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Systems/Circuits

Environmental Acoustic Enrichment Promotes Recovery
from Developmentally Degraded Auditory Cortical
Processing

Xiaoqing Zhu,1 Fang Wang,1 Huifang Hu,1 Xinde Sun,1 Michael P. Kilgard,2 Michael M. Merzenich,3

and Xiaoming Zhou1

1Key Laboratory of Brain Functional Genomics of Ministry of Education, Shanghai Key Laboratory of Brain Functional Genomics, School of Life Sciences,
East China Normal University, Shanghai 200062, China, 2School of Behavioral and Brain Sciences, University of Texas at Dallas, Richardson, Texas 75080,
and 3Keck Center for Integrative Neuroscience, University of California, San Francisco, California 94143

It has previously been shown that environmental enrichment can enhance structural plasticity in the brain and thereby improve cognitive
and behavioral function. In this study, we reared developmentally noise-exposed rats in an acoustic-enriched environment for �4 weeks
to investigate whether or not enrichment could restore developmentally degraded behavioral and neuronal processing of sound fre-
quency. We found that noise-exposed rats had significantly elevated sound frequency discrimination thresholds compared with age-
matched naive rats. Environmental acoustic enrichment nearly restored to normal the behavioral deficit resulting from early disrupted
acoustic inputs. Signs of both degraded frequency selectivity of neurons as measured by the bandwidth of frequency tuning curves and
decreased long-term potentiation of field potentials recorded in the primary auditory cortex of these noise-exposed rats also were
reversed partially. The observed behavioral and physiological effects induced by enrichment were accompanied by recovery of cortical
expressions of certain NMDA and GABAA receptor subunits and brain-derived neurotrophic factor. These studies in a rodent model show
that environmental acoustic enrichment promotes recovery from early noise-induced auditory cortical dysfunction and indicate a
therapeutic potential of this noninvasive approach for normalizing neurological function from pathologies that cause hearing and
associated language impairments in older children and adults.

Key words: BDNF; environmental acoustic enrichment; frequency discrimination performance; frequency selectivity; primary auditory
cortex

Introduction
Functional development of the mammalian auditory system is
substantially influenced by the nature of environmental acoustic
inputs in early life (Sanes and Bao, 2009; Schreiner and Polley,
2014). For example, it has been shown that pulsed noise exposure
during early postnatal development persistently degrades fre-
quency tuning, temporal responses, and directional selectivity of
neurons recorded in the primary auditory cortex (A1) in adult-
hood (Zhang et al., 2002; Zhou and Merzenich, 2007, 2008, 2009;
Insanally et al., 2010; Pan et al., 2011). The enduring degradation
of response specificities of neurons following noise exposure

presumably impairs the cortical processing of behaviorally im-
portant acoustic inputs in later life. In human populations, fun-
damental deficits in auditory cortical processing have been
argued to contribute to delayed and impaired language develop-
ment, and have been shown to put impaired children at risk for
reading disabilities (Wright et al., 1997; Nagarajan et al., 1999;
Ahissar et al., 2001; Paterson et al., 2006).

Environmental enrichment has well demonstrated positive ef-
fects on brain development by accelerating structural and func-
tional plasticity (Rampon et al., 2000; van Praag et al., 2000;
Bartoletti et al., 2004; Del Arco and Segovia, 2007; Bose et al.,
2010; Komitova et al., 2013; Wang et al., 2013). Earlier behavioral
studies have shown that environmental enrichment improves an
animal’s visual acuity and spatial learning capacity (Van Waas
and Soffié, 1996; Williams et al., 2001; Bartoletti et al., 2004;
Leggio et al., 2005; Dhanushkodi et al., 2007; Tognini et al., 2012;
Baldini et al., 2013). In agreement with these results, physiologi-
cal studies have demonstrated that environmental enrichment
narrows orientation tuning of neurons in the visual cortex and
sharpens topographic organization of the somatosensory cortex
(Beaulieu and Cynader, 1990; Coq and Xerri, 1998; Sale et al.,
2007). In the auditory cortex, it has been shown that environ-
mental enrichment paired with passive acoustic stimulation in-
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creases response strength but decreases response threshold of
neurons (Dinse, 2004; Engineer et al., 2004). Such paradigm also
alters cortical temporal processing and spatial representation of
sound (Percaccio et al., 2005, 2007; Kilgard et al., 2007; Cai et al.,
2009, 2010; Jakkamsetti et al., 2012). While these studies that
demonstrate environmental acoustic enrichment promotes plas-
ticity in the auditory cortex were all conducted on normal ani-
mals, it has not been determined whether enrichment could
restore developmentally degraded auditory cortical processing.

In this study we reared developmentally noise-exposed (NE)
rats in an acoustic-enriched environment for �4 weeks. Sound
frequency discrimination performance for these rats was evalu-
ated and frequency receptive fields of A1 neurons were docu-
mented at the cessation of enriched rearing. Recorded data then
were compared with those of same-age NE rats, as well as naive
controls, to determine the enrichment-induced restoration of
noise-impaired behavioral and cortical neuronal processing of
spectral information of sound. In addition, shifts in cortical long-
term potentiation (LTP) magnitudes were assessed and changes
in cortical expressions of certain molecules, including excitatory
NMDA receptor subunits NR2a and NR2b; AMPA receptor sub-
unit GluR2; inhibitory GABAA receptor subunits �1, �3, �2, and
�3; and brain-derived neurotrophic factor (BDNF), were deter-
mined to elucidate the synaptic and molecular mechanisms un-
derlying enrichment-induced cortical plasticity.

Materials and Methods
Procedures. All procedures were approved by the Institutional Animal
Care and Use Committee and complied with National Institutes of
Health standards.

