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ABSTRACT: In humans, auditory perception
reaches maturity over a broad age range, extending
through adolescence. Despite this slow maturation, chil-
dren are considered to be outstanding learners, suggest-
ing that immature perceptual skills might actually be
advantageous to improvement on an acoustic task as a
result of training (perceptual learning). Previous non-
human studies have not employed an identical task
when comparing perceptual performance of young and
mature subjects, making it difficult to assess learning.
Here, we used an identical procedure on juvenile and
adult gerbils to examine the perception of amplitude
modulation (AM), a stimulus feature that is an impor-
tant component of most natural sounds. On average,
Adult animals could detect smaller fluctuations in am-
plitude (i.e., smaller modulation depths) than Juveniles,
indicating immature perceptual skills in Juveniles.
However, the population variance was much greater for

Juveniles, a few animals displaying adult-like AM detec-
tion. To determine whether immature perceptual skills
facilitated learning, we compared naive performance on
the AM detection task with the amount of improvement
following additional training. The amount of improve-
ment in Adults correlated with naive performance:
those with the poorest naive performance improved the
most. In contrast, the naive performance of Juveniles
did not predict the amount of learning. Those Juveniles
with immature AM detection thresholds did not display
greater learning than Adults. Furthermore, for several
of the Juveniles with adult-like thresholds, AM detection
deteriorated with repeated testing. Thus, immature per-
ceptual skills in young animals were not associated with
greater learning. © 2010 Wiley Periodicals, Inc. Develop Neurobiol
70: 636648, 2010
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INTRODUCTION

The time course for auditory perceptual development,
based largely on human studies, suggests that matura-
tion continues through late adolescence (Saffran
et al., 2006). Despite this slow maturation, children
are considered to be outstanding learners (Kuhl and
Rivera-Gaxiola, 2008; Meltzoff et al., 2009). One
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hypothesis is that immature perception can facilitate
learning because it permits experience to optimize
the auditory system by refining undeveloped synaptic
properties and broad receptive fields. In fact,
computer simulations suggest that a low-resolution
sensory system is better able to learn than a mature
system (Jacobs and Dominguez, 2003). Alternatively,
the development of learning may mature independ-
ently of perceptual skills. Although this hypothesis
has not been assessed directly in previous studies, it
is known that children display different rates of matu-
ration for learning on declarative and procedural tasks
(Wilhelm et al., 2008; Prehn-Kristensen et al., 2009).
In this study, we were able to train both juvenile and
adult gerbils on the same auditory detection task,



which then allowed us to determine whether there is a
developmental relationship between naive perception
and learning abilities. Specifically, we asked whether
or not naive performance predicted the amount of
improvement that animals displayed with repeated
testing.

We tested the perceptual abilities of gerbils to
detect a sinusoidally amplitude modulated (AM)
noise stimulus, a temporal envelope cue that is ele-
mental to animal communication sounds, including
speech (Rosen, 1992; Shannon et al., 1995; Singh
and Theunissen, 2003). Humans display a slow rate
of maturation for the detection of temporal envelope
cues, such as frequency and amplitude modulation,
reaching adult levels of performance between 8 and
12 years (Hall and Grose, 1994; Banai et al., 2007,
Dawes and Bishop, 2008). The few quantitative
studies in non-humans suggest that perception is
quite immature initially. However, direct compari-
sons to adult performance are uncommon because
adults do not display the same behavior used to
assess juvenile abilities (e.g., approaching a mater-
nal call) (Gray and Rubel, 1985; Kelly and Potash,
1986; Gray, 1992). Here, we provide a direct com-
parison of nonhuman juvenile and adult auditory
perceptual abilities using an identical behavioral
procedure.

Once naive performance on an auditory percep-
tual task has been determined, it is possible to
examine whether this skill can be improved. In fact,
auditory perceptual learning in adult humans, char-
acterized by improvement as a result of sensory
training, has been measured with many different
acoustic tasks (Fine and Jacobs, 2002; Moore et al.,
2009; Wright and Zhang, 2009). Although auditory
learning has been assessed in children, these studies
generally examine only subjects with language-
based learning impairments (for review, see Tallal,
2004). One study has measured auditory perceptual
learning in normal children, and found that a subset
improved with training, but only if their naive
thresholds were immature (Halliday et al., 2008).
This suggests that a relationship exists between na-
ive performance and improvement such that imma-
ture abilities may be necessary for greater learning.
The few studies exploring the influence of early
experience in non-humans have considered only
passive exposure to a relevant stimulus, such as
imprinting (Gottlieb, 1975a,b, 1978, 1980). Thus,
the capacity for perceptual learning in juvenile
animals, and its relationship to naive perceptual
abilities has not been explored.

