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Abstract—Acoustic experiences significantly shape the func-
tional organization of the auditory cortex during postnatal
“critical periods.” Here, we investigate the effects of a non-
traumatic augmented acoustic environment (AAE) on the
central nucleus of the inferior colliculus (ICC) and lower
brainstem nuclei in rat during the critical period. Our results
show that an AAE during P9–P28 had a persistent effect on
the evoked auditory brainstem responses leading to a de-
creased latency and an increased amplitude of the response
at and above the frequency of the stimulus used for the AAE.
These findings are correlated with increased numbers of
sites in the ICC that responded to the AAE frequency and
show higher thresholds. There also were persistent effects in
neurons with a best frequency higher than the AAE stimulus.
These neurons showed decreased activity at low sound lev-
els in the low frequency tail of the frequency response area.
This was at, below and above the AAE stimulus frequency.
Less often, increased activity at higher sound levels also was
seen. Together, these findings suggest multifaceted interac-
tions between activity-dependent plasticity, homeostasis,
and development in the brainstem during the initial stages of
hearing. A neonate exposed to an altered auditory environ-
ment may experience long-lasting change over the entire
network of the auditory system. © 2011 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: inferior colliculus, auditory pathways, develop-
ment, activity-dependent plasticity, augmented acoustic en-
vironment.

An increase in driven activity by a single tone or patterned
acoustic stimulus during development causes a change in
the auditory cortex that persists into adulthood. Merzenich
and coworkers (Zhang et al., 2001; Chang and Merzenich,
2003; de Villers-Sidani et al., 2007) have identified a crit-
ical period in rats (P11–P13) for the induction of changes in
spectral tuning in the primary auditory cortex (de Villers-
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Sidani et al., 2007). Exposure to an augmented acoustic
environment (AAE) such as a repeated single pure tone,
during this critical period has a profound effect that persists
into adulthood and increases the area in auditory cortical
map for the frequency of the AAE stimulus. Persistent
changes in the cortical maps can also be induced by
exposure to white noise and band-pass noise during the
initial 3 weeks of hearing (Zhang et al., 2002; Chang and
Merzenich, 2003; Chang et al., 2005; de Villers-Sidani et
al., 2008). Thus, the acoustic environment has a dramatic
and persistent effect at the level of the auditory cortex
during the onset of hearing.

Several previous studies have found changes in neu-
rons of the central nucleus of the inferior colliculus (ICC)
after AAE in young animals. Early experiments where rats
were exposed to frequency modulated sweeps during the
first 4 months of life showed increased activity to frequency
modulation sweeps but decreased activity to other stimuli
(Clopton and Winfield, 1976). When C57BL/6J mice were
exposed to 20 Hz click trains from P8 to P24, the frequency
tuning of ICC neurons was broadened as measured by Q20

(Sanes and Constantine-Paton, 1983, 1985). The ICC
neurons of rats exposed to frequency modulated sweeps
during the first five postnatal weeks showed clusters
around that frequency range in the adult (Poon et al.,
1990). Furthermore, they also found that exposure to a
constant frequency tone during the first three postnatal
weeks increased the clustering of best frequency around
that tone (Poon and Chen, 1992). More recently, AAE was
hown to increase prepulse inhibition in mice (Willott and
urner, 2000), and a magnetic resonance imaging study
emonstrates a large-scale reorganization of the mouse
uditory midbrain tonotopic map induced by a specific
ound-rearing pattern (Yu et al., 2007).

Changes in the auditory brainstem during development
ay contribute to the persistent changes seen in cortex
fter exposure to AAE. At the synaptic level, long-term
otentiation and long-term depression have been found at
he brainstem level in dorsal cochlear nucleus (Tzouno-
oulos et al., 2007; Tzounopoulos and Kraus, 2009) and
idbrain in the ICC (Hosomi et al., 1995; Zhang and Wu,
000; Wu et al., 2002). These effects are measured in
inutes or hours, and they take place in brain slices from
developing auditory system during the onset of hearing.
hese forms of response plasticity could represent the

nitial changes that lead to a more permanent change.
Here, we investigate the effects of selective AAE stim-

lation with 60–70 dB SPL narrow-band acoustic stimuli
n the responses of neurons of the ICC in the rat. To

acilitate comparison to previous cortical studies, we have

ts reserved.
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used the same AAE stimuli during the same developmen-
tal stages as used in studies of the cortex (Zhang et al.,
2001; Chang and Merzenich, 2003; de Villers-Sidani et al.,
2007, 2008). Our results show that this stimulation of ne-
onates during the first 3 weeks of hearing (P9–P28) has a
persistent effect at the levels of the auditory brainstem.
This is manifested in changes of the auditory brainstem
response, tonotopic maps in the ICC, and frequency re-
sponse areas of neurons in the IC. Our results suggest a
complex interaction between development and brainstem
plasticity during the initial stages of hearing that occurs
simultaneously with plastic changes in the neocortex.
Some preliminary results were presented previously (Oli-
ver et al., 2006; Izquierdo et al., 2007).

EXPERIMENTAL PROCEDURES

General

These experiments used pigmented Long Evans rats and followed
the NIH Guidelines and the Society for Neuroscience Policy for the
Use of Animals in Neuroscience Research. The experimental
protocols were approved by Animal Care Committees of the Uni-
versity of Salamanca (USAL) and the University of Connecticut
Health Center (UCHC). Extracellular recording experiments were
conducted at USAL. Detailed procedures are given elsewhere
(Malmierca, 2003; Malmierca et al., 2003, 2005, 2008; Hernandez
et al., 2005). Animals were anesthetized with urethane (1.5 g/kg,
0% solution, i.p.; 0.5 g/kg urethane, i.p., for supplements) to
reserve an areflexive state. Atropine sulphate (0.05 mg/kg, s.c.)
as administered to reduce bronchial secretions and the trachea
as cannulated. Lidocaine was injected subdermally around the
ars to minimize stimulation from the stereotaxic head holder.
uring surgery and recording, the body temperature was moni-

ored with a rectal probe and maintained at 38 °C with a thermo-
tatically controlled electric blanket. A craniotomy over the occip-
tal cortex was performed, and the dura was reflected. The elec-
rode was advanced through the exposed cortex that was covered
ith 2% agar to prevent drying. Auditory brainstem response
xperiments were conducted at UCHC when an animal was under

soflurane anaesthesia. Neonatal AAE was conducted in awake
nimals in litter-filled standard housing with an open grid top to
llow AAE from a speaker overhead.

