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Although training-based auditory cortical plasticity in the adult brain has been previously demonstrated in multiparametric sound
domains, neurochemical mechanisms responsible for this form of plasticity are not well understood. In this study, we trained adult rats
to identify a target sound stimulus at a specific azimuth angle by using a reward-contingent auditory discrimination task. We found that
auditory spatial discrimination training significantly enhanced representation of sound azimuths in the primary auditory cortex, as
shown by sharper azimuth-selective curves and more evenly distributed best angles of cortical neurons. Training also facilitated long-
term potentiation of field potentials in the primary auditory cortex induced by theta burst stimulation of the white matter. In parallel,
there were significant alterations in expression levels of certain cortical GABAA and NMDA receptor subunits, resulting in a marked
decrease in the level of GABAA relative to NMDA receptors. These changes in the expression profile of inhibitory and excitatory neu-
rotransmitter receptor subunits might enhance synaptic transmission, thereby facilitating training-induced cortical plasticity in the
spatial domain.

Introduction
Sound localization is one of the most important tasks performed
by the auditory system. Behavioral studies indicate that plasticity
of auditory localization in the adult animal model, like other
auditory functions, can be induced by using task-dependent be-
havioral training (Kacelnik et al., 2006). It is conceivable that
neural processing of auditory spatial cues within the auditory
pathway might undergo rapid adjustments in response to
training-induced plasticity in spatial hearing. The auditory cor-
tex, as demonstrated by many lesion studies in various species,
plays a critical role in spatial information processing of sound
(Jenkins and Merzenich, 1984; Kavanagh and Kelly, 1987; Hef-
fner and Heffner, 1990; Nodal et al., 2010, 2012). However, few
studies to date have determined whether behavioral training al-
ters neuronal representation of sound locations in the adult
auditory cortex of a normally reared animal model (Lee and
Middlebrooks, 2011).

Although the neurochemical mechanisms underlying
training-induced auditory cortical plasticity are not well under-
stood, changes in synaptic function involving GABA and NMDA
receptors have been strongly implicated (Feldman et al., 1996;
Sun et al., 2005; Guo et al., 2012). For example, it has been shown
that increased auditory cortical plasticity beyond the critical pe-

riod epoch involves altered protein expression levels of certain
GABAA receptor subunits (�1 and �2/3) and NMDA receptor
subunits (NR2a and NR2b) (Zhou et al., 2011) and that the au-
ditory discrimination task decreases cortical gene expression of
NR2a and NR2b (Sun et al., 2005).

In this study, we trained rats at 8 weeks of age to identify a
target sound stimulus at a specific azimuth angle that changed
randomly in each trial. The spatial response characteristics of
neurons in the primary auditory cortex (A1) were determined
electrophysiologically to reflect the training-induced plasticity in
cortical processing of spatial information of sound. In addition,
shifts in long-term potentiation (LTP) magnitudes induced in A1
were assessed and changes in inhibitory GABAA receptor sub-
units (�1, �3, �2, and �3) and excitatory NMDA receptor
subunits (NR2a and NR2b) were measured as a consequence
of behavioral training to examine the synaptic and neuro-
chemical mechanisms underlying training-based auditory
cortical plasticity.

Materials and Methods
Procedures. All experimental procedures were approved by the animal
care and use committees at the East China Normal University.

Subjects. Female Sprague Dawley rats, 8 weeks of age, were randomly
divided into three groups: (1) experimental (EXP) rats, which were
trained to discriminate a target sound stimulus at a specific azimuth to
receive a water reward for �4 weeks; (2) passively exposed (PE) rats,
which were exposed passively to training sounds that were identical to
sounds delivered to EXP rats but not required to identify the sound
azimuth for a water reward across the same epoch; and (3) age-matched
naive rats, which were raised in a normal environment until experiments
were conducted. The researcher was kept blind to the group identity of
the animals.

