuron is the same as the frequency of
the CS. (Ac) The bat shows a decrease in heart rate to the paired CS-US, i.e., conditioning
(1). After the conditioning, the conditioned autonomic response (heart rate change) does not
occur to 15-kHz (2) and 60-kHz (3) tone bursts, but to the 30-kHz tone bursts (CS) used for
the conditioning (Ac by Ji and Suga 2007). When the US is unpaired with the CS by
randomizing it (Ba), nonspecific augmentation (sensitization) of BF-matched and -
unmatched neurons in the central auditory system is elicited (Bb). The bat shows a heart-rate
decrease to the unpaired CS-US, i.e., pseudo-conditioning. After the pseudo-conditioning, it
shows a heart rate decrease not only to the 30- kHz tone bursts used for the pseudo-
conditioning, but also to 15-kHz and 60-kHz tone bursts (Bc by Ji and Suga 2008) (Suga et
al. 2010).
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Fig. 9. The collicular (ICc) and cortical (AI) BF shifts elicited by auditory fear conditioning or by
electric stimulation of the auditory and/or somatosensory cortices or by long repetitive acoustic
stimulation (big brown bat)
(a) Changes in the responses (left two columns) and frequency-response curves (right graph)
of a collicular neuron caused by 30-min-long conditioning consisting of 60 pairs of a train of
acoustic stimuli (ASt = CS) and an electric leg-stimulation (ESl = US). All of the data were
obtained with tone bursts fixed at 10 dB above the minimum threshold of the neuron. The
CS was 25 kHz, and the BF of the collicular neuron was 29 kHz. The data were obtained
before (1, control), immediately after (2), 90 min after (3), and 125 min after the
conditioning (4). BFc and BFs, BFs in the control and shifted conditions, respectively. BFs
shifted back to BFc 125 min after the conditioning (Gao and Suga 1998). (b) Time courses
of the BF shifts of collicular (1 and 3) and cortical (2 and 4) neurons evoked by electric
stimulation of AI, ESa (1 and 2) or the conditioning (3 and 4). A second conditioning session
3.5 h after the first also evoked collicular (5) and cortical (6) BF shifts. The horizontal bars
indicate the electric stimulation or conditioning of 30 min duration. Each curve is the mean
of 10 – 15 curves obtained from different neurons (Ma and Suga 2001a; Gao and Suga
2000). (c) and (d) Bilateral inactivation of the somatosensory cortex (SI) with 0.4 μg of
muscimol applied to its surface abolishes development of the conditioning-dependent BF
shifts of a collicular (c) and a cortical (d) neuron, but does not change their responses and
frequency-response curves. Frequency-response curves were obtained before the
conditioning (1, control); during SI inactivation (2); immediately after the conditioning
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under SI inactivation (3); and 75 or 180 min after the conditioning (4). The frequencies of
the CS (ASt) and the electric current of the US (ESl) are listed in each graph (Gao and Suga
2000). (e) Collicular and cortical BF shifts evoked by a short train of electric stimuli of AI
(ESa) are augmented by electrical stimulation of the somatosensory cortex (ESs). ESs was
delivered 1.0 s after ESa, mimicking the conditioning. Curves 1 and 2 respectively represent
the time courses of collicular and cortical BF shifts evoked by ESa alone. Curves 3 and 4
respectively represent the time courses of collicular and cortical BF shifts evoked by ESa
followed by ESs. These stimuli were delivered over 30 min (horizontal bars). (f) ESs
following a train of acoustic stimuli (ASt) augments the collicular and cortical BF shifts
evoked by ASt. Curves 1 and 2 respectively represent the time courses of the collicular and
cortical BF shifts evoked by ASt. Curves 3 and 4 respectively represent the time courses of
the collicular and cortical BF shifts evoked by ASt followed by ESs, mimicking the
conditioning. Note that ESs has a larger and longer augmenting effect on the cortical BF
shift than on the collicular BF shift. Means and standard errors (vertical bars) are based on
the data obtained from the number of neurons ranging between 12 and 20, as indicated by N
(Ma and Suga 2003).