With these factors in mind, we first determined
whether AM detection is slow to mature in gerbils as
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is found in humans. Juvenile animals were trained on
an AM detection task and performance was compared
with adult animals trained under identical conditions.
A comparison of naive detection thresholds revealed
that perception was immature in juvenile animals as
compared with adults. We then asked whether juve-
niles displayed an improvement in performance with
repeated testing, as found in adults. Although adult
improvement was correlated with naive performance,
juvenile improvement was quite variable, and many
young animals failed to improve or worsened.

METHODS

Animals

All procedures relating to the maintenance and use of ani-
mals were in accordance with the “Institutional Animal
Care & Use Committee Handbook” and were approved by
the University Animal Welfare Committee at NYU. Male
and female gerbil (Meriones unguiculatus) pups were
weaned from commercial breeding pairs (Charles River) at
postnatal day (P) 23-30. Males and females were caged sep-
arately and maintained in a 12-h light/12-h dark cycle. Data
was obtained from three age groups comprised of animals
from multiple litters. Two juvenile age groups were exam-
ined at ages that are several weeks prior to sexual matura-
tion, which occurs between P70-85 for gerbils (Field and
Sibold, 1999). The “Early Juvenile” group (n = 21) was
trained and tested on the task from P25-40, the earliest age
at which animals could be weaned and placed on controlled
water access. The “Late Juvenile” group (n = 10), a second
group of pre-sexually mature animals, were trained and
tested from P40-55. The performances of the juvenile
groups were then compared with an “Adult” group (n =
16), which was trained and tested from P70-85 [Fig. 1(A)].
All data reported in this study were obtained from animals
at or beyond the age (postnatal day 30) at which cochlear
thresholds are adult-like (Woolf and Ryan, 1984; Huang
et al., 1995; McGuirt et al., 1995; McFadden et al., 1996;
Overstreet et al., 2003).

All animals that entered the protocol were included in
the analyses. No selection criteria were imposed, as is com-
mon in adult behavioral studies. Therefore, poor performers
were not eliminated during any phase of the procedure,
allowing us to compare both mean performance and
between-animal variability within and across age groups.

Training and Testing

Experimental Environment. Gerbils were placed in a
small acoustically transparent wire cage in a room lined
with echo-attenuating material, and observed in a separate
room via a closed circuit monitor. The test cage contained a
stainless steel drinking spout and floor plate. When the ani-
mal contacted both the plate and spout, a circuit was com-
pleted that initiated water delivery via a syringe pump
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Figure 1 A: Experimental design. The timeline displays
the age of hearing onset and sexual maturity for gerbils.
The age range at which each experimental group was tested
is shown below. Early Juveniles (blue box) were tested
from P25-40, Late Juveniles (red box) were tested from
P40-55, and Adults (gray box) were given spout training
only from P25-40 and were tested on the auditory task from
P70-85. B: Trial structure. A single “Warn” trial is illus-
trated above a timeline (ms). The Pre-Trial period (1200
ms) contained unmodulated noise. The trial continued only
when animals remained in contact with the waterspout dur-
ing >50% of the 500 ms Pre-Trial Spout Check period. The
Warn stimulus (AM noise at a 5 Hz modulation frequency)
was presented for 1000 ms. During the final 100 ms of the
Warn stimulus, a Spout Check determined whether the ger-
bil was correctly off the spout (Hit) or incorrectly on the
spout (Miss). A 300 ms current was delivered through the
waterspout immediately after the Warn stimulus as the
aversive unconditioned stimulus. “Safe” trials were identi-
cal in timing, although there was no AM stimulus or shock.
During Safe trials, False alarms were determined from an
identically positioned Spout Check interval.

(Yale Apparatus). A PC computer, connected to a digital I/
O interface (Tucker-Davis Technologies, TDT) controlled
the timing of acoustic stimuli, water delivery (0.5 mL/min),
and a small current delivered at the end of warning trials.
Auditory stimuli were generated by the TDT system and
delivered via a calibrated tweeter (KEF Electronics) posi-
tioned 1 m in front of the test cage. Sound level at the test
cage was measured with a spectrum analyzer (Bruel and
Kjaer 3550) via a [1/4]" free-field condenser microphone
positioned at the head location when in contact with the
spout. The metal waterspout was similar in appearance to
that within the home cage.