Noise exposure. Female rat pups (Sprague Dawley) with their mothers
were placed in a sound-shielded test chamber for noise exposure from
postnatal day 10 –38 (P10 –P38). Fifty millisecond noise pulses (5 ms
rise-decay time) delivered at 65 dB SPL were applied from a speaker (flat
response � 2 dB in the frequency range 0.8 –30 kHz) placed 20 cm above
the rats at five pulses per second (pps) at 1 s intervals. A reversed 12 h
light/dark cycle and constant humidity and temperature were main-
tained during noise exposure. The weights of all pups were continuously
monitored, and there was no weight loss compared with age-matched
naive control rats, indicating normal lactation.

After the cessation of noise exposure at P38, NE rats were randomly
divided into two groups: those reared either in a standard housing envi-
ronment (i.e., NE rats) or those reared in an acoustic-enriched environ-
ment (i.e., AEE rats) for 4 weeks when tested at approximately P66 (Fig.
1A). The researcher was kept blind to the group identity of the animals
during experiments.

AEE. As in our previous studies (Cai et al., 2009, 2010), enriched
conditions consisted of three large cages (90 � 80 � 100 cm) that con-
tained running wheels, seesaws, balls, tunnels, cubes, and cone toys (Fig.
1B). There were also stairs, ramps, and platforms in each cage. Food and
water were provided on the platform, which could only be accessed via
the stairs or ramps. Eight speakers were fixed around the cage oriented in
different directions. Pure tone pips (50 ms duration with a 5 ms rise-
decay time, 1 pps) with different frequencies (1–30 kHz) were phonated
randomly from different speakers. All tone intensities were set at 65 dB
SPL. Three cages (5– 6 rats per cage) were decorated in different styles.
They had the same ingredients, but with a different number or position.
Rats in each cage were switched to a different cage every 3 or 4 d to
maintain novelty. Normal housing conditions for NE and naive rats
consisted of smaller cages (45 � 35 � 35 cm) with two rats per cage.
These rats had ad libitum access to food and water.

Behavioral testing. The behavioral examination consisted of two phas-
es: a procedural-learning phase and a perceptual-testing phase. In the
first phase, rats were trained to discriminate a target tonal stimulus (8
kHz) from a nontarget with frequency of 0.8 octave separation from 8
kHz. Rats were rewarded for making a go response within a limited time

window after the presentation of a target tone. During the perceptual-
testing phase, the sound frequency discrimination ability was tested
when nontargets were randomly chosen from tonal stimuli of various
frequencies (i.e., 0.1 octave, 0.2 octave, 0.4 octave, 0.6 octave, or 0.8
octave separation from 8 kHz, respectively). Stimuli were 60 dB SPL, 50
ms tone pips with 5 ms rise-decay time. Only one tone with specific
frequency was presented in each trial.

Training and testing were conducted in an acoustically transparent
operant training chamber (20 � 20 � 18 cm) enclosed within a sound-
attenuated chamber. An input and output system (photobeam detector,
food dispenser, sound card, and house light; Med Associates) was used to
control behavioral training or testing.

The rats’ behavior was reduced to “go” or “no-go” responses. Rats
were in the go state when the photobeam of the nose-poke device was
interrupted (i.e., a nose-poke response). All other states were considered
no-go. For a given trial, rats could elicit one of five reinforcement states.
The first four states were given by the combinations of responses (go or
no-go) and stimulus properties (target or nontarget). A go response
within 3 s of a target was scored as a “hit”; a failure to respond within this
time window was scored as a “miss.” A go response within 3 s of a
nontarget stimulus was scored as a “false positive,” and the absence of
response was scored as a “withhold.” The fifth state, “false alarm,” was
defined as a go response that occurred 3 s or more after stimulus presen-
tation. A hit triggered the delivery of a 45 mg food pellet (Bio Serve). A
miss, false positive, or false alarm initiated a 9 s “time-out” period, during
which time the house lights were turned off and no stimuli were pre-
sented. A withhold did not produce a reward or time-out.

Trials were grouped into blocks of 50. Rats were trained with eight
blocks per day during the procedural-learning phase and were tested with
three blocks on the day of testing. At the conclusion of each training or
testing block, a hit ratio (H; number of hits/number of target trials) and
a false positive ratio (F; number of false-positives/number of nontarget
trials) were calculated. The discrimination ability was quantified by
the performance score, calculated as H � (F � H) and expressed as a
percentage.

Cortical recording. Rats used for cortical recording were not those al-
ready used for behavioral testing but were otherwise treated in the same
way. Under pentobarbital anesthesia (50 mg/kg body weight), cortical
responses were recorded with parylene-coated tungsten microelectrodes
(1–2 M� at 1 kHz; FHC). At each recording site the microelectrode was
lowered orthogonally into the cortex to a depth of �550 �m (layers
IV–V) where evoked spikes of a neuron or a small cluster of neurons was
recorded. Acoustic stimuli were generated and delivered to the contralat-
eral ear relative to the recording site through a calibrated earphone with
a sound tube positioned inside the external auditory meatus. A software
package (SigCal, SigGen, and Brainware; Tucker-Davis Technology) was
used to calibrate the earphone, generate acoustic stimuli, monitor corti-
cal response properties on-line, and store data for off-line analysis.

Frequency tuning curves of A1 neurons were reconstructed by pre-
senting pure tones (25 ms duration) of 50 frequencies (1–30 kHz) at eight
sound intensities (0 –70 dB SPL in 10 dB increments) in a random, inter-
leaved sequence at a rate of 2 pps. Overlap index of frequency tuning
curves was computed by first transforming the frequency tuning curves
recorded from two cortical sites into 1D vectors and then calculating the
peak of the normalized correlation coefficient between the two vectors
produced (de Villers-Sidani et al., 2010; Zhou et al., 2011). Indices were
obtained for all pairs of recording sites with various distances within a
single animal.