Augmented acoustic environment (AAE) in neonates

All of the AAE protocols were similar to those used previously to
induce altered maps of the auditory cortex in the rat. Six litters of
animals and their mothers were exposed to an AAE during the first
postnatal month. Two litters of rat pups (n�20) were exposed at
USAL to a stimulus consisting of 60–70 dB 14 kHz pure tone pips
(25 ms duration delivered every 250 ms, 10% duty cycle) for
14–18 h per day. Animals were exposed from P9, just before the
opening of the ears, to age P28. We chose these parameters
since Zhang et al. (2001) had used 4 kHz and 19 kHz pure tone
pips and a 3 week exposure at this age range to induce postnatal
changes in the tonotopic map of auditory cortex. During the AAE
exposure, the animals were housed in a custom-built, double-wall
sound attenuated chamber where the ambient sound level was
less than 20 dB SPL. Recordings were made at ages P24–37,
P50–65, and P156–212. In these experiments, adult control an-
imals (n�11; P60 or older) were housed in the animal facility at all
times where the ambient sound level was 55–60 dB SPL, and they
were joined by the experimental animals when they were not
being exposed to the AAE.

One litter at USAL and one litter at UCHC were culled to n�4

animals each and exposed from P9 to P17 for 16 h per day to an
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AAE of 70 dB, 250 ms sinusoidal amplitude modulation (SAM)
tones with a 7 kHz carrier and 40 Hz modulation frequency pre-
sented every 750 ms. This identical protocol was shown by de
Villers-Sidani et al. (2007) to cause reorganization of the tonotopic
map in auditory cortex within a critical period between P9 and P11.
In this experiment, AAE and control animals at both USAL and
UCHC were housed in a sound attenuation chamber at all times.
At USAL, AAE animals were housed in a custom built, double-wall
sound attenuating chamber. At UCHC, they were housed in a
single wall sound-attenuating booth (Industrial Acoustics Co.) and
exposed in a double-walled IAC booth. Auditory brainstem re-
sponse (ABR) recordings were made at P32 and P112. Single unit
recordings in AAE animals were made at P109–125. Single unit
control data were obtained over the same time period from adult
animals housed in the animal facility.

At USAL, the 14 kHz AAE stimulus was generated by a
computer-based system and custom software that controlled a
multifunction synthesizer (8904A, Hewlett Packard, Palo Alto CA,
USA) (Malmierca et al., 2005) and delivered with a loudspeaker
(Realistic, Fort Worth, TX 76102, USA). The sound level in the
cage was calibrated with a ½” microphone (B&K 4191) coupled to
a DI-2200 spectrum analyzer (Diagnostic Instruments, Livingston,
Scotland, UK).

The 7 kHz stimulus was synthesized at UCHC by a computer
controlled system TDT System 2 (TDT, Tucker-Davis Technolo-
gies Inc, Alachua, FL, USA) and custom software, recorded and
edited with Cool Edit (Syntrillium, Phoenix, AZ, USA), and saved
to a compact disc. Sounds were played with a Philco DVD player
(Rutherford, NJ, USA), a DRA 395 amplifier (Denon Electronics,
Pine Brook, NJ, USA), and delivered with a Prologic 80 loud-
speaker (Definitive Technologies, Baltimore, MD, USA) with a flat
response between 2 and 30 kHz fixed on the ceiling 1 m over the
animals. The sound level was calibrated before the beginning of
the stimulation sequence by measuring all locations in the cage
with a ½” microphone (Bruel & Kjaer North America, Norcross,
GA, USA) coupled to a measuring amplifier (B&K 4220). The
overall level was calibrated with a continuous pure tone that
matched the tone pip or SAM carrier frequency. The same CD was
used to stimulate animals at USAL using the system above.

Extracellular recording and tonotopic mapping

Single- and multiple units were recorded in animals after selective
neonatal AAE and in control animals at USAL using methods
described previously (Malmierca et al., 2008). The stimuli were
ynthesized on a TDT System 2 using custom software, and
elivered by two TDT EC1 electrostatic speakers. The ear bars of
he stereotaxic device were replaced by hollow specula that ac-
ommodated the speakers (Rees et al., 1997; Hernandez et al.,
005). Stimuli were calibrated with a ¼” microphone (B&K 4136)
nd DI-2200 spectrum analyzer as above. The maximum output of
his system was flat from 0.3 to 5 kHz (�100�7 dB SPL) and from

to 40 kHz (90�5 dB SPL), and the second and third harmonic
omponents in the signal were 40 dB or more below the level of
he fundamental at the highest output level.

For mapping studies of the ICC, neuronal responses were
ecorded with 1–2 M� tungsten-in-glass electrodes (Merrill and
insworth, 1972) that were advanced with a Burleigh 6000 micro-
rive (Fishers, NY, USA). Action potentials were amplified
�10,000) with a TDT Bioamp amplifier, filtered (0.5–3 kHz),
rocessed with a TDT spike discriminator, and then stored as
pike times on a computer. The electrode was advanced in 25 or
0 �m increments with the same increment used for all tracks in

a single animal. At each recording site, the multiunit responses
were monitored by oscilloscope and with an acoustic monitor
while we varied the frequency and the level of the stimulus to the
ear contralateral to the ICC. By manually sweeping a mouse
cursor over a two-dimensional frequency/intensity matrix in our

custom software, we could quickly determine the point on the
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matrix with a response at the lowest sound level, and this was
defined as the best frequency (BF) of the site. At the end of each
track, electrolytic lesions (5 �A, 5 s) were made using the tungsten
electrode for a later histological verification of recording sites.