Training. All animals were trained on a classical condi-
tioning task (Heffner and Heffner, 1995; Kelly et al., 2006).
Animals were initially placed on controlled water access
for 48 h prior to introduction into the experimental cage.
For the duration of training and testing, body weight was
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monitored daily to ensure that it remained at >80% of the
initial value. Furthermore, animals were allowed to drink
until sated on each day of training or testing. Upon intro-
duction to the experimental cage, animals were trained to
obtain water from the spout (“spout training”). This was
done in the presence of an unmodulated noise stimulus
while contact with the waterspout was monitored. Once ani-
mals recognized the source of water (“spout training”),
they were trained to withdraw from the spout when an
acoustic cue (AM) was present. To train the withdrawal
response, a low AC current (0.5-1.0 mA, 300 ms; Lafayette
Instruments) was delivered through the waterspout immedi-
ately after the AM signal. As both humans and animals dis-
play large between-subject variability in pain sensitivity
(Mogil, 1999; Wasner and Brock, 2008; Nielsen et al.,
2009), it is important to note that the strength of the shock
varied between animals. The shock level for each animal
was chosen to reliably produce withdrawal from the spout,
but not so great as to dissuade an animal from approaching
the spout on subsequent trials. The animals’ behavior dur-
ing training was monitored constantly to ensure that the
level was set correctly. To train animals on the procedure,
warning trials (AM noise; 100% modulation depth) were
presented until performance reached a minimum criterion
of 70% correct over 10 consecutive trials. The Adult animal
group obtained “spout training” only from P25-40: animals
were placed in the cage where they drank from the water-
spout in the presence of a noise background. This occurred
at the same age during which the Early Juveniles were
trained and tested on the auditory task. Adults were not
trained on, or exposed to, the AM stimuli or conditioning
procedure until they reached adulthood [Fig. 1(A)].

A schematic of a single warning trial is shown in Figure
1(B). Each trial was 2500 ms in total length. The stimulus
was broadband noise with a low frequency falloff of 25 dB
at 3.5 kHz and a high frequency falloff of 25 dB at 20 kHz.
The level is given as dB sound pressure spectrum level
(SPSL) and remained constant (45 dB SPSL) during the
pre-trial and warn intervals to exclude the use of an energy
cue. Each trial contained 1200 ms of unmodulated noise
(“pretrial”) within which the spout was monitored for con-
tact over a 500 ms interval (“pretrial spout check”). The trial
proceeded only when the animal remained in contact with
the spout for >250 ms during this pretrial spout check. A
warning trial consisted of 1000 ms of noise, sinusoidally am-
plitude modulated at 5 Hz and of varying depths. The warn-
ing trial was followed immediately by an aversive uncondi-
tioned stimulus (“shock,” a 300 ms electrical current deliv-
ered via the spout). To determine whether the animal
detected the warning stimulus, contact with the spout was
monitored during the final 100 ms of the warn stimulus
(“spout check”); for warn trials, a contact time of <50 ms
was scored as a hit (H). For safe trials, the entire 2500 ms du-
ration consisted of unmodulated noise, and a contact time of
<50 ms during the spout check was scored as a false alarm
(FA). Warn trials always occurred at the end of a block of 2—
4 safe trials, randomized to avoid temporal conditioning.

Once animals reached criterion, we obtained naive
detection thresholds by testing animals on a broad range of



AM depths (10-100%, divided up evenly into steps of 10%
depth) presented in a randomized order, and the same order
was delivered to each animal (“randomized trials”). Each
depth was presented a total of 10 times, and a psychometric
function was constructed from performance on these
randomized trials. On days following the completion of the
“randomized trials,” a smaller range of AM depths (five in
total, divided evenly into steps of 10% depth) was repeat-
edly presented in descending order (“descending limits tri-
als”), bracketing each animal’s naive detection threshold.
For every subsequent day of “descending limits trials,” an
animal’s performance on the previous day determined the
range of depths on which it was tested (i.e., always bracket-
ing the previous threshold). Animals were tested with
“descending limits” on four consecutive days to determine
whether performance on AM detection changed with
repeated testing. In total, animals received 10-12 days of
training and testing on the task (including testing on both
randomized and descending limits stimuli). The training
period was limited to minimize the effect of development
per se, and observe an effect of auditory training.