Behavioral training. Training was conducted in a sound-attenuated
chamber, as in our earlier studies (Pan et al., 2011). The training appa-
ratus was made of wood, had a radius of 150 cm, and its interior was
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covered with black polyethylene sponge. At the front of the apparatus was
a starting box (20 � 7 � 8 cm, length � width � height) that allowed rats
to run forward. Speakers were installed in the interior circular wall at 10°
intervals with a water spout under each one. Water delivery was triggered
by an automatic lick detection circuit. During training, a white noise
burst (30 ms duration with 3 ms rise-decay time) was randomly emitted
from one of speakers in each trail under the control of a computer. The
intensity of the noise burst was 70 dB sound pressure level.

Rats assigned to the EXP group had ad libitum access to food but were
deprived of water. Their body weights were maintained at �90% of ad
libitum body weight during the training period (Rutkowski and Wein-
berger, 2005). Before the real training phase, they were habituated for 40
min/d to the training apparatus for �1 week, during which time the rats
were allowed to move freely within the behavioral apparatus. They also
learned to approach a water spout and lick it to obtain water rewards after
presentation of a sound stimulus at a fixed azimuth.

During the real training phase, rats were in the starting box with their
heads pointing to the frontal auditory space. They left the starting box
after presentation of the sound stimulus from one of the speakers. As
long as they licked any of these spouts, the trial finished. Only if they
approached the source of the sound (i.e., the target speaker from which
the stimulus was emitted) and licked the corresponding spout did they
receive several drops of water as a reward and a trial was scored as a hit.
The rats then returned to the starting box to initiate the next trial. If
animals approached the incorrect azimuth and licked the spout beneath,
a trial was scored as an error. In this case, the stimulus was presented
again from the same speaker as a corrective mechanism to guide the
animal to the target location, but these data were not used in the calcu-
lation of the training parameters.

The PE rats were put in the behavioral apparatus and passively exposed
to training sounds that were identical to sounds delivered to EXP rats in
the same time period, but they were not engaged in the above-described
task.

Cortical response recording procedure. Cortical recordings were con-
ducted under pentobarbital anesthesia (50 mg/kg body weight) as de-
scribed previously (Cai et al., 2010). Pure tone stimuli (50 ms duration
with 5 ms rise-decay time) were delivered from a speaker positioned 34
cm from the rat’s head. The speaker could be placed at any specific
azimuth in the frontal auditory space using a remote control system
driven by two small electric motors. Once a single unit was isolated, its
characteristic frequency (CF) and minimum threshold (MT) were deter-
mined. The number of impulses discharged to CF sound (set at 10 dB
above each neuron’s MT) at 10° increments between contralateral 90°
relative to the recording site (abbreviated as c90°) and ipsilateral 90°
(abbreviated as i90°) was then recorded. The CF sound was presented 32
times at each azimuth angle and the neuron’s azimuth-selectivity curve
was plotted by using the total number of impulses in response to CF
sounds (after correction for the spontaneous activity) against azimuth
angles.

All azimuth-selectivity curves recorded can be described as azimuth-
selective, hemifield, multipeak, or nonselective based on their shapes
(Fig. 2B). An azimuth-selective curve has a clear peak at a certain azimuth
angle (referred to as the best angle [BA]) that is at least 50% greater than
the minimum obtained at both lateral angles. A hemifield curve ascends
from an ipsilateral angle by �50% and either reaches a plateau or de-
clines by �50% over a wide range of contralateral angles. A multipeak
curve has two peaks that are greater than the minimum obtained at the
trough and at lateral angles by at least 50%. A nonselective curve does not
show any clear peak and the number of impulses obtained from all angles
tested never differs by �50%.

LTP induction. Cortical slices were prepared as in our earlier studies
(Mao et al., 2006). The location of A1 was determined according to
Paxinos and Watson’s (1998) atlas and studies by Polley et al. (2007). The
electrode for electrical stimulation (twisted 70 �m nichrome wires insu-
lated except at the tips) was placed on the border between the white
matter (WM) and cortical layer VI and that for recording (a glass pipette
electrode with tip diameter of 1.0 –1.5 �m) was placed in layer III/IV (Fig.
3A). After a 20 –30 min stable baseline, theta burst stimulation (TBS; 5
pulses at 100 Hz, 11 pulse trains at 5 Hz, repeated 3 times at 0.2 Hz) was

applied to the WM and the amplitudes of the field potentials were re-
corded every 4 min for 2 h after the cessation of TBS.