The overall boundaries of the A1 were functionally determined using
nonresponsive sites and responsive sites that did not have a well defined
pure tone-evoked response area (i.e., non-A1 sites; Zhou and Merzenich,
2009, 2012). As previously described (Polley et al., 2006, 2007; Profant et
al., 2013), A1 has a unique rostral-to-caudal tonotopy and reliable neu-
ronal responses to tone pips of selective frequencies.

LTP induction. Rats used for LTP induction were not those already
used for behavioral testing or cortical recording but were otherwise
treated in the same way. Brain slices from auditory cortex were prepared
as described previously (Mao et al., 2006; Zhang et al., 2013). Briefly, rats
were deeply anesthetized with sodium pentobarbital (75 mg/kg body
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weight) and quickly perfused with ice-cold artificial CSF (ACSF). The
ACSF contained the following (in mM): NaCl 119, KCl 2.5, CaCl2 2.5,
MgSO4 1.3, D-glucose 11, NaH2PO4 1, and NaHCO3 26.2, pH 7.4. Im-
mediately after decapitation, the brain was carefully extracted and im-
mersed in ice-cold ACSF aerated with 95% O2 and 5% CO2. Tissue
containing auditory cortex was isolated and 400-�m-thick coronal slices
prepared in ice-cold ACSF using a vibratome. The location of A1 was
determined according to Paxinos and Watson’s (1998) atlas and studies
by Polley et al. (2007). After incubating at room temperature for at least
1 h, the slices were transferred to a recording chamber and sandwiched
between two pieces of nylon mesh for electrophysiological recording of
evoked field potentials.

The electrode for electrical stimulation (twisted 70 �m nichrome wires
insulated except at the tips) was placed on cortical layer VI–white matter
(WM) border, and that for recording (a glass pipette electrode with tip
diameter of 1.0 –1.5 �m) was placed in layer III/IV. A silver wire was used
as a ground. After a 24 min stable baseline, the theta burst stimulation
(TBS; five pulses per burst at 100 Hz with bursts repeated at 5 Hz for a
total of 11 bursts) was applied to the WM and the amplitudes of field
potentials were recorded every 4 min for 120 min following the cessation
of TBS. During recording, fresh ACSF (aerated with 95% O2 and 5%
CO2) was continuously perfused into the recording chamber.

Quantitative immunoblotting. Rats used for quantitative immunoblot-
ting again were not those already used for behavioral testing or cortical
recording but were otherwise treated in the same way. Rats were deeply
anesthetized with sodium pentobarbital (75 mg/kg body weight). Imme-
diately after decapitation, brains were removed and auditory cortices
(Paxinos and Watson, 1998; Polley et al., 2007) were isolated and homog-
enized in ice-cold homogenization buffer.

Quantitative immunoblotting assays were performed as described
previously (Cai et al., 2010; Guo et al., 2012; Zhang et al., 2013). 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 secondary antibody incubations, proteins were
visualized using enhanced chemiluminescence followed by exposure to the
x-ray film. Primary antibodies used included anti-NMDA NR2a and NR2b
(Millipore); anti-GluR2 (Millipore); anti-GABAA�1, �3, �2, and �3
(Millipore); and anti-�-actin (Sigma).

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.

Immunohistochemistry. Rats used for immunohistochemistry were not
those already used for behavioral testing or cortical recording but were
otherwise treated in the same way. As in our earlier studies (de Villers-
Sidani et al., 2010; Zhou and Merzenich, 2012), rats were deeply anesthe-
tized with sodium pentobarbital (75 mg/kg body weight) and were
perfused intracardially with saline solution followed by 4% paraformal-
dehyde in 0.1 M potassium PBS, pH 7.2. Brains were removed and placed
in the same fixative containing 20% sucrose for 12–24 h. Fixed material
was cut in the coronal plane on a freezing microtome at 40 �m thickness.
Free-floating sections were pre-incubated in a blocking solution to sup-
press nonspecific binding. The sections were then incubated at 4°C for
48 –72 h in anti-BDNF (Millipore) or anti-NeuN (Millipore). After ex-
posing to biotinylated IgG (Vector Laboratories) at room temperature
for 1 h, samples were treated further with streptavidin-conjugated Cy3
(Jackson ImmunoResearch) again at room temperature for 1 h.

Tissues from different rat groups were always processed together
during immunostaining procedures to limit variation related to anti-
body penetration, incubation time, and the postsectioning condition
of the tissue. In anti-BDNF-free or anti-NeuN-free control experi-
ments, no specific staining was observed in all sections incubated. Flu-
orescence in the immunostained material was assessed and images were
acquired (keeping exposure times constant for each series of tissue) using
a Nikon E800 epifluorescent microscope equipped with a camera
(AxioCam, Zeiss). A neuron was counted only if the staining revealed a
complete soma perimeter and the neuron was clearly differentiated from
background.

Statistical analysis. Statistical significance was assessed using unpaired
t test with Bonferroni correction or one-way ANOVA with post hoc Stu-
dent–Newman–Keuls test. Data are presented as mean � SEM.