To analyze the changes in BF at each recording site along the
electrode track, the relative change in frequency between adja-
cent sites was calculated in octaves. Any change in frequency
greater than 0.1 octaves was considered significant (see Malm-
ierca et al., 2008); however, the changes in BF were typically
larger. We measured the length of the regions of the electrode
track with the same BF within this 0.1 octave threshold. We also
calculated the mean stimulus level for the threshold response at
each stair-step. In the analysis of frequency stair-steps, we com-
pared the stair-steps that contained frequency of the neonatal
stimulus with the stair-steps immediately above and below, re-
gardless of BF. In the analysis of multiunit recording sites, we also
generated histograms for each animal that represent the propor-
tion of recording sites for each BF, regardless of the stair-step
size, location, or sequence. A two-tailed Student’s t-test with two
samples assuming unequal variances was used to test for differ-
ences between the means.

Frequency response area (FRA)

Single units usually were collected in separate electrode penetra-
tions after the mapping was complete or in separate animals.
Occasionally, a well isolated unit was found during a mapping
penetration. The same electrodes, microdrive, and amplifier con-
figurations were used for both mapping and single units. Pure
tones with a duration of 75 ms were used to generate FRAs in
well-isolated single units following protocols used previously (Her-
nandez et al., 2005). The frequency and intensity of the stimulus
were varied randomly over two octave range above and below the
BF and a range of 10–100 dB attenuation from the maximum
output of the system at 100 dB. Each stimulus was presented two
to five times.

We used two-tone stimulation in a series of experiments to
reliably confirm the occurrence of acoustically evoked inhibition in
ICC units while collecting an FRA. In this paradigm, an FRA is
collected, while a second tone stimulates the neuron at 5–15 dB
above threshold at the BF. By raising the overall excitability with
the BF tone, areas of reduced activity in the FRA (presumably due
to inhibition) are more easily identified (e.g. Loftus and Sutter,
2001; Kopp-Scheinpflug et al., 2003; Egorova and Ehret, 2008).
This approach is fruitful since we can test many of the single
neurons that we isolated in the ICC. A probe-tone 75 ms was set
at the BF of the unit and presented at intensities 5–15 dB above
threshold to induce varying levels of stimulus-evoked, “steady”
activity, while varying the frequency and intensity of the stimulus
as described above. FRAs from AAE and control animals were
normalized and pooled. Data from each single unit was normal-
ized to the maximum response rate in the FRA. We summed the
normalized experimental and control FRAs and divided by the
number of single units included in the pool. The difference FRA
was calculated by subtracting control pooled data from AAE
pooled data. In order to determine the effects of the neonatal
stimulation on the neuron’s receptive fields, we compared the
response at every frequency-intensity bin in the FRA in the ex-
perimental and control pooled FRAs with a Mann-Whitney test.

Auditory brainstem responses (ABR)

Auditory brainstem responses were recorded on Long Evans rats
(n�8) at UCHC. Four animals were exposed to 7 kHz SAM tones,
while four were age matched, control animals that were raised in
an IAC sound booth. Sounds were generated by a TDT System 3
unit (Tucker-Davis Technologies Inc) and delivered to a Bose
Mini-Cube speaker (Bose, Boston, MA, USA) 10 cm over the

animal. The sound delivery system was calibrated for amplitude

Please cite this article in press as: Oliver DL, et al., Persistent effects o
brainstem, Neuroscience (2011), doi: 10.1016/j.neuroscience.2011.04.0
between 60 and 40,000 Hz with a ½” microphone (Brüel & Kjaer,
Norcross, GA, USA) placed in the same position as the animal’s
head. Clicks (100 �s) and pure tone pips (5 ms 1 ms rise/fall) were
resented at 21 Hz and calibrated with reference to 87 dB peak
quivalent. At each carrier frequency, we systematically reduced
he level of the stimulus in 10 dB steps until the ABR was no longer
etectable. The lowest level with a detectable ABR was defined as
he animal’s hearing threshold at that frequency. The responses to
he stimuli were recorded through subdermal needle electrodes
Integra Neurosupplies, Plainsboro, NJ, USA) with the positive
lectrode placed at the vertex and referenced to the negative
lectrode placed under the right ear (mastoid). The signal be-
ween the vertex and mastoid electrode was differentially ampli-
ed (100,000�) with an Isolated Bioelectric amplifier (SA Instru-
entation C., San Diego, CA, USA), filtered (0.1 Hz–5 kHz, 12
B/octave roll off), averaged 100–500 times, and collected with
he TDT system using BioSig and SigGen software (Tucker-Davis
echnologies Inc). Data were analyzed off line with BioSig, Excel
Microsoft Corp., Redmond, WA, USA), and Origin (OriginLab
orp., Northampton, MA, USA). Significance difference between
eans was measured with a two-tailed Student’s t-test with two

amples assuming unequal variances.

RESULTS

To investigate persistent effects of neonatal AAE on the
midbrain, we used assays of single units, multiple units,
and brainstem evoked potentials. Single unit analysis, in
particular, was applied to multiple animals from multiple
litters that were exposed during a similar time-course with
slightly different stimuli. Here, we first present the data
from tonotopic maps of the ICC since this is the most direct
comparison to the analogous studies in the auditory cortex.
Secondly, we present the analysis of frequency and inten-
sity responses from single units of ICC. Finally, we present
the results of brainstem responses evoked by acoustic
stimuli in animals after neonatal AAE in order to investigate
brainstem levels where persistent changes may take
place.