Data Analysis

A performance value, d = z (false alarm)—z (hit), was
obtained for z scores that corresponded to the right-tail p
values (Swets, 1996), and was calculated for each AM
depth. Thresholds were defined as the AM depth at which
performance reached a d’ = 1. Psychometric functions were
constructed from each day of testing. To determine the abil-
ity of animals to improve with repeated testing, the naive
threshold (using “randomized trials”) was compared with
the average of the last 2 days of performance (using
“descending limits trials”). We also assessed the FA rate at
each age. All values are given as Mean * Standard Error of
the mean (SEM).

RESULTS

Initial Training on the Behavioral Task

Behavioral data was obtained from animals in three
age groups: Early Juveniles were tested from P25-40,
Late Juveniles were tested from P40-55, and Adults
were tested from P70-85 [Fig. 1(A); see Methods].
During the initial procedural training period, animals
were presented with trials of AM at 100% depth until
each animal responded correctly in seven out of ten
consecutive trials (70%). Each animal reached this
criterion level of performance within 1-2 training
sessions (1 session per day). The average number of
trials that it took to reach this criterion did not differ
significantly between any of the three groups (Adults:
27.5 = 3.8; Early Juvenile: 34.5 = 3.4; Late Juvenile:
22.2 = 3.0; ANOVA: p =0.08,df =2, F = 2.65). In
addition, the d’' obtained from these final 10 trials did
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not differ among the three age groups (Adult: 2.1 =
0.1; Early Juvenile: 2.0 £ 0.2; Late Juvenile: 2.1 =*
0.2; ANOVA: p = 0.76, df = 2, F = 0.27). As there
was no difference in the number of initial training tri-
als or in the performance on these trials, animals
were assumed to be equally proficient at the task prior
to testing with a broad range of AM depths.

Developmental Emergence of Naive AM
Detection Thresholds

To determine whether AM detection was immature in
juvenile gerbils as compared with adults, each animal
was first tested on a broad range of AM depths (10—
100%) presented in a randomized order. This naive
performance was obtained immediately after each
gerbil reached criterion on procedural training
(above) with the intent of minimizing an effect of
training. Figure 2 shows each animal’s psychometric
function obtained from the “randomized stimuli” tri-
als. For clarity, the Adult psychometric functions are
plotted twice: once compared with Early Juveniles
[Fig. 2(A)] and again compared with Late Juveniles
[Fig. 2(B)]. Detection threshold was defined as the
modulation depth at which an animal’s sensitivity
was d = 1 (plotted below the psychometric functions
in Fig. 2). The mean naive AM detection threshold
for Adults was 30.7% = 1.2%. In contrast, both Early
and Late Juveniles displayed significantly higher
thresholds (ANOVA: p < 0.001,df =2, F = 12.8; ¢
test: Early Juvenile: 44.6% = 2.3%; p < 0.001, df =
29, t = 5.34; Late Juvenile: 40.9% = 2.3%, p <
0.002, df = 13, t = 3.96). Between-subject variance
was much greater for both Juvenile groups, as com-
pared to Adults (Test for Homogeneity of Variance;
Levene: F = 4.44, p < 0.05, df = 2) (see distribution
of individual thresholds with each bar graph of Fig.
2). Thus, although some Juvenile animals displayed
adult-like thresholds, most performed worse than the
poorest adult.

It is possible that the developmental differences in
AM detection threshold [Fig. 2(A,B)] were due to
factors other than sensory characteristics. First, de-
spite an attempt made to obtain criterion performance
during initial training (above), the Juveniles might
not have been equally proficient at the task as com-
pared with Adults. To address this issue, the average
d' value for the three largest AM depths (80—100%)
was obtained from each psychometric function. As
shown in Figure 2 (bars to the right of each plot),
there were no significant differences in asymptotic
performance (ANOVA: p = 0.17,df =2, F = 1.83;
Adults: 2.49 = 0.18; Early Juveniles: 2.63 = 0.12;
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Figure 2 Developmental emergence of naive AM detec-
tion thresholds. A and B: Individual psychometric functions
are shown for the naive AM detection thresholds, as deter-
mined with random stimulus presentation (see Methods). In
panel A, Early Juveniles (thick, blue lines) are compared with
naive Adults (thin, black lines). In panel B, Late Juveniles
(thick, red lines) are compared with naive Adults (thin, black
lines). All animal groups display a similar ability to perform
the task at large AM depths (80—100%), as shown by bars on
right of both graphs. However, detection thresholds at &' = 1
were significantly higher and more variable for Early Juve-
niles and Late Juveniles, compared with Adults, as shown by
data points below the curves. The bars placed over these data
points represent the mean and SEM of AM detection (Early
Juveniles, blue circles; Late Juveniles, red squares; Adults,
gray triangles; *** p < 0.001; ** p < 0.002). For both Early
and Late Juveniles, data points with a dark outline represent
data from animals within a single litter. This illustrates that
one litter did not bias the group mean.
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Late Juveniles: 2.35 * 0.18). This suggests that the
between-group differences in AM detection thresh-
olds were not related to differences in performing this
auditory task.