Quantitative immunoblots. Auditory cortices (Paxinos and Watson,
1998; Polley et al., 2007) were dissected under pentobarbital anesthesia
(75 mg/kg body weight), and were homogenized immediately in ice-cold
homogenization buffer.

Quantitative immunoblotting assays were performed as described
previously (Cai et al., 2010; Guo et al., 2012). Briefly, the concentration of
total proteins was first determined using the bicinchoninic acid assay.
Proteins were separated on a 7.5% SDS-polyacrylamide gel and then
transferred to a nitrocellulose membrane. After both primary and sec-
ondary antibody incubations, proteins were visualized using enhanced
chemiluminescence followed by exposure to the x-ray film. Primary an-
tibodies used included anti-GABAA�1, anti-GABAA�3, anti-GABAA�2,
and anti-GABAA�3 (Millipore); anti-NMDA NR2a and NR2b (Milli-
pore); and anti-�-actin (Millipore).

The density of each band on Western blotting was measured and the
relative level of each protein was calculated as the ratio of target protein
band compared with the �-actin loading control band.

Results
Sound-azimuth discrimination performance
Rats assigned to the EXP group were trained to identify a specific
azimuth angle where a speaker emitted a sound stimulus and then
lick the associated water spout to receive a water reward. As
shown in Figure 1A, the percent correct of these EXP rats in the
sound-azimuth discrimination task dramatically increased as
training progressed. It took an average of 15 � 0.4 d for them to
achieve at least 80% accuracy for three consecutive days while
conducting the task. We also defined the azimuth deviation (i.e.,
the angle difference between the spout that the rat licked and
where the stimulus was presented during the training) as a per-
formance index for error trials. As expected, azimuth deviation
decreased significantly with training (Fig. 1B). The percent de-
crease of average azimuth deviation (compared with that re-
corded in the first training day) was 54.2% after �3 weeks of

Figure 1. Sound-azimuth discrimination performance. A, Correct scores on the sound-
azimuth discrimination task for each of EXP rat (n � 10; black lines) and group values (mean �
SE; gray line). B, Azimuth deviation of error trials. Graph plots the median, 10th, 25th, 75th, and
90th percentiles as vertical boxes with error bars.
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training. These data indicate a successful task acquisition for EXP
rats.

Sound-azimuth selectivity of A1 neurons
After the cessation of training, azimuth-selective curves (i.e., the
number of neuronal responses against azimuth angles) of cortical
neurons were measured at 10 dB above MT for EXP rats and were
compared with those of PE and age-matched naive rats (Fig. 2A).
Data were recorded in the middle cortical layers from 170 single
neurons in eight EXP rats, 215 single neurons in eight PE rats, and
237 single neurons in 10 naive rats. CFs of these neurons ranged
from 1.6 to 27.8 kHz. No significant differences in the distribu-
tion of CFs were found among the three rat groups (Kolmogorov–
Smirnov test, all p � 0.25 with Bonferroni correction).

As described in the Materials and Methods, all azimuth-
selectivity curves recorded were categorized as either azimuth-
selective, hemifield, multipeak, or nonselective (Fig. 2B). In EXP
rats, more neurons displayed azimuth-selective curves, but fewer

neurons displayed hemifield curves than those in naive rats (84%
vs 67% azimuth-selective and 8% vs 15% hemifield). The distri-
bution of azimuth-selectivity curves for PE rats, however, was
much like that of naive rats (70% vs 67% azimuth-selective and
15% vs 15% hemifield).