Results
Sound frequency discrimination performance
We first evaluated sound frequency discrimination performance
for all three groups of rats (Fig. 1A). The behavioral examination
consisted of two phases: a procedural-learning phase and a
perceptual-testing phase (see Materials and Methods). In the first

Figure 1. Behavioral performance on the frequency discrimination task. A, Experimental
timelines for naive, NE, and AEE rats. B, Schematic of enriched housing conditions. An AEE
consisted of five to six rats housed in a large cage that contained a running wheel, a seesaw,
balls, tunnels, cubes, cone toys, stairs, ramps, and platforms. Speakers around the cage ran-
domly emitted pure tones with different frequencies. Three such cages were decorated in dif-
ferent styles and rats in each cage were switched to a different cage every 3– 4 d to maintain
novelty. C, Average psychometric curves obtained from naive (N � 11), NE (N � 10), and AEE
(N � 11) rats. Error bar indicates SEM. Inset shows an example of the psychometric curve.
Dashed line and arrow in the inset show 50% of maximal score and the discrimination thresh-
old, respectively; *p � 0.001. D, Comparison of discrimination thresholds for the different
groups; *p � 0.005.
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phase, rats were trained to detect a large frequency difference
between a target tone (8 kHz) and a nontarget tone (0.8 octave
separation from 8 kHz). After they achieved steady performance
scores (	80%), all animals from the different groups underwent
the second phase of perceptual testing in which the frequency
difference between target and nontarget varied from 0.8 to 0.1
octave by randomly setting the frequency of the nontarget tone in
each trial. The psychometric curve then was obtained by plotting
the performance score as a function of frequency difference be-
tween the target and the nontarget (Fig. 1C, inset). As shown in
Figure 1C, all three groups showed high performance scores at
frequency difference of 0.6 or 0.8 octave (ANOVA, both p 	 0.12)
as it was perceptually unchallenging for these rats to discriminate
such large differences between the target and the nontarget. They
also had similar performance scores at a frequency difference of
0.1 octave (ANOVA, p 	 0.19) probably because this difference
was too small to be discriminated and they all responded by
chance. However, while the average performance score for NE
rats at intermittent frequency difference (i.e., 0.4 octave) was
significantly lower than naive rats (ANOVA with post hoc Student–
Newman–Keuls test, p�0.001), that for AEE rats was comparable to
naive rats (ANOVA with post hoc Student–Newman–Keuls test, p 	
0.05). As expected, the discrimination thresholds, defined as the
frequency difference corresponding to a 50% performance score
on the psychometric curve (Fig. 1C, inset arrow), were signifi-
cantly higher for NE than for naive rats (Fig. 1D; ANOVA with
post hoc Student–Newman–Keuls test, p � 0.005). Enriched con-
ditions decreased the discrimination thresholds such that the val-
ues for AEE rats were now comparable to those of naive rats
(ANOVA with post hoc Student–Newman–Keuls test, p 	 0.05).
These data indicate that environmental acoustic enrichment re-
verses decreased frequency discrimination performance seen in NE
rats as a result of early noise exposure.

Cortical frequency selectivity
Cortical frequency selectivity was examined by constructing fre-
quency tuning curves for neurons in the cortical field A1 (Fig. 2A)
and then measured their bandwidths 30 dB above the threshold
(i.e., BW30s). Data were recorded from neurons in A1 from 213
sites in five naive rats, 214 sites in five NE rats, and 269 sites in six

AEE rats. No significant differences in distribution of character-
istic frequencies (CFs) for these cortical sites were found among
the three groups (Kruskal–Wallis test, p 	 0.1). Unless otherwise
specified, all subsequent quantitative analyses are based on these
samples.

As shown in Figure 2B, the frequency selectivity of cortical
neurons was significantly reduced in NE rats, with larger BW30s
across all frequencies tested compared with naive rats (ANOVA
with post hoc Student–Newman–Keuls test, p � 0.05– 0.001). Fol-
lowing �4 weeks of housing in an enriched environment, a par-
tial to complete recovery of the frequency selectivity (i.e., BW30)
was observed. For those neurons with low or middle CFs (i.e.,
�16 kHz), the average BW30s for AEE rats were not significantly
different from those of naive rats (ANOVA with post hoc Stu-
dent–Newman–Keuls test, both p 	 0.05). Significant reductions
in BW30 also were seen for high CF neurons (i.e., 	16 kHz),
although their values still differed from naive rats (ANOVA with
post hoc Student–Newman–Keuls test, p � 0.05).

We next examined the similarity of frequency tuning curves
recorded from neighboring cortical neurons (i.e., overlap index)
to evaluate the extent of spatial activation overlap in the cortical
field A1 (Fig. 2C). As expected, the average overlap indices sys-
tematically changed as a function of distance between recording
sites for all three groups. The indices for NE rats, however, were
significantly larger than that of naive rats at recording distances
smaller than 1.2 mm (ANOVA with post hoc Student–Newman–
Keuls test, all p � 0.001). Over these distances, environmental
acoustic enrichment induced a highly significant reduction of the
overlap index for AEE rats compared with NE rats, although
values were still higher than that of naive rats (ANOVA with post
hoc Student–Newman–Keuls test, all p � 0.001). Overlap values
were not significantly different among the three groups for large
(	1.2 mm) recording distances (ANOVA, both p 	 0.34).

It has been reported that environmental enrichment alters
response thresholds of cortical neurons recorded in normal ani-
mals (Engineer et al., 2004). Here we examined that effect by
comparing the data obtained from the different rat groups. As
shown in Figure 2D, values recorded in NE rats did not signifi-
cantly differ from those of naive rats (ANOVA with post hoc
Student–Newman–Keuls test, all p 	 0.05), indicating that noise
exposure has little effect on response thresholds of cortical neu-
rons (Zhang et al., 2002; Zhou and Merzenich, 2008). Response
thresholds recorded in AEE rats also were comparable to those of
naive rats at low and high CF ranges (ANOVA with post hoc
Student–Newman–Keuls test, both p 	 0.05) but were lower at
the middle CF range (ANOVA with post hoc Student–Newman–
Keuls test, p � 0.01).