Second, it is possible that differences in attention
could account for group differences in AM detection
threshold. As an indirect measure of attention, we
quantified the magnitude of within-subject perform-
ance variability as the difference between AM depth
detection thresholds from the first to second half of
trials. Using this measure, we found no significant
difference between age groups (ANOVA: p = 0.27,
df = 2, F = 1.36; Adult: 10.2% = 1.7%; Early Juve-

A

0.4
i .
©
< 0.24

0.0- —T—T— —

20 40 60 80 100
Amplitude Modulation Depth (%)
1 o o

60 o i
k] o o —
© 1 o o *
-5) (4] q: u| i
e 0
= & A i
® 0 B AA
© 20+
= 0 Early Juvenile

1 |0 Late Juvenile
0 A Adult Naive

10 20 30 40 50
Average trials/day during initial testing

Figure 3 Developmental emergence of AM detection
threshold is not due to differences in strategies used or in
the number of trials performed per day. A: Average False
Alarm rate across AM depth was similar for each of the age
groups (Early Juveniles, blue; Late Juveniles, red; Adults,
black). B: Average number of trials performed by each ani-
mal during initial testing was compared to the naive AM
detection threshold. Early Juveniles (blue circles) displayed
the greatest variability in threshold for a given number of
trials/day. The gray box on the left contains animals that
fall into the Adult range of trials/day. The bar graph (arrow)
displays the average naive threshold of animals within the
corresponding gray box (those animals that performed a
similar number of average daily trials). The average detec-
tion threshold of both Early Juveniles and Late Juveniles
remained poorer than those of Adults after controlling for
average daily trials (¥p < 0.05).



niles: 10.8% =+ 2.0%; Late Juveniles: 15.4% =
2.7%).

Third, the differences in AM detection threshold
could result from alternate strategies used to perform
the task. Therefore, we assessed the false alarm rate
(the rate at which animals broke contact with the
spout during safe trials). As our performance mea-
sure, d', takes false alarms into account, a high false
alarm rate would result in poor performance (low d').
Figure 3(A) shows that the average false alarm rates
across AM depth did not display group differences
(ANOVA: p = 0.89, df = 2, F = 0.12; Mean false
alarm rate; Adult: 0.12 = 0.01; Early Juveniles: 0.13
+ 0.02: Late Juveniles: 0.14 = 0.02).

Fourth, since juvenile body weight was smaller,
they may have consumed less water, and thus com-
pleted fewer trials per day. To determine whether
fewer trials performed daily could explain the age
group differences in performance, the AM detection
thresholds were examined with respect to the average
number of trials per day. Figure 3(B) shows that the
average trials per day were greater in Adults than in
Juveniles. However, there were several animals at
each age with similar numbers of daily trials [i.e.,
25-40 trials per day, shaded area of Fig. 3(B)]. When
AM detection thresholds were compared across age
for this subset of animals, the group differences
remained significant (Adult: 30.6% = 1.4%; Early
Juveniles: 44.0% = 3.5%; Late Juveniles: 39.7% =+
2.8%; ANOVA: p < 0.005, df = 2, F = 7.85; t-test:
P30 versus Adult: p < 0.005, df = 12, t = 3.56; P40
versus Adult: p < 0.05, df = 11, t = 2.96). This indi-
cates that developmental improvement in AM detec-
tion threshold was independent of the number of trials
per day.