We used an angular range (AR; Fig. 2B, double arrows) at 50%
below the maximum to describe the sharpness of an azimuth-
selective curve. An AR is an indication of the width of an
azimuth-selective curve; a small AR represents sharp azimuth-
selective tuning. As shown in Figure 2C, there was a signifi-
cantly leftward shift of AR distribution for EXP compared
with naive and PE rats (Kolmogorov–Smirnov test, both p �
0.0001 with Bonferroni correction), indicating enhanced
sharpness of azimuth-selective tuning resulting from training.
The AR distribution for PE rats, however, was comparable to
that of naive rats (Kolmogorov–Smirnov test, p � 0.35 with
Bonferroni correction).

We also compared ARs obtained from different rat groups
by binning their CF values into three categories (Fig. 2D). As
expected, average ARs were significantly smaller for EXP than
for naive and PE rats across all CF ranges (ANOVA with post
hoc Student-Newman–Keuls test, all p � 0.001). The average
ARs for PE rats were again substantially similar to those of
naive rats (ANOVA with post hoc Student-Newman–Keuls
test, all p � 0.05).

We further evaluated the distribution of BAs (Fig. 2B, single
arrow) for azimuth-selective curves recorded from different rat
groups. As shown in Figure 2E, BAs recorded from PE or naive
rats were mostly clustered between c20° and c60°. After training,
however, BAs were more evenly distributed across the azimuth
range with no specific clustering on azimuth angles. Quantitative
comparison of the BA distribution from EXP rats revealed a sig-
nificant difference compared with that of naive and PE rats (Kol-
mogorov–Smirnov test, both p � 0.007 with Bonferroni
correction). As expected, BA distribution from PE rats was not
different from that recorded in naive rats (Kolmogorov–Smirnov
test, p � 0.6 with Bonferroni correction).

LTP induced in cortical field A1
LTP of field potentials was successfully induced in cortical field
A1 by TBS of the WM (Fig. 3A) in all three rat groups. As shown
in Figure 3B, field potential amplitude averaging 145% of base-
line was observed for naive rats during the whole recording pe-
riod after TBS. A similar magnitude of LTP was observed in PE
rats under the same recording protocol, which showed an in-
crease to 142% of baseline. EXP rats, however, showed signif-
icantly greater synaptic enhancement compared with naive
and PE rats (ANOVA with post hoc Student-Newman–Keuls
test, all p � 0.001), with levels of LTP at 183% of baseline after
TBS of the WM.

Expression of cortical GABAA and NMDA receptor subunits
To begin documenting the molecular changes that paralleled the
training-induced changes in azimuth selectivity of cortical neu-
rons, levels of cortical inhibition and excitation were examined in
EXP rats by using quantitative immunoblotting. The data were
then compared with those obtained in PE and naive rats. Anti-
bodies recognizing the �1, �3, �2, and �3 subunits of GABAA

receptors and the NR2a and NR2b subunits of NMDA receptors
were used to assay changes in cortical inhibition and excitation,
respectively.

As shown in Figure 4A, quantitative immunoblotting revealed
a significantly higher expression level of GABAA�1 but a lower

Figure 2. Posttraining effects on cortical azimuth selectivity. A, Experimental time line. Pw
indicates postnatal week. B, Representative azimuth-selectivity curves recorded from naive
rats. These curves were categorized as azimuth-selective, multipeak, hemifield, or nonselective.
The sharpness of an azimuth-selective curve is defined as the AR at 50% below the maximal
response. The azimuth angle that has the maximal response (i.e., BA) is also shown. Horizontal
dashed line indicates the 50% maximal response. c and i indicate contralateral and ipsilat-
eral relative to the recording site, respectively. C, Cumulative frequency histograms of ARs
recorded from EXP (n � 143), PE (n � 150), and naive (n � 159) rats. D, Average AR for each
of three CF ranges. Values shown are mean � SE. *p � 0.001. E, Distributions of BAs recorded
from different rat groups.
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expression level of GABAA�3 for EXP compared with naive rats
(ANOVA with post hoc Student-Newman–Keuls test, p � 0.05–
0.01). It should be noted that although the expression level of
GABAA�1 for PE rats was not different from that of naive rats
(ANOVA with post hoc Student-Newman–Keuls test, p � 0.05),
that of GABAA�3 was markedly lower (ANOVA with post hoc
Student-Newman–Keuls test, p � 0.05).