Tonotopic maps in ICC after neonatal AAE

In order to investigate changes in responsiveness in the
midbrain, we recorded the frequency that evokes a re-
sponse at the lowest intensity level (best frequency, BF)
from multiunit clusters that every 25 or 50 �m along dor-
soventrally oriented microelectrode penetrations in ICC
core (Fig. 1A). The electrode entered the ICC at a 10°
angle from anterodorsal to posteroventral (Fig. 1B), so the
penetration was nearly perpendicular to the fibrodendritic
laminae formed by the orientation of afferent axons and
dendrites in ICC (Fig. 1B, C, see Oliver, 2005). We previ-
ously had shown that in normal rats, when these record-
ings were made in steps �50 �m apart, there are discrete
umps in the recorded multiunit BF (Malmierca et al.,
008). Thus, the plots of BF vs. electrode depth in control
ats show a stair-step appearance (Fig. 2A, B). Over the
ntire ICC, the mean step size was 151 �m and corre-

sponded to a shift in BF of about 1/3 octave (Malmierca et
al., 2008).

To investigate the effects of early AAE on the tonotopic
map in the ICC, two litters of rat pups and their mothers

were exposed to 14 kHz pure tone pips at 60–70 dB SPL
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from ages P9 to P28 (after the methods of Zhang et al.,
2001). We studied the effects of this augmented acoustic
environment on the fine-grained topographic distribution of
BF in the ICC of these rats at ages P24–37 and P65–212
and compared them to age-matched control rats that were
housed in identical conditions over the same time period
except that they were maintained in the animal facility and
not exposed to the augmented environment. Data collec-
tion from control animals took place on different days from
AAE animals. Some of the early control data were pub-
lished previously (Malmierca et al., 2008).

In comparison to the control, the AAE alters the portion
f the tonotopic map in ICC tuned to a BF of 14 kHz. Fig.
C, D shows electrode tracks from two experimental ani-
als. In AAE animals, as in control, there is a stair-step
rogression of BF in ICC. Despite some difference in the
verall length of the electrode tracks at different ages, in
ost exposed animals (n�6/9) the electrode recorded

neurons at the frequency of the early AAE (14 kHz) over a
longer distance along the electrode track (e.g. a longer
stair-step, Fig. 2C, D, insets) than in control animals (com-
pare with Fig. 2A, B, insets). Multiple electrode penetra-
tions from the same experimental animals (Fig. 2C, D)
showed that the 200–300 �m length of the electrode track
with a BF of 14 kHz was longer than the length of the track
responding to adjacent frequencies. In the ICC of the

Fig. 1. Frequency representation in the central nucleus of the inferior
track (black line) identified with three electrolytic lesions (highlighted
requency increases as a function of depth, but the best frequencies re
he approximate orientation of the fibrodendritic laminae in ICC. The r
-D reconstruction of three axonal laminae (anatomical data from Malm
CC at a 10° angle with respect to the main dorsoventral axis of the ICC
.7 kHz lamina; red, 1.8 kHz; green, 4.5 kHz). (C) A frontal view of the s
f the track shows that it transverses the ICC. Scale�2000 �m for elect
f the references to color in this figure legend, the reader is referred
neonatally exposed animal, the length of the electrode

Please cite this article in press as: Oliver DL, et al., Persistent effects o
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track responding to the AAE frequency of 14 kHz was a
mean of 250 �m (Fig. 3B) in comparison to the normal 150
�m.

We compared the mean length of the stair-step that
ontained 14 kHz to the mean length of the stair-step at the
ext lowest frequency in each experimental animal (n�9)

and each control animal (n�11). The mean stair-step size
for each animal is displayed in the scatter plot in Fig. 3A.
Most of the data points from the control animals’ cluster
around the line of unity, suggesting that these two fre-
quency regions were similar in length. In contrast, most of
the data points from animals receiving neonatally AAE are
above the line of unity. This shows a relative increase in
the length of the 14 kHz stair-step compared to the next
lowest frequency stair-step. When measurements of all
individual electrode tracks are considered, then significant
differences were revealed between the experimental and
control groups. The numbers of electrode tracks confined
to the ICC ranged from two to seven per experimental
animal (n�31 total for nine animals) and from one to five
per control animal (n�27 for 11 animals). The length of the
frequency stair-step that included 14 kHz neurons was
significantly longer in tracks from AAE animals (241 �m)
than in tracks from controls (159 �m) (Fig. 3B, P�0.012).
However, there was no difference between experimental
and control tracks for the frequency stair-steps in the elec-

. (A) Sagittal section after Nissl staining showing a 2000 �m electrode
s). The best frequency was recorded at 50 �m intervals. Note that
same for roughly 150 �m then change abruptly. The blue lines show

show the probable boundaries of the fibrodendritic lamina in ICC. (B)
al., 2005, 2008) that illustrates how the recording electrode enters the
ndicate different anatomical laminae formed by afferent axons (yellow,
reconstruction seen in (B) after 90° rotation. The mediolateral location
k in (A, black line); R/D/M orientation arms�400 �m. For interpretation
b version of this article.
colliculus
by circle
main the
ed lines
ierca et

. Colors i
ame 3-D
trode track to either side of the 14 kHz region (Fig. 3B).
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We also measured the threshold for each multiunit
ecording site. The 14 kHz region and the stair-steps to
ither side had significantly lower thresholds in control

racks than in experimental tracks (Fig. 3B, bottom, P�
0.0009). This suggested that the neonatal AAE had a
profound effect on the thresholds beyond the frequency of
the AAE stimulus.

In conclusion, early AAE altered the tonotopic map in
ICC most often by increasing the size of the anatomical
frequency-band lamina and increasing the number of neu-
rons tuned to the BF of the AAE frequency. This was
accompanied by an overall increase of the threshold in the
experimental animals.