Improvement of AM Detection
Thresholds with Repeated Testing:
The Effect of Age

The first paradigm assessed naive performance for
which we sought to minimize the effect of training.
Since many adult perceptual skills improve over the
course of training, we next determined whether AM
detection thresholds improved with repeated testing
in Juveniles and Adults. Following testing with
“randomized” stimuli (above) each animal was tested
with a small range of AM depths, presented in de-
scending order. On the first day of testing, the stimu-
lus values bracketed the detection threshold obtained
with randomized stimuli for each individual animal.
On each subsequent day of testing, the AM stimuli
bracketed the previous day’s threshold (Methods).
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Daily thresholds were obtained and used to track
improvement in performance.

The progression of two Early Juveniles and two
Adults during the testing period is illustrated in
Figure 4. Psychometric functions for naive perform-
ance and each subsequent day of testing with “de-
scending limits” are shown for one animal that
improved [Fig. 4(A), top], and one animal that wors-
ened [Fig. 4(A), bottom]. Figure 4(B) plots detection
threshold (at & = 1) as a function of testing day for
each animal. One of the Early Juveniles improved by
24% AM depth, while the other worsened by 23%
AM depth. One of the Adults improved by 13% AM
depth, while the other worsened by 2% AM depth.

To quantify improvement, the mean detection
threshold obtained during the final 2 days of testing
was subtracted from the naive threshold (i.e., the
thresholds shown in Fig. 2). Therefore, positive val-
ues signified improvement and negative values signi-
fied a decline in performance. There were animals at
each age that displayed either improvement or a
decline in performance. On average, there was no sig-
nificant difference in the magnitude of improvement
displayed at any of the three ages (Adults: 4.5% =
2.0%; Early Juveniles: 4.2% = 2.8%; Late Juveniles:
35% * 3.9%. ANOVA: p = 0976, df = 2, F =
3.21).

A primary goal of the study was to determine
whether there existed a relationship between naive
performance and improvement over the course of
repeated testing. The Adult group displayed a signifi-
cant correlation between the naive detection threshold
and improvement (R2 =0.707, b = 1.38, p < 0.001),
indicating that animals with the poorest naive thresh-
olds improved the most with repeated testing (see
Fig. 5). In contrast, the Early Juvenile group did not
display a significant correlation between naive thresh-
old and improvement [Fig. 5(A); R* = 0.264, p =
0.23]. Figure 5(B) illustrates that the Late Juvenile
group displayed a similar pattern as the Early Juve-
niles, although a trend was apparent (R* = 0.397, p =
0.08). For both Juvenile groups, a subset of animals
displayed an Adult-like pattern of improvement,
while another subset displayed poor naive thresholds
that remained constant or worsened with testing. We
assessed whether there was a difference in the rela-
tionship (initial threshold versus improvement) for
Juvenile and Adult groups using a one-tailed z-test.
Early Juveniles differed from Adults (Fishers r to
r/ transformation and z-test: p < 0.05, z = 1.77),
whereas Late Juveniles did not (p = 0.16, z = 1.01).

Adult animals with the worst initial thresholds
displayed the greatest improvement. Therefore, we
asked whether juvenile animals with the poorest
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Figure 4 Tracking improvement in performance across
days. A: Psychometric functions are shown for naive per-
formance and each day of repeated testing for two individual
Juvenile and Adult animals. Top: Example Juvenile and
Adult animals are shown that each displayed improvement in
performance from initial testing (i.e., using randomized trials)
through the end of repeated testing (i.e., using descending
limits). Each line weight and width indicates a specific day of
testing (see key in figure). Bottom: Example Juvenile and
Adult animals are shown that each displayed a decrement in
performance from initial testing through the end of repeated
testing. B: The detection thresholds (¢' = 1) from each set of
psychometric functions in panel A are plotted across testing
session. Solid lines represent the animals that improved over
the course of testing. Dashed lines represent the animals that
worsened over the course of testing.