Moreover, the expression levels of GABAA�2 and GABAA�3 for
EXP rats were both higher than those of naive and PE rats (Fig.
4B; ANOVA with post hoc Student-Newman–Keuls test, p �
0.05– 0.01). As expected, expression levels of both GABAA�2
and GABAA�3 for PE rats were not different from that of naive
rats (ANOVA with post hoc Student-Newman–Keuls test, both
p � 0.05).

For excitatory receptor subunits, auditory discrimination
training resulted in a significant increase in the expression of both
NMDA receptor NR2a and NR2b subunits in EXP compared
with naive and PE rats (Fig. 4C; ANOVA with post hoc Student-
Newman–Keuls test, p � 0.05– 0.01). The percent increases for
NMDA receptor NR2a and NR2b versus those of control rats
were 99.4% and 50.1%, respectively. Therefore, the ratio of
NMDA receptor NR2a/2b for the EXP group also significantly
increased compared with naive rats (Fig. 4D; ANOVA with post
hoc Student-Newman–Keuls test, p � 0.05). Similarly, the
NMDA receptor NR2a/2b ratio for the EXP group was signifi-
cantly higher than that in PE rats (Fig. 4D; ANOVA with post hoc
Student-Newman–Keuls test, p � 0.05). The expression levels of
both NMDA receptor subunits NR2a and NR2b for PE rats, how-

ever, were comparable to those of naive rats (Fig. 4C; ANOVA
with post hoc Student-Newman–Keuls test, both p � 0.05).

Last, we calculated the ratio of GABAA receptor subunits (�1,
�3, �2, and �3) versus NMDA receptor subunits (NR2a and
NR2b) as an index of the balance between inhibitory and excit-
atory receptor subunit expression. As shown in Figure 4E, the
GABAA/NMDA ratio for EXP rats was significantly lower than
that of naive rats (ANOVA with post hoc Student-Newman–Keuls
test, p � 0.05). Again, there was no difference in the GABAA/
NMDA ratio between PE and naive rats (ANOVA with post hoc
Student-Newman–Keuls test, p � 0.05).

Discussion
Training-based cortical plasticity in multiparametric acoustic
domains is typically expressed as changes in the receptive field
bandwidth and/or the preferential tuning to reinforced or non-
reinforced stimuli (Bakin and Weinberger, 1990; Recanzone et
al., 1993; Fritz et al., 2003; Bao et al., 2004; Polley et al., 2004,
2006; Zhou and Merzenich, 2007, 2009). In this study, we ex-
tended findings from prior research by showing that sound-
azimuth discrimination training markedly improved the cortical
representation of sound azimuths, manifesting in decreased ARs
and more evenly distributed BAs of azimuth-selective curves of
cortical neurons. We also showed that training facilitated LTP of
field potentials in A1 induced by TBS of the WM. This increased
LTP required that previous acoustic experiences carried some
behavioral significance to the animals, because the effects were
absent in PE rats.

Earlier studies using adult animal models indicated that
changes in synaptic efficacy, including LTP, were associated with
learning (training) processes (Rioult-Pedotti et al., 2000; Whit-
lock et al., 2006; Sale et al., 2007; Hager and Dringenberg, 2010;
Gagolewicz and Dringenberg, 2011). For example, environmen-
tal enrichment resulted in an enhancement of WM-stimulation-
induced LTP recorded in rat visual cortex in vitro (Sale et al.,
2007). Similar findings have recently been obtained in adult rats

Figure 4. Cortical molecular changes induced by training. A, Expression levels of the
GABAA�1 and GABAA�3 subunits for different rat groups measured by using quantitative im-
munoblotting. The insets show representative Western blots. Values shown are mean � SE.
n � 8 for both subunits for all rat groups. *p � 0.05; �p � 0.01. B, Expression levels of the
GABAA�2 and GABAA�3 subunits. n � 8 for �2 and n � 7 for �3 for all rat groups. C,
Expression levels of the NMDA NR2a and NR2b subunits. n �8 for NR2a and n �10 for NR2b for
all rat groups. D, NR2a/2b ratio for the different rat groups. E, GABAA/NMDA ratio for the
different rat groups.