Environmental factors contributing to cortical changes
To evaluate contribution of various factors in enriched condi-
tions to enrichment-induced cortical changes, we initiated the
electrophysiological recording protocol in a second series of ex-
periments conducted on 12 NE rats. These NE rats were either
reared under enriched conditions described in Figure 1B but with
no sound exposure (hereafter referred to as a silent enriched
environment, SEE; N � 6), or passively exposed to sound stimuli
identical to those delivered to AEE rats in the same large cages
with no decorated ingredients (hereafter referred to as a passive
auditory environment, PAE; N � 6). BW30s obtained from both
groups then were compared with those of naive, NE, and AEE rats
(Fig. 3A). As shown in Figure 3B, data recorded from SEE (re-
cording sites � 271) or PAE (recording sites � 276) rats were all
comparable to those of NE rats (ANOVA with post hoc Student–

Figure 2. Cortical processing of sound frequency. A, Representative examples of frequency
tuning curves recorded in the cortical field A1 of naive, NE, and AEE rats, respectively. B, Average
receptive field bandwidths at 30 dB above the threshold (BW30s) for all cortical sites recorded
from the different groups. Error bar indicates SEM; *p � 0.05 or 
p � 0.001. C, Average
tuning curve overlap index as a function of distance between recording sites; *p � 0.001
compared with naive rats. D, Response thresholds recorded from the different groups; *p �
0.05 or 
p � 0.01.
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Newman–Keuls test, all p 	 0.05) but different from those of AEE
or naive rats (ANOVA with post hoc Student–Newman–Keuls
test, p � 0.05– 0.001). This indicates that neither SEE nor PAE are
sufficient to induce the cortical changes observed above.

Enrichment-induced changes in adult auditory cortex
In the data described to this point, NE rats were exposed to an
enriched acoustic environment beginning at P38 (Fig. 1A). To
examine whether enrichment would induce the same plastic
changes in A1 in adult rats, five NE rats were returned to a normal
housing environment for 2 months before enriched rearing be-
ginning at P98. The BW30s of these rats measured at approxi-
mately P126 (i.e., AEE-P126 rats) then were compared with those
of naive and NE rats (Fig. 4A). Consistent with our earlier studies
(Zhang et al., 2002; Zhou and Merzenich, 2007), BW30s of NE
rats, even recorded �3 months after the end of noise exposure,
were significantly larger than those of naive rats (Fig. 4B; ANOVA
with post hoc Student–Newman–Keuls test, all p � 0.001), indi-
cating enduring effects of developmental noise exposure on cor-
tical frequency selectivity. Enriched rearing again partially reversed
the noise-induced degradation of frequency selectivity such that
BW30s of AEE-P126 rats decreased significantly at each CF range
when compared with NE rats (ANOVA with post hoc Student–
Newman–Keuls test, all p � 0.001). As a result, BW30s of AEE-P126
rats were now comparable to those of naive rats at low and high CF
ranges (ANOVA with post hoc Student–Newman–Keuls test, both

p 	 0.09) but still were larger at the middle CF range (ANOVA
with post hoc Student–Newman–Keuls test, p � 0.05).

LTP induced in cortical field A1
LTP of field potentials was successfully induced in slices from all
three groups of rats by TBS of the WM (Fig. 5A). As shown in
Figure 5, B–D, field potentials recorded in slices from NE rats
were potentiated to an average of 139% of baseline after applica-
tion of the TBS, which was significantly lower compared with
data from naive rats (158% of baseline; ANOVA with post hoc
Student–Newman–Keuls test, p � 0.001). However, mean LTP
level in AEE rats during 120 min post-TBS (153% of baseline) was
very similar to that in naive rats (ANOVA with post hoc Student–
Newman–Keuls test, p 	 0.05), indicating that impaired LTP
induced by early noise exposure was reversed by subsequent ex-
posure to environmental acoustic enrichment.

Cortical expressions of excitatory and inhibitory
receptor subunits
For the purpose of studying the molecular mechanisms respon-
sible for reversal of impaired cortical frequency selectivity and
LTP by enriched rearing, we measured expression levels of several
excitatory and inhibitory receptor subunits in homogenates from
auditory cortex by using Western blotting.

Multimeric NMDA receptors, including either NR2a or
NR2b, have distinct biophysical properties and have been associ-
ated with different postsynaptic signaling pathways (Yashiro and
Philpot, 2008). Therefore we first evaluated the possible conse-
quence of environmental enrichment on expression levels of
NR2a and NR2b subunits. We found that NE rats exhibited a
significant decrease (29.7 � 14.4%) in the NR2a expression level
compared with naive rats (Fig. 6A, left; ANOVA with post hoc

Figure 3. Environmental factors contributing to cortical changes. A, Experimental timelines.
Note that SEE rats were reared under enriched conditions (5– 6 rats per cage) described in
Figure 1B but with no sound stimuli. These rats were again switched to a different cage that was
decorated in different styles every 3– 4 d to maintain novelty. PAE rats were housed in the large
cages with no decorated ingredients and were passively exposed to sound stimuli identical to
those delivered to AEE rats. B, Average BW30s recorded from the different groups of rats. See
also Figure 1A for experimental timelines of naive, NE, and AEE rats. Error bar indicates SEM.
*p � 0.05 or 
p � 0.001.