initial performance would also display the most
improvement. Figure 5(C) illustrates that at least half
of the Juveniles in this subgroup of poor initial per-
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formers (green circles) did not display as much
improvement as the three adults with the worst initial
performance (solid black triangles). Furthermore, the
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Figure 5 Improvement of AM detection thresholds with
repeated testing. A and B: The naive detection threshold (x-
axis) is plotted against improvement in performance (y-
axis: naive minus final two detection thresholds) for Adults
(black triangles) as compared to either Early Juveniles
(blue circles, panel A) or Late Juveniles (red squares, panel
B). For Adults, improvement was significantly correlated
with the naive detection threshold. This correlation was not
observed in either Early or Late Juveniles, suggesting that
learning is not yet mature. C: Relationship between naive
detection thresholds and improvement of only those Early
and Late Juveniles (filled green circles) with naive thresh-
olds that were above the Adult range (black triangles, gray
oval). Although most of these Juveniles displayed improve-
ment, for about half of them, improvement magnitude was
less than the three adults with the worst initial performance
(solid black triangles). D: Relationship between naive
detection thresholds and improvement of only those Early
and Late Juveniles (open green circles) with naive thresh-
olds within the Adult range (black triangles). Several Juve-
niles were found within the Adult cluster (gray oval), indi-
cating Adult-like improvement. However, many Juveniles
displayed much less improvement or worsening, despite
having adult-like naive perceptual skills.



average improvement displayed by this subgroup was
not significantly greater than the Adults (Immature
Juveniles: 9.2% = 2.3%; Adults: 4.5% = 2.0%.
t-test: p = 0.13, df = 31, t = 1.55), suggesting that
immature naive thresholds were not associated with
greater learning.

A second possibility is that immature auditory per-
ceptual skills, as displayed in Juveniles (see Fig. 2),
limit the animal’s ability to improve on a task during
repeated testing. This hypothesis would predict that
those Juveniles with adult-like naive thresholds
would display adult-like improvements. Therefore,
the improvement measured in Adults was compared
with the improvement measured in only those Juve-
niles that displayed adult-like naive thresholds. Fig-
ure 5(D) shows that given a similar naive threshold,
many Juveniles did not improve as much as Adults.
In fact, the performance of half of these Juveniles
deteriorated with additional testing. The results dem-
onstrate a trend for greater improvement displayed by
Adults when compared with Adult-like Juveniles
(Adult-like Juveniles: —3.3% *+ 3.4%; Adults: 4.5%
* 2.0%. t-test: p = 0.06, df = 20, t = —1.95). To-
gether, these analyses indicate that perceptual skill
in Juveniles neither impeded nor enhanced their per-
ceptual learning.

To assess whether the amount of experience an
animal received was correlated with learning, we
examined the relationship between trials performed
during repeated testing and improvement. For this
comparison, we re-grouped all Juveniles (both Early
and Late) based on the average number of trials per-
formed and compared these groups with Adults
[Fig. 6(A)]. No between group differences were
found (ANOVA: p =0.492, df =2, F = 0.73). That
is, the animals with the largest number of trials did
not consistently display the greatest improvement.
Juvenile animals with fewer trials could improve as
much as Adults with many more trials. This indi-
cated that the amount of experience during repeated
testing could not, in itself, explain the developmen-
tal differences.

Another possibility is that a decrease in attentive-
ness during the course of repeated testing may have
led to a decline in performance. To assess this, we
compared each animal’s average false alarm rate dur-
ing the 4 days of repeated testing to its improvement
measure [Fig. 6(B)]. Neither Adults nor Juveniles dis-
played a significant relationship between false alarm
rate and improvement (Adults: R? = 0.033, p = 0.52;
Juveniles: R* = 0.14, p = 0.09; ANOVA: p = 0.101,
df = 2, F = 2.42). That is, the animals that displayed
the highest false alarm rate did not consistently
improve or worsen the most. A second way in which
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Figure 6 Developmental differences in improvement
with repeated testing are not due to the number of trials per-
formed per day or alternate strategies. A: Average number
of trials per day (x-axis) is plotted against performance
improvement with repeated testing (y-axis; naive minus
final two detection thresholds). A vertical gray line sepa-
rates Juveniles (open green circles) based on the number of
trials performed: Juveniles that performed a similar number
of trials as Adults and Juveniles that performed a fewer
number of trials than Adults. A comparison between the
Adults and both Juvenile subgroups indicate no significant
difference in improvement based on number of daily trials
performed. B: Average false alarm rate (x-axis) is plotted
against improvement in performance with repeated testing
(y-axis; naive minus final two detection thresholds). There
are no patterns of improvement based on false alarm rate in
either Juveniles (green circles) or Adults (black triangles).

we assessed attention was to compare the within-sub-
ject variability across the third and fourth days of
repeated testing. By quantifying the magnitude of the
difference between the thresholds of the final two test-
ing days, we found that there was no group difference
in this measure of variability (ANOVA: p = 0.82,
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df = 2, F = 0.20 Adults: 7.7% = 1.7%; Early Juveniles:
6.4% * 1.3%; Late Juveniles: 6.4% * 2.8%).