Frequency response areas after neonatal AAE

In order to better understand the spectral changes in single
neurons, we studied the frequency tuning of well isolated
single neurons from ICC after early AAE in comparison to
control. Our sample of FRAs consisted of 51 from well-
isolated neurons in animals postnatally exposed to 14 kHz
and 120 from equally well isolated control neurons. Our
sample of experimental units was enriched for neurons

Fig. 2. Electrode penetrations through the ICC in two control animals (
at 14 kHz after neonatal AAE (C, #83 was age P212 and D, #92 was

ain dorsoventral axis of the inferior colliculus (Fig. 1) in three cases a
The insets show the expanded 14 kHz stair-steps (horizontal dashed li
covers a larger amount of ICC tissue.
with a BF in the range of 11–16 kHz (n�10 experimental

Please cite this article in press as: Oliver DL, et al., Persistent effects o
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units, 19.61%; n�9 control neurons, 7.5%). For BF �11
kHz, there were similar proportions of neurons (19 exper-
imental neurons, 37.25%, and 45 control neurons, 37.5%).
At the higher frequency range BF�16 kHz, there were
relatively more control units with 22 experimental units
(43.14%) vs. 66 control units (55%). In 91 control neurons
(75.83%), we evaluated two tone stimulation FRAs and
found a second peak of activity at 14 kHz in 21.05%
(12/57) of the neurons with BF�14 kHz. In four of those 12
control neurons (33.3%) reduced activity at low sound
levels was seen instead at 14 kHz.

Overall, neurons from AAE animals had FRAs and two
tone suppressions FRAs similar to normal controls (Her-
nandez et al., 2005; Egorova and Ehret, 2008). However,
many units from experimental animals showed specific
changes in the spectral response. There was a peak of
activity at the BF and a second higher threshold peak
around 14 kHz in 68% of the units from experimental
animals (19/28 vs. 21.05% in control units) if the unit had a
BF above 14 kHz (BF �14 kHz). The two tone suppression
FRA revealed that this second peak of activity was accom-
panied by less activity at lower intensity levels also at 14

B, #143) and two experimental animals show increased response area
). BFs of multiunit clusters were measured in 50 �m steps along the
�m steps in #92. All ICC penetrations show a stair-step progression.
in most sound exposed cases the stair-step corresponding to 14 kHz
A, #162,
age P30
nd in 100
kHz (in 50%, 9/18 units vs. 33.3% in control units). Fig. 4B,

f early augmented acoustic environment on the auditory
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D reveals units with areas of reduced activity that are

Fig. 3. Comparison of 14 kHz stair-step in control and experimental
animals with neonatal AAE. (A) Mean thickness (�standard error) of
the 14 kHz lamina for each animal versus the next lowest frequency
laminae. Note that for the control cases, the points (triangles) lie on the
bisecting line, indicating the 14 kHz and the next lowest frequency
laminae are similar in thickness, however, for the animals after exposure
to the augmented acoustic environment (AAE) the points are skewed to
the upper left quadrant, indicating that the laminae of the next lowest
frequency are smaller than the 14 kHz laminae in these animals. (B) The
mean width and threshold (�standard error) of the stair-step at 14 kHz
(upper) and the stair-steps above and below 14 kHz in tracks pooled
across animals in each group. There were 27 electrode tracts in normal
animals and 31 electrode tracts in neonatally sound exposed animals. At
14 kHz, the width of the stair-step of the AAE group is significantly greater
(*, two tailed t-test, P�0.05). The thresholds for the 14 kHz AAE groups
is higher than the control (*, P�0.001).
evident at 14 kHz (Fig. 4B, D, Two Tone, black arrows).
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brainstem, Neuroscience (2011), doi: 10.1016/j.neuroscience.2011.04.0
For example, the unit in Fig. 4B showed a second peak at
14 kHz (FRA, red arrow), and the two-tone FRA revealed
reduced activity at lower sound levels at 14 kHz (Two
Tone, black arrow) that seems to be an extended part of
the region at the BF of the unit at 23 kHz (asterisks). In
contrast, another unit showed only reduced activity at 14
kHz and lacked the activity at higher sound levels (Fig. 4C,
Two Tone).

In summary, the data from individual FRAs and two
tone suppression FRAs indicate that early AAE to 14 kHz
may modify the spectral receptive fields of neurons by
altering the response to the AAE frequency. This is often
manifested as increased activity at higher sound levels and
decreased activity at lower sound levels or both. This is
similar to neonatal changes in auditory activity that alter
both excitatory and inhibitory responses in the ICC (Vale
and Sanes, 2000).

Pooled frequency response areas for littermates
after neonatal AAE

We compared single unit FRA data from littermates ex-
posed to the same neonatal conditions to similar single
units from control animals of the same age. FRAs from
AAE and control animals were normalized to maximum
spike rate and pooled. Each pool had very similar BFs.

A similar, narrow FRA shape was seen in units from
AAE animals (Fig. 5A, AAE, n�8) and control animals (Fig.
5B, CONTROL, n�8) with the BF at 14 kHz, the same
frequency of the neonatal AAE. Both groups of units had
mean BFs separated by 0.06 octaves (AAE�13.9�0.90
kHz; control�13.3�0.37 kHz; mean�SD). The difference
FRA (Fig. 5C, DIFF) shows the difference between the
relative activity of the AAE and control groups. A modest
decrease in activity around 14 kHz was seen at lower
intensity levels (Fig. 5C, AAE-CTRL, black arrow), and
increased activity was seen above and below the neonatal
AAE frequency (Fig. 5C, red). However, these trends did
not reach a statistical difference of P�0.05.

In contrast, units with a BF above 14 kHz showed a
significant pattern of reduced activity (Fig. 5D–F). FRA
from 17 AAE units (Fig. 5D) and 40 control units (Fig. 5E)
had mean BFs separated by 0.15 octaves (AAE�
22.32�3.68 kHz; control�24.85�5.781 kHz; mean�SD)
and were not significantly different (t-test, P�0.054). At the
neonatal AAE frequency of 14 kHz (black arrow) there
were two effects seen in the difference FRA (Fig. 5F).
There was decreased activity in experimental units relative
to control at low intensity levels and also an increase in
relative activity at a high intensity levels. These regions of
reduced activity were very consistent across all units and
exceeded the significance level (P�0.05; Fig. 5F, dashed
black lines). It is important to note that the reduced activity
was not limited to the AAE frequency, but extended above
and below 14 kHz (Fig. 5F, dashed black lines). This
included the BF of the units. These results are consistent
with the increased thresholds in the AAE animals. More-
over, these results suggest that profound changes are
possible in the spectral coding even when the neonatal

stimulus is far from the BF of the neuron.
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Replication experiments at different AAE frequencies

To test that the effects described above were not artifactual or
due to some unexpected frequency interaction at 14 kHz, we
repeated the experiment using a different frequency of AAE.
As before, we saw that the AAE modified the activity of units
with a BF above the frequency of the AAE stimulus.