Figure 3. LTP induced in the cortical field A1. A, Schematic model showing the stimulating
and recording locations. B, Examples of field potentials (FPs) evoked before (black) and after
(gray) the TBS (top) and time courses of WM-LTPs for EXP (n�12), PE (n�15), and naive (n�
12) rats (bottom). Values shown are mean � SE.
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in vivo, showing that visual discrimination learning altered the
plasticity properties of neurons in the visual cortex by facilitating
LTP. Observed LTP enhancement was suggested to reflect an
increase in the dynamic range of synaptic strength (Hager and
Dringenberg, 2010; Gagolewicz and Dringenberg, 2011). Con-
versely, occlusion of LTP in the motor cortex of adult rats after
motor learning was also reported by Rioult-Pedotti et al. (2000).
Although mechanisms underlying this discrepancy between
studies that were conducted on different model systems—sen-
sory (auditory or visual) versus motor systems—are currently
unknown, these findings highlight the potential of the mature
cortex to express heightened levels of plasticity after training or
manipulations of sensory experiences. They also indicate that
LTP can serve as a mechanism mediating the training/
experience-dependent plasticity in the mature brain.

To date, the neurochemical factors underlying the training-
induced cortical plasticity remain to be fully determined. Al-
though it has been proposed that this form of plasticity might
result from posttraining changes in the expression of certain mol-
ecules, the identity of these putative molecular determinants is far
from established. NMDA receptors (particularly the subunits
NR2a and NR2b) have been implicated in various training/
experience-dependent changes in the mature cortex (Quinlan et
al., 2004; Sun et al., 2005; He et al., 2006; Yashiro and Philpot,
2008; Gagolewicz and Dringenberg, 2011). For example, visual
deprivation in adulthood induced a significant increase in the
expression level of the NMDA receptor subunit NR2b relative to
that of NR2a in rat visual cortex (He et al., 2006). A recent study
also showed that local application of an antagonist of the NMDA
receptor NR2b subunit in the visual cortex reversed the training-
induced LTP enhancement (Gagolewicz and Dringenberg, 2011).
Consistent with these previous results, we found here that audi-
tory discrimination training upregulated expression of both the
NR2a and NR2b NMDA receptor subunits in A1. In addition,
training increased the expression level of GABAA�1 but de-
creased that of GABAA�3. Expression levels of both GABAA�2
and GABAA�3 also increased as a result of training. Involvement
of inhibitory GABAergic activity as a potent regulator of plasticity
in mature auditory cortex has been previously indicated in a
study showing long-term exposure of adult rats to auditory in-
puts that lack instructive salient patterns reduced expression lev-
els of the GABAA�1 and GABAA�2/3 (Zhou et al., 2011).
Therefore, expression levels of certain NMDA and GABAA

receptor subunits may be affected by behaviorally relevant
auditory experiences in the adult auditory cortex, underscor-
ing the important role of these molecules in mediating synap-
tic cortical plasticity.

However, we cannot exclude the contribution of other mole-
cules such as acetylcholine (ACh) to the induction and facilita-
tion of plasticity in the mature cortex (Kilgard and Merzenich,
1998; Rasmusson, 2000; Gu 2003; Weinberger, 2003, 2004; Tsui
and Dringenberg, 2013). Indeed, pairing the release of endoge-
nous ACh with a tonal stimulus of a specific frequency was suffi-
cient to induce the overrepresentation of the tone in A1 (Kilgard
and Merzenich, 1998). A similar ACh-dependent effect was also
reported in the auditory cortex after auditory discrimination
training (Weinberger, 2003, 2004).