Figure 4. Enrichment-induced changes in adult auditory cortex. A, Experimental timelines
for naive, NE, and AEE-P126 rats. Note that AEE-P126 rats were returned to a normal auditory
environment for 2 months before 4 weeks of enriched rearing. B, Average BW30s for all cortical
sites recorded from naive (N � 9, recording sites � 413), NE (N � 5, recording sites � 253),
and AEE-P126 (N � 5, recording sites � 250). Note that statistical analysis showed that BW30s
recorded from naive rats at approximately P126 (200 sites from 4 rats) were not different from
those recorded at approximately P66 (213 sites from 5 rats) at any CF range (unpaired t test with
Bonferroni correction, all p 	 0.14). These data therefore were combined as naive data here to
minimize the number of animals used. Error bar indicates SEM; *p � 0.05 or 
p � 0.001.
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Student–Newman–Keuls test, p � 0.05). While the expression
level of NR2b in NE rats also was lower (9.8 � 8.3%) than naive
rats, the difference did not reach statistical significance (Fig. 6A,
right; ANOVA with post hoc Student–Newman–Keuls test, p 	
0.05). Therefore the ratio of NR2a/2b also slightly decreased for
NE rats compared with naive rats with no statistical significance
(Fig. 6B; ANOVA with post hoc Student–Newman–Keuls test, p 	
0.05). Expression levels of both NR2a and NR2b were signifi-
cantly higher in AEE compared with naive rats (51.4 � 15.3%
higher than naive rats for NR2a and 26.8 � 11.4% higher than
naive rats for NR2b; ANOVA with post hoc Student–Newman–
Keuls test, p � 0.05– 0.01). These different changes in NR2a and
NR2b resulted in a shift in the NR2a/NR2b ratio, which was
significantly higher in AEE compared with NE rats (Fig. 6B;
ANOVA with post hoc Student–Newman–Keuls test, p � 0.05)
but was comparable to that of naive rats (ANOVA with post hoc
Student–Newman–Keuls test, p 	 0.05).

The expression level of cortical GluR2 subunit also was exam-
ined for the different groups of rats. We found that NE rats ex-
hibited lower expression levels compared with naive rats (Fig. 6C;

ANOVA with post hoc Student–Newman–Keuls test, p � 0.01).
No significant difference in the expression level of GluR2, how-
ever, was found between NE and AEE rats (ANOVA with post hoc
Student–Newman–Keuls test, p 	 0.05). Thus, downregulated
GluR2 expression as a result of early noise exposure was not
reversed by subsequent enriched rearing.

We last examined cortical expression levels of GABAA�1, �3,
�2, and �3 subunits. As shown in Figure 6D, left, the expression
level of �1 was significantly lower in NE compared with naive rats
(ANOVA with post hoc Student–Newman–Keuls test, p � 0.05).
Enriched conditions increased downregulated �1 expression
such that the �1 level in AEE rats, although still slightly lower, was
not statistically different from that of naive rats (ANOVA with
post hoc Student–Newman–Keuls test, p 	 0.05). Conversely,
early noise exposure significantly increased �3 expression (�2-
fold) compared with naive rats (Fig. 6D, right; ANOVA with post
hoc Student–Newman–Keuls test, p � 0.01). This effect was not
reversed by environmental acoustic enrichment as the �3 level of
AEE rats still was comparable to that of NE rats (ANOVA with
post hoc Student–Newman–Keuls test, p 	 0.05) but higher than

Figure 5. LTP recorded in the cortical field A1. A, Image of a coronal section through the whole brain with a superimposed schematic of stimulation and recording configuration in A1. B, Sample
field potentials (FPs) evoked before (pre-) and after (post-) the TBS for naive, NE, and AEE rats. See Figure 1A for experimental timelines of the different groups. C, Time courses of LTPs in naive (n �
10), NE (n � 10), and AEE (n � 10) rats. Error bar indicates SEM. D, Average FP amplitudes (percentage of baseline) in the different groups. *p � 0.001.

Figure 6. Cortical expressions of the excitatory and inhibitory receptor subunits. A, Expression levels of the NMDA NR2a (left) and NR2b (right) subunits in NE (N � 6), AEE (N � 6), and naive (N � 6) rats.
The insets show representative Western blots. See Figure 1A for experimental timelines of the different groups. Error bar indicates SEM; *p�0.05 or
p�0.01. B, The NR2a/2b ratio for the different groups.
C, Expression levels of the AMPA GluR2 subunit. D, Expression levels of the GABAA�1 (left) and �3 (right) subunits. E, Expression levels of the GABAA�2 (left) and �3 (right) subunits.
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that of naive rats (ANOVA with post hoc
Student–Newman–Keuls test, p � 0.01).
Moreover, expression levels of �2 and �3
for NE rats were both lower than those of
naive rats (Fig. 6E; ANOVA with post hoc
Student–Newman–Keuls test, p � 0.05–
0.01). These noise-induced expression
changes in both subunits also were par-
tially reversed after enriched rearing such
that the level of �2 for AEE rats was simi-
lar to that of naive rats (Fig. 6E, left;
ANOVA with post hoc Student–Newman–
Keuls test, p 	 0.05). The expression level
of �3 for AEE rats also was significantly
increased compared with NE rats (Fig. 6E,
right; ANOVA with post hoc Student–
Newman–Keuls test, p � 0.01), although
the value still was statistically lower than
that of naive rats (ANOVA with post hoc
Student–Newman–Keuls test, p � 0.05).