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Fig. 10. Thalamo-cortical modulation
Changes in the frequency-threshold (1) and frequency-response (2) curves of AI neurons
(lower graphs) evoked by electric stimulation of a sharply-tuned MGBv neuron (a, upper
graphs) or broadly tuned MGBm neurons (b, upper graphs). Electric stimulation of the
MGBv neurons evokes a BF shift, i.e., a shift of the frequency-threshold and frequency-
response curves of the AI neuron (a, lower graphs), whereas that of the MGBm neurons
evokes broadening of those curves of the AI neuron (b, lower graphs). The open and filled
circles represent the curves in the control condition and 30 min after the onset of the electric
stimulation, respectively. The dashed lines with dots represent the curves obtained 60 min
after the onset of the electric stimulation. The frequency-response curves were measured at
30 dB above the minimum threshold of the given neuron (Ma and Suga 2009).
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Fig. 11. A working model for tone-specific plasticity (BF shifts) elicited by auditory fear
conditioning, paired CS – US
ACh, acetylcholine; AI, primary auditory cortex; CS, conditioned stimulus (tone bursts); ICc
and ICx, central nucleus and external cortex of the inferior colliculus; MGBv and MGBm,
ventral and medial divisions of the medial geniculate body; NB, nucleus basalis in the
forebrain; non-AI, auditory cortex other than AI; PMT, pontomesencephalic tegmentum;
TRN, thalamic reticular nucleus; US, unconditioned stimulus (electric leg-shock). The short
bar at the end of a line means a projection from inhibitory neurons. The conditioning elicits
the cortical BF shift through the neural net in AI, corticofugal feedback loop and ACh from
the NB, and also the collicular BF shift through the corticofugal feedback and ACh from the
PMT. See the text (revised version of Suga et al. 2000).
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Fig. 12. Nonspecific augmentation of four cortical (AI) neurons elicited by pseudo-conditioning
(p-cond), unpaired CS-US
The best frequencies (BFs) of the four collicular (ICc) neurons (a - d) were either 29, 24, 26
or 26 kHz (vertical dotted lines). The arrows along the frequency axis indicate the
frequencies of the CSu (CS used for p-cond) which were either 0 (a), 5 (b), 10 (d) or 15 (c)
kHz different from the BFs of the recorded neurons. In each column, 1 – 3 show the
receptive fields obtained before (control), 30 and 210 min after the onset of p-cond,
respectively. P-cond elicits the augmentation of responses, broadening of the receptive field,
and decrease in threshold of all these neurons. For simplicity, all these changes are
represented by the term “nonspecific augmentation.” The scale bars from dark blue to dark
red show low to high spike counts per 10 stimuli. Note a small BF shift toward 19 kHz (i.e.,
tone-specific change) in b2 (Ji and Suga 2008).
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Fig. 13. Changes in the frequency-response curves of single collicular (ICc) neurons elicited by
pseudo-conditioning (p-cond)
(a) The BFs of four collicular neurons (1 – 4) were 24, 20, 26 and 22 kHz, respectively. The
difference between the BF (vertical dashed line) and CSu (vertical arrow) frequencies is
shown at the top of each graph. Note the overall augmentation of the responses 30 min after
the onset of p-cond and, in addition, the 1.0 kHz BF shift (oblique arrow) only in 2. (b) The
nonspecific augmentation and small BF shift elicited by p-cond were first confirmed in three
collicular neurons (1–3, upper graphs). After the recovery from these changes, the drug
effects on the changes elicited by the 2nd p-cond were studied in the same three neurons (1–
3, lower graphs). The frequency-response curves of the same single neuron were obtained
before (control), 30, 60 and 180 min after the p-cond. (b1) Atropine (Atr) was ipsilaterally
applied to the ICc. (b2) Muscimol (Mus) ipsilaterally applied to AI. (b3) Muscimol
bilaterally applied to SI. The BFs of these three neurons were 25, 24 or 27 kHz and were 5.0
kHz higher than the CSu frequency. Note that the drugs blocked the BF shift, but not the
nonspecific augmentation. All the curves were obtained with tone bursts at 10 dB above the
minimum threshold of a given neuron. The keys of the curves are shown in the inset (Ji and
Suga 2009).
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