In the additional litter, P9–P17 rat pups were exposed
o an AAE stimulus consisting of 7 kHz SAM tones (de
illers-Sidani et al., 2007). We compared the normalized
RA (n�29) in three AAE animals with a mean BF�

11.9�5.0 kHz to control units (19 animals; 32 U) with a
mean BF�12.8�3.8 kHz, a difference of 0.11 octaves that
was not significantly different (P�0.226). In these units,
there was a wide-spread, significant decrease (P�0.05) in
the relative activity of AAE units at the AAE frequency of 7
kHz (Fig. 6, black arrow). This extended from 2 to 10 kHz
(Fig. 6, dashed black lines). This pattern was similar to the
pattern in the initial cohort of 14 kHz stimulated animals.

Thus, the spectral responses of units in experimental
animals showed decreased activity at the neonatal AAE fre-
quency and surrounding frequencies. This was most pro-
nounced in units where the BF of the units was higher than
the frequency of the neonatal stimulation. In our two largest
pools of experimental units (14 kHz, n�17 and 7 kHz, n�29)
matched to similar control units, the typical response was a
decrease in the activity of the units in experimental animals at
the frequency of the neonatal AAE. This effect extended to
adjacent lower and higher frequencies, up to and including
the mean BF of the units. A similar, less significant, decrease
was seen for experimental units with a BF at the AAE fre-

Fig. 4. Individual frequency response areas (FRAs) for 4 U (A–D) and
exposed to 14 kHz. (A) Shows an example of a single unit whose BF
three examples of three single units whose BF is above 14 kHz and the
at 14 kHz (black arrows). These inhibitory thresholds are as low as th
two presentations of the stimuli. Red arrows (left) indicate neonatal st
figure legend, the reader is referred to the Web version of this article
quency (14 kHz, n�8).
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Auditory brainstem responses after neonatal AAE

In order to investigate whether altered responses to
neonatal AAE in the ICC was, in part, due to changes at
the lower auditory brainstem nuclei, we examined the
ABR of rats exposed to AAE with 7 kHz SAM tones at
P9 –P17 (40 Hz modulation, after the methods of de
Villers-Sidani et al., 2007). The ABR is a far-field record-
ing of potentials evoked by acoustic stimuli in neural
structures of the central auditory system in the brains-
tem. The ABR consisted of at least three prominent
peaks with the first peak around 1.5 ms, the second
around 2.5 ms, and the last peak around 4.5 ms (Fig. 7).
The third peak was typically small, and peaks 4 and 5
merged into a single peak (called peak 4 here for con-
venience) as shown previously in rat (Blatchley et al.,
1987; Newton et al., 1992). These peaks in a tone ABR
are associated with the eighth nerve, cochlear nucl-
eus, superior olive, and midbrain, respectively. Note that
peak 1 is virtually identical in experimental and cont-
rol animals suggesting little change in the periphery
(Fig. 7).

Significant changes in the ABR were seen at postnatal
day 32, 15 days after the final day of AAE. For example,
Fig. 7 shows the averaged responses from the four exper-
imental and four control animals. The animals overstimu-
lated with a 7 kHz SAM tone had a shorter latency second
peak (T2) at 90 dB and increased amplitude fourth peak
(V4) at 80 dB (Fig. 7, P32). Significant differences in the
mean peak timing (Fig. 7, T) or mean peak amplitude (Fig.
7, V) are indicated with asterisk (*, P-values in Fig. 7,
legend). When responses to 16 kHz were compared to

sponding two tone suppression FRAs in the ICC neurons of neonates
and exhibits clear inhibitory side bands (asterisks). (B–D) Illustrates
e stimulation indicates that there is an area of low threshold inhibition
tory BFs. Color scale represents firing rate in number of spikes after
quency at 14 kHz. For interpretation of the references to color in this
their corre
is 14 kHz
ir two ton
eir excita

imulus fre
those at the AAE frequency of 7 kHz, the experimental
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animals showed differences in amplitude and frequency
more often. Shorter latencies and increased amplitudes of

Fig. 5. Pooled FRAs from AAE exposed to 14 kHz and control animals. (A
etween the FRAs of both groups. The AAE group exhibited an increase
timuli at 14 kHz (black arrow). (D–F) Pools of neuron with BF �14 kHz
elimit the areas in which the responses are significantly different (P�0.05
nd below the 14 kHz AAE stimulus frequency (black arrow). There was
cale indicates normalized firing rate in number of spikes. For interpretatio
ersion of this article.

Fig. 6. Difference plots of FRAs from AAE and control animals stimu-
lated with 7 kHz, black arrow, and 40 Hz modulation. The BF of the units
was above 7 kHz. Dashed lines delimits the areas in which the responses
are significantly different in units from experimental vs. control animals
(P�0.05, Mann-Whitney test). Color scale indicates normalized firing rate
n number of spikes. For interpretation of the references to color in this

gure legend, the reader is referred to the Web version of this article.
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peak 2 were seen in experimental animals with 90, 80, and
70 dB stimuli. No differences were seen between treat-
ments in the thresholds for clicks or tonal stimuli.

In general, the neonatal AAE changed the second ABR
peak (P2, Fig. 8) more often than the fourth peak (P4, Fig.
8). AAE animals had shorter latencies and larger ampli-
tudes at peak 2 evoked by 7, 16, and 32 kHz stimuli (Fig.
8, P2, *). Non-significant increases in amplitude were also
seen for peak 2 evoked by 4 kHz tones. On the other hand,
the AAE did alter peak 4 in the experimental animals, but
only at the AAE frequency of 7 kHz. Peak 4 was increased
in the amplitude (Fig. 8, P4, *) and slightly decreased in the
latency when evoked by 7 kHz.