Cortical BDNF expression
We further quantified the expression level
of cortical BDNF, which has been shown
to contribute to the regulation of plasticity in the sensory cortex
(Sale et al., 2009; Tognini et al., 2012; Zhou and Merzenich,
2012). Immunohistochemistry analysis revealed significant de-
creases in the density of BDNF-immunostained (BDNF
) neu-
rons of NE rats compared with naive rats across cortical layers
II/III–V (Fig. 7B vs A, D; ANOVA with post hoc Student–New-
man–Keuls test, p � 0.05– 0.01). Enriched conditions reversed
these differences such that the density of BDNF
 neurons in AEE
rats was comparable to that of naive rats across these cortical
layers (Fig. 7C vs A, D; ANOVA with post hoc Student–Newman–
Keuls test, all p 	 0.05). Note that the density of BDNF
 neurons
in cortical layer VI was comparable among all three groups
(ANOVA, p � 0.4). In addition, cortical neuron density as shown
by NeuN staining was not different among the three groups (Fig.
7E–H; ANOVA, all p 	 0.1).

Discussion
Consistent with the results of previous studies, early disrupted
acoustic inputs (noise exposure) degraded frequency selectivity
of neurons in the cortical field A1 (Zhang et al., 2002; Zhou and
Merzenich, 2007, 2008; Insanally et al., 2010). The observation of
nearly normal response selectivity in A1 of AEE rats in the current
study indicates that AEE reverses the cortical deficits in frequency
processing caused by early exposure to pulsed noise (Zhou and
Merzenich, 2008). It has been compellingly argued that de-
creased cortical response selectivity degrades the neurological
encoding of the details of acoustic inputs, thereby impairing
auditory-related perceptual abilities (Paterson et al., 2006; Zhou
and Merzenich, 2012; Anderson et al., 2013). It thus is conceiv-
able that cortical deficits at least account partially for poor fre-
quency discrimination seen in NE rats. This idea is further
strengthened by positive changes in behavioral performance of
AEE rats with reversal of cortical frequency selectivity and response
synchronization following environmental acoustic enrichment.

It should be noted that recent human studies have shown that
acoustic experience either facilitates or impairs neurophysiolog-
ical representation of sound in the subcortical structures within
the auditory pathway, which, consequently, can influence lan-
guage development and reading abilities (Kraus and Chandrasek-

aran, 2010; Hornickel et al., 2011; Hornickel and Kraus, 2013;
Skoe et al., 2013). In animal studies, environment-dependent
alteration of spectral selectivity and reorganization of the tono-
topic map have been documented in the midbrain of mice (Sanes
and Constantine-Paton, 1983, 1985; Yu et al., 2007) and rats
(Poon and Chen, 1992). It is also conceivable that AEE-induced
changes in cortical molecular expression patterns observed in the
current study might be happening in subcortical sites as well.
Therefore whether enriched environment also refines subcortical
processing of sound and thus improves the frequency discrimi-
nation performance seen in AEE rats needs further study. In ad-
dition, the behavioral task applied in this study has significant
memory and discrimination components as it requires animals to
identify a fixed, remembered target auditory stimulus from a set
of distracter stimuli. It has been demonstrated in experiments
using radial maze and Morris water maze that enriched condi-
tions can improve learning and memory abilities in rodents
(Gardner et al., 1975; Williams et al., 2001). We therefore cannot
exclude the possibility that changes in the function of learning
and memory following enriched rearing also contribute to the
observed recovery from behavioral deficits in AEE rats. Last, it
would be of interest to further examine the auditory discrimina-
tion abilities of these AEE rats in noisy backgrounds (Shetake et
al., 2011; Strait et al., 2013) since earlier studies have shown that
speech-in-noise perception abilities of those children with learn-
ing disabilities were more adversely affected by a decreasing
signal-to-noise ratio (Cunningham et al., 2001; Bradlow et al.,
2003).

Environmental enrichment as an experimental protocol usu-
ally consists of a combination of enhanced social interactions,
sensory-motor activity, and exploratory behavior. In this study
sound exposure also was added to the paradigm as in our earlier
studies (Cai et al., 2009, 2010). Given the complexity of enriched
environments, it is possible that many environmental factors
contribute to the observed changes in cortical responses. For ex-
ample, both social experience and physical exercise have been
shown to stimulate anatomical and neurochemical changes that
are similar to those induced by complete environmental enrich-
ment (Renner and Rosenzweig, 1986; van Praag et al., 1999;

Figure 7. Cortical BDNF expression. A–C, Photomicrographs of BDNF
 cortical sections for naive (A), NE (B), and AEE (C) rats.
See Figure 1A for experimental timelines of the different groups. Scale bar, 200 �m. D, Average BDNF
 neuron counts for naive
(8 hemispheres), NE (8 hemispheres), and AEE (8 hemispheres) rats. Error bars indicate SEM; *p � 0.05 or 
p � 0.01. E–G,
Photomicrographs of NeuN
 cortical sections for naive (E), NE (F ), and AEE (G) rats. Cortical layers are indicated in E. Scale bar, 200
�m. H, Average NeuN
 neuron counts for naive (8 hemispheres), NE (8 hemispheres), and AEE (8 hemispheres) rats.
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Risedal et al., 2002). Each factor, however, presumably induces
plasticity only in brain regions associated with social relations or
exercise and thus is not sufficient to stimulate plasticity in the
auditory cortex (Percaccio et al., 2007). This hypothesis is further
strengthened by our observation that neither enriched conditions
excluding passive sound exposure nor sound exposure itself af-
fects frequency selectivity of neurons in A1. Alternatively, envi-
ronmental acoustic enrichment (i.e., sound exposure under
enriched conditions) has been shown to induce profound cortical
plasticity (Percaccio et al., 2007 and current studies). All these
results highlight the critical role of acoustic inputs in regulating
enrichment-induced plasticity in the auditory cortex. Additional
studies will be needed to determine how specific environmental
factors (particularly the sound stimulation) influence cortical
plasticity observed in this study.