The expression level of GABAA�3 for PE rats was found to be
significantly lower than that in naive rats. The expression level of
GABAA�1 for PE rats was also slightly higher than naive rats,
although no significant difference was found. How passive expo-
sure to irrelevant sound results in changes in these GABAA recep-
tor subunits remain unknown. In addition, no significant

differences were observed in the expression levels of either the
GABAA�1 or the GABAA�3 subunit between EXP and PE rats.
Further work is necessary to characterize the neurochemical sys-
tems involved in the training-based cortical plasticity seen here
and previously.

One remaining question is how parallel changes in GABAA

and NMDA receptors after auditory training might translate
into altered synaptic function. It has been suggested that the
balance between inhibition and excitation (I/E) is a primary
determinant of the level of synaptic plasticity within sensory
cortices (Huang et al., 1999; Fagiolini and Hensch, 2000; Ro-
zas et al., 2001; He et al., 2006; Morishita et al., 2010). For
example, an increase in the strength of inhibition relative to
excitation over the course of postnatal development resulted
in a decrease of the ocular dominance plasticity in the visual
cortex (Huang et al., 1999; Rozas et al., 2001). Visual depriva-
tion in adulthood induced a significant decrease in the expres-
sion level of GABAA�2/3 relative to AMPA GluR2 while
reactivating ocular dominance plasticity (He et al., 2006).
Given the fact that cortical I/E balance has been implicated
in mediating activity-dependent synaptic plasticity in both
juvenile and adult animals, we hypothesized that the level of
I/E in adult auditory cortex would change significantly after
sound azimuth discrimination training. In addition, regula-
tion of NMDA receptor subunit composition (i.e., the
NR2a/2b ratio) significantly affected characteristics of NMDA-
receptor-dependent synaptic plasticity (Yashiro and Philpot,
2008). Increases in the NMDA receptor NR2a/2b ratio during
development have also been associated with decreases in cor-
tical plasticity (Hsieh et al., 2002; Yashiro and Philpot, 2008)
and refinement of cortical receptive fields (Zhang et al., 2001).
It is thus conceivable that relative levels of NR2a and NR2b in
the auditory cortex may also be affected by behavioral training
in adult rats.

Our above hypotheses were confirmed: cortical I/E balance
as indexed by expression levels of GABAA receptor subunits
versus that of NMDA receptor subunits decreased, but the
relative expression level of NR2a/2b increased after azimuth
discrimination training. In the visual cortex, the ratio of syn-
aptic NR2a-containing to NR2b-containing NMDA receptors
has been suggested to determine the threshold for NMDA-
receptor-dependent LTP (Quinlan et al., 1999). Application of
a selective antagonist of the NR2b subunit completely reversed
the training-induced LTP enhancement recorded in the visual
cortex (Gagolewicz and Dringenberg, 2011). In the auditory
cortex, chronic blockade of NR2b also led to a decline in the
LTP amplitude (Mao et al., 2006). It is possible that the sound
azimuth discrimination training applied here caused long-term ef-
fects on the ratio of NR2a-containing and NR2b-containing NMDA
receptors in the auditory cortex. Therefore, LTP, a common mea-
surement of synaptic efficacy, was enhanced and cortical azimuth
selectivity was refined.

It should be noted that the relative expression level of I/E
for EXP rats was only slightly lower than that of PE rats and did
not reach statistical significance. However, physiological data
recorded from EXP rats (i.e., azimuth selectivity and LTP fa-
cilitation) were significantly different from that of PE rats.
Nevertheless, our studies indicate that training-based plastic
changes in the adult auditory cortex are associated with altered
I/E balance and NR2a/2b ratio. These changes in both the
absolute and relative expression levels of GABAA and NMDA
receptor subunits after sound-azimuth discrimination train-
ing likely regulate cortical plasticity locally at individual syn-
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apses and globally at neural circuits, as observed in the present
study.
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