The neonatal AAE at P9 –P17 produced the most
significant changes at P32, and thereafter only changes
at peak 2 remained (Fig. 7). When the animals were
retested at P112, the ABR amplitudes were smaller
perhaps due to the increased head size. Experimental

of neurons with 14 kHz BF (A�8 AAE; B�8 control). (C) Is the difference
y for higher intensity stimuli and a decrease of activity for lower intensity
AE FRAs; E�40 control FRAs). (F) Is the FRA difference. Dashed lines
hitney test). A decrease of activity is seen at lower intensity levels above

nce in the mean BF between groups in (D, E) (mean BF�23 kHz). Color
eferences to color in this figure legend, the reader is referred to the Web
–C) Pool
in activit

(D�17 A
, Mann-W

no differe
animals showed increased amplitude for peak 2 in re-
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sponse to 16 kHz and a decreased latency in response
to 32 kHz.

In summary, the ABR data complement the results
escribed above and suggest that the neonatal AAE al-

ered function at multiple locations in the auditory brains-
em. An increase in ABR amplitude was seen at both
eaks 2 and 4 at the AAE frequency when presented at
igher sound levels. However, there were more wide-
pread changes in both increased amplitude and de-
reased latency at peak 2, and such changes in peak 2
ersisted in older animals. This supports changes at both

he cochlear nucleus and midbrain levels in response to
eonatal AAE.

DISCUSSION

The present study demonstrates the persistent effects of

Fig. 7. Mean auditory brainstem responses at postnatal days 32 (P32
(AAE) of 7 kHz SAM tones (40 Hz modulation) during P9–P17 (n�4)
pure tone pip were averaged for each group. Positive is an upward de
of peaks are indicated with asterisks (*). At P32 7 kHz, 90 dB T2 P�0.0
and V2 P�0.046; 70 dB T2 P�0.042 and V2 P�0.013. For P112, 16
color in this figure legend, the reader is referred to the Web version o
AAE on the auditory midbrain and lower structures in neo-
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natal rats with narrow band, non-traumatic �60–70 dB
SPL sounds during the first weeks of hearing (P9–P28).
Specifically, we show that auditory stimulation led to an
expansion of sites that responded to the frequency of the
neonatal AAE in multi-unit, tonotopic maps of the ICC. The
evoked potential ABR data were consistent with the in-
creased probability of firing of neurons in both the midbrain
and cochlear nucleus activated by the neonatal stimulus.
In the IC, there was an increase in ABR amplitude for tones
at the AAE frequency. However, changes were also seen
in the cochlear nucleus where a persistent increase in ABR
amplitude and decreased latency were seen at higher
frequencies as well as the AAE stimulus.

The tonotopic remapping was accompanied by in-
creased thresholds for multi-unit records in the mapping
experiments. The decrease in sensitivity was more evident

(P112) in animals exposed to and augmented acoustic environment
ols (n�4). Responses of each animal to 500 presentations of a 5 ms
ignificant differences between groups in the timing (T) or voltage (V)

B V4 P�0.017. At P32 16 kHz, 90 dB T2 P�0.043; 80 dB T2 P�0.012
�0.032; 32 kHz T2 P�0.009. For interpretation of the references to

icle.
) and 112
and contr
flection. S
520; 80 d
in the FRA of isolated single units. Neurons from experi-
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mental animals most often showed a reduction in excita-
tion over a range of frequencies and sound levels, not just
the neuronal BF. Such changes were particularly notice-
able when the neonatal AAE frequency was in the lower-
frequency “tail” of the FRA. These data argue for multiple
types of persistent changes at multiple levels of the audi-
tory brainstem induced by early AAE.

The present data are robust and supported by dif-
erent methodologies, repeated samples with different
itters, and different AAE stimuli. The ABR specifically
dentified the brainstem level as one locus of change.
imilar expansions in tonotopic maps in ICC were seen

n two litters stimulated with 14 kHz tones. Changes
ere seen in the frequency response areas from three

itters of animals overstimulated with sounds that dif-
ered primarily in frequency or carrier frequency. In each
itter, the spectral response of well-isolated single units
as analyzed with complete FRA or two tone FRA stud-

es rather than simpler threshold tuning curves. The
ooled FRA data indicated there was relatively less
ctivity at the AAE frequency in experimental animals
elative to controls, although some increased activity to
igh sound levels was seen. These effects extended

Fig. 8. Comparison of mean latency and amplitude of ABR waveform
peaks 2 (P2) and 4 (P4) at postnatal day 32. Same animals as in Fig.
. Significant differences between groups indicated by asterisk (*).
ignificance levels for 7 and 16 kHz as in Fig. 7. The 7 kHz P4 latency

*) P�0.083. The 32 kHz P2 latency P�0.012; P2 amplitude P�0.014.
AE, augmented acoustic environment.
ver a broad frequency range. s
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Remapping in the auditory cortex

Tonotopic remapping is well established in the rat’s audi-
tory neocortex after neonatal AAE with a pure tone from P9
to P28—the same species, stimulus, and time period used
here (Zhang et al., 2001). These remapping effects per-
sisted to the oldest age tested (�P70–P114). The critical
period appears to be P11–P13 for passive, tone-evoked
expansion in tonotopic maps in the auditory cortex in the
rat (de Villers-Sidani et al., 2007).

The present mapping data in the IC and the auditory
rainstem responses suggest that neonatal stimulation
ver P9–P28 increases the proportion of neurons respon-
ive to the neonatal stimulus in the IC and other brainstem
uclei. The larger ABR signals are consistent with a larger
urrent source in both the IC and the cochlear nucleus.
he suprathreshold stimuli may activate more neurons or it
ay induce greater synchrony amongst the neurons (Eg-
ermont, 2007). An increase in active neurons in IC is
onsistent with a manganese-enhanced magnetic reso-
ance imaging study showing that neonatal AAE increases
he volume of tissue in the mouse auditory midbrain re-
ponsive to the experimental stimuli (Yu et al., 2007).