To date neurochemical mechanisms underlying enrichment-
induced cortical plasticity are not well understood. However, it
has been implicated that changes in NMDA and GABA receptor
expression levels are involved in enrichment-dependent reme-
diation of neural function and plasticity (Nichols et al., 2007; Sale
et al., 2007; Cai et al., 2010; Mainardi et al., 2010; Alwis and Rajan,
2013). Indeed, our recent studies have shown that enrichment
exposure of juvenile rats alters protein expression levels of certain
NMDA receptor subunits (NR2a and NR2b) and GABAA recep-
tor subunits (�1 and �3) in the auditory cortex (Cai et al., 2010).
Environmental enrichment also has been shown to selectively
enhance excitatory glutamatergic transmission in layer II/III of
the auditory cortex (Nichols et al., 2007) and potentiate synaptic
strength and plasticity of the thalamocortical pathway by altering
glutamatergic and GABAergic neurotransmission in the visual
cortex (Mainardi et al., 2010). In this study, we observed a larger
decrease in the expression level for NR2a than for NR2b, and thus
a decreased NR2a/2b ratio in A1 as a consequence of noise expo-
sure. The following enriched rearing significantly enhanced ex-
pressions of both subunits and restored their ratio to the normal
level of naive rats. In addition, noise-induced downregulation of
GABAA�1, �2, and �3 subunits also was reversed after enriched
rearing. Many previous studies have shown that the balance of
cortical excitation/inhibition plays an important role in shaping
neuronal processing (Wang et al., 2000; Rubenstein and Mer-
zenich, 2003; Wehr and Zador, 2003; Benali et al., 2008; Wu et al.,
2008). Degraded frequency tuning of cortical neurons seen in NE
rats is similar to that resulting from reduced cortical GABAergic
inhibition (Wang et al., 2000; Caspary et al., 2008). The current
results thus indicate that enriched conditions re-establish cortical
frequency selectivity presumably through restoring the proper
expression profile of certain excitatory and inhibitory neu-
rotransmitter receptors (for instance, those containing NR2a and
2b, �1, �2, and �3 subunits as shown in the present study).

We found that downregulated GluR2 and upregulated
GABAA�3 induced by early noise exposure did not change after 4
weeks of environmental acoustic enrichment. These findings in-
dicate that enriched conditions have little effect on expressions of
these two receptor subunits in developmentally impaired A1.
Further studies clearly are needed to characterize roles of both
receptor subunits on regulation of enrichment-induced plasticity
in the auditory cortex.

Many studies have supported the hypothesis that changes in
synaptic efficacy, including LTP, are associated with experience-
dependent plasticity in the adult sensory cortex (Rioult-Pedotti et
al., 2000; Whitlock et al., 2006; Sale et al., 2007; Hager and Drin-
genberg, 2010; Gagolewicz and Dringenberg, 2011; Zhang et al.,
2013). For example, previous studies have shown that changing

the NMDA receptor subunit composition shifts LTP threshold,
thereby influencing experience-dependent modifications in neu-
ronal circuitry (Yashiro and Philpot, 2008; Gagolewicz and Drin-
genberg, 2011; Zhang et al., 2013). While not all induced forms of
LTP are NMDA-dependent, the NMDA antagonist has been
shown to block LTP induction in the auditory cortex (Kudoh and
Shibuki, 1994; Fujisaki et al., 1995). Chronic implantation of
Elvax containing an NMDA antagonist during the critical period
decreases LTP in auditory cortical slices of adult mice but appli-
cation of NMDA to Elvax-treated cortex restores the LTP mag-
nitude. This indicates that NMDA receptor activation can reverse
the effect of chronic treatment with its antagonist (Mao et al.,
2006). Massey et al. (2004) also reported that the induction of
LTP in adult cortex required the activation of NR2a-containing
NMDA receptors. The association of enhanced LTP with in-
creased NR2a/2b ratio following enriched rearing in current
studies again suggests an important role of NMDA receptor sub-
unit composition in regulating the magnitude and/or threshold
of TBS-evoked LTP in the adult A1. Additionally, we found that
degraded expression of cortical BDNF in NE rats was reversed
following environmental acoustic enrichment. Accumulating ev-
idence from recent studies suggests that BDNF also is involved in
regulating the synaptic plasticity or LTP in both developing and
adult sensory cortices through activity-dependent modulation of
synaptic connections (Akaneya et al., 1997; Huang and Reich-
ardt, 2001; Sale et al., 2007, 2009; Maya Vetencourt et al., 2008;
Bracken and Turrigiano, 2009). Application of BDNF, for exam-
ple, has been shown to enhance the magnitude of LTP induced by
tetanic stimulation of the layer IV in the developing visual cortex
(Akaneya et al., 1997). Upregulation of BDNF expression in adult
visual cortex by antidepressant fluoxetine also reinstates LTP as
well as ocular dominance plasticity (Maya Vetencourt et al.,
2008).Together, these results suggest that environmental acoustic
enrichment restores impaired LTP in NE rats probably by up-
regulating expressions of NMDA receptor subunits (particularly
the NR2a/2b ratio) and BDNF, leading to normalization of cor-
tical auditory dysfunction.

In conclusion, we demonstrate that environmental acoustic
enrichment nearly restores to normal the degraded behavioral
and cortical neuronal processing of sound frequency resulting
from early disrupted acoustic inputs. The observed behavioral
and physiological effects induced by enrichment were accompa-
nied by recovery of cortical expressions of certain NMDA and
GABAA receptor subunits and BDNF. These molecular changes
presumably enhance the efficiency of cortical synaptic transmis-
sion and thereby promote recovery from developmentally in-
duced auditory cortical dysfunction. Further study of the
underlying mechanisms would bear great practical and theo-
retical importance for normalizing neurological function
from pathologies that cause hearing and associated language
impairments in older children and adults.
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