Despite the correlation of the cortical and midbrain reac-
tions to neonatal stimulation, the mechanisms that drive
these changes are unclear.

The persistent changes in the auditory brainstem after
AAE could be initiated or modulated in a top-down fashion,
through local mechanisms, or through an interaction of
both afferent and efferent mechanisms (Sanes and Bao,
2009). Corticofugal mechanisms may modulate response
properties in the cochlear nucleus (Perrot et al., 2006; Luo
et al., 2008), ICC (Suga and Ma, 2003; Zhang et al., 2005),
and thalamus (Palmer et al., 2007; Zhang and Yan, 2008).
The present experiments focus on the ICC where the
lemniscal ascending inputs are relatively strong, as com-
pared to corticofugal inputs (Winer, 2005; Malmierca and
Ryugo, 2011). However, the intrinsic IC circuitry (Oliver et
l., 1991; Malmierca et al., 1995, 2009b; Saldaña et al.,
996) provides a pathway for a cortical influence over the
ersistent changes in the midbrain. Clearly, a neonate
xposed to an altered auditory environment may experi-
nce change over the entire network of the auditory sys-
em.

omeostatic control of midbrain plasticity

he present data suggest that neonatal stimulation in-
reased thresholds and diminished responsiveness in the
C. We found a significant increase in thresholds for multi-
nit clusters in the tonotopic maps at both the frequency of
he neonatal stimulus and adjacent frequencies. Likewise,
here were profound changes in the FRA of individual
eurons, especially those with higher BF than the neonatal
timulus. These changes were most often a decreased
ctivity in the animals exposed to neonatal stimulation.
his closely matched findings in adult animals exposed to
oderate, narrow-band sound stimulation who have no
earing loss but show a decreased responsiveness to the

timulating frequency (Norena et al., 2006). Decreased
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activity at the IC level could lead to decreased activity in
the auditory neocortex. Although most cortical mapping
studies after neonatal AAE do not report threshold
changes, de Villers-Sidani et al. demonstrated systematic
increases in the thresholds for experimental animals at all
frequencies studied including the 7 kHz neonatal stimulus
(Fig. 7B in de Villers-Sidani et al., 2007), a finding similar to
the present results.

In addition to a reduced response at low sound levels,
e observed an increased responsiveness for suprath-

eshold stimuli signified by the expanded tonotopic map to
he AAE stimulus and the increased ABR responses. This
ombination suggests a change in the gain control at the
uditory brainstem level such that the gain function has a
teeper slope than normal. This would lead to a higher
hreshold and steeply increasing suprathreshold responses.
hese changes parallel observations of responses in the
dult cortex after AAE exposure (Norena et al., 2006),
xcept that here only a single narrow-band stimulus is
sed. The mechanisms to alter gain control are those also
uggested to mediate cortical reorganization (Pienkowski
nd Eggermont, in press; Syka, 2002; Irvine, 2007). A

ong-term homeostatic reduction in sensitivity (e.g. LTD) or
habituation to the non-informative AAE stimulus (Pien-

owski and Eggermont, in press; Malmierca et al., 2009a;
ntunes et al., 2010) would lead to higher thresholds.
imultaneously, a loss of inhibitory side-bands on IC neu-

ons (Wang et al., 1996; Kuwada et al., 1997; LeBeau et
l., 2001) and a general reduction of inhibition would un-
ask excitation and lead to broader response areas. Sim-

lar to changes that downregulate inhibition with aging and
innitus (Caspary et al., 2008; Roberts et al., 2010), a loss
f inhibition may lead to hypersensitivity to suprathreshold
AE stimuli. For example, unmasked excitation may lead

o increased numbers of neurons responding to the AAE
timulus in multiunit recordings for tonotopic maps. At the
ame time, increased numbers of neurons or more highly
orrelated neuronal responses may lead to larger ampli-
ude ABR responses in the IC or cochlear nucleus to
uprathreshold stimuli.

evelopmental control of midbrain plasticity

he neonatal AAE around the onset of hearing takes place
n the context of a still developing system (Friauf and
ohmann, 1999). At the onset of hearing, the entire co-
hlea does not respond to the full range of sounds (Lippe
nd Rubel, 1983; Rubel and Ryals, 1983; Harris and Dal-

os, 1984; Ryals and Rubel, 1985). “The immature [human]
uditory system appears to be fully capable of transducing

ow, but not high frequencies” (Teas et al., 1982) in human
abies after birth (Ponton et al., 1992). In the postnatal rat,

he high frequency ABR lags relative to the low frequency
BR with only 3 kHz responses observed at P12 (Blatchley
t al., 1987). Single unit data in the cochlear nucleus of rat
lso supports the expansion of the hearing range and

owering of threshold with increasing age (Muller, 1991),
nd a developmental shift in the tonotopic map in the

ateral superior olive in gerbil may be due to postnatal

ochlear maturation (Sanes et al., 1989).

Please cite this article in press as: Oliver DL, et al., Persistent effects o
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High density maps of the developing auditory cortex
ay reflect the postnatal development of the periphery.
or example, at P11, the cortex only responded to 7 kHz

ones, at P12 responses included 14 kHz, at P13 re-
ponses included 4 kHz, and the tonotopic map expanded
o 1.5–30 kHz by P14 (de Villers-Sidani et al., 2007). In the
resent data, this pattern of non-uniform activity during
evelopment could be related to the amounts of reduced
ctivity (threshold shift) seen in litters stimulated with dif-
erent frequencies. The most profound reductions in exci-
ation relative to controls were found at frequencies that
ere available over the longest developmental time period

7 kHz, Fig. 8). So, our attempt to impose a uniform dura-
ion of neonatal stimulation may have been subverted by
he rapid changes still taking place in the cochlea from P9
o P14.
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