DISCUSSION

This study asked whether juvenile and adult animals,
tested with an identical procedure, displayed an
equivalent level of naive performance on an auditory
detection task, and whether they improved equiva-
lently with repeated testing. Both Early and Late Ju-
venile animals displayed immature sensitivity to
AM detection, as compared with the Adults (see Fig.
2). A specific issue addressed by these measures was
whether immature perception in Juveniles influenced
the amount of perceptual learning. Juveniles dis-
played high between-subject variability in their
improvement with repeated testing. The majority of
Juveniles initially displayed immature AM detection
thresholds, and their learning was no greater than
that displayed by Adults [Fig. 5(C)]. The subset of
Juveniles that initially displayed adult-like AM
detection thresholds displayed little improvement or
became worse [Fig. 5(D)]. These data lead us to con-
clude that AM detection displayed a prolonged mat-
uration in gerbils, as shown previously in humans
(Hall and Grose, 1994; Banai et al., 2007). Further-
more, the pattern of perceptual learning in Juveniles
is not influenced by their naive perceptual skills
(Figs. 2 and 5).

Maturation of AM Detection

One limiting factor in the maturation of AM detection
could be the auditory periphery. A response to air-
borne sound is first obtained in P12 gerbils, and adult
sensitivity occurs at P30 (Woolf and Ryan, 1984;
Huang et al., 1995; McGuirt et al., 1995; McFadden
et al., 1996; Overstreet et al., 2003). Compound action
potential (CAP) latency and endocochlear potential
also mature by x~P30 (Huang et al., 1995; McGuirt
et al., 1995). Therefore, cochlear threshold alone does
not explain Juveniles’ performance. However, the
CAP amplitude at 10 dB above threshold matures
between P30-54, depending on frequency (Huang
et al., 1995). For high intensities, the maximum CAP
amplitude matures until sexual maturation (McGuirt
et al., 1995). Although we used a broadband stimulus
at a relatively low intensity (45 dB SPL), it is possible
that a limited cochlear dynamic range contributed to
the Juveniles’ immature performance compared with
Adults. However, since a subset of Juveniles displayed
Adult-like detection thresholds [Fig. 5(D)], they would
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presumably have Adult cochlear function, whereas
others in the same litter would not (see Fig. 2).

A second limitation could involve immature cen-
tral coding properties in Juvenile animals. In general,
physiology studies show that frequency selectivity
improves during a relatively brief period, due to
both peripheral and central maturation (reviews,
Fitzgerald and Sanes, 2001; Sanes and Bao, 2009).
However, temporal receptive field properties may
emerge over a longer duration (Pienkowski and Harri-
son, 2005). In humans, the auditory brainstem response
to speech sounds is still immature at 3-4 years
(Johnson et al., 2008). Consistent with this finding, the
responses of single neurons to time-varying sounds,
including amplitude and frequency modulation, are
reported to mature over a prolonged period of develop-
ment (Heil et al., 1995; Thornton et al., 1999; Razak
and Fuzessery, 2007). This latter set of studies suggests
that the prolonged perceptual development demon-
strated here (see Fig. 2) could be explained by an
immature CNS coding of modulation. However, these
comparisons must be tentative because all developmen-
tal physiology studies have been performed on anesthe-
tized animals.

Relationship to Previous Studies of
Auditory Perceptual Development

The literature in non-humans suggests that auditory
perception is quite immature initially (Gray and
Rubel, 1985; Kelly and Potash, 1986; Gray, 1992).
However, the testing procedures measured a behavior
exhibited only by young animals (e.g., approaching a
maternal call), making a direct comparison to adults
unfeasible. In contrast, there are many auditory per-
ceptual studies in humans, which often use similar
testing procedures across age. These studies show that
detection thresholds for frequency modulation are
mature by ~8 years, whereas amplitude modulation
thresholds improve through 12 years (Hall and Grose,
1994; Banai et al., 2007; Dawes and Bishop, 2008). In
contrast, performance on duration discrimination and
gap detection tasks mature by x5 years (Morrongiello
and Trehub, 1987; Wightman et al., 1989; Werner
et al.,, 1992). In humans, peripheral development
occurs between 1 and 4 years (Moore and Linthicum,
2007), which corresponds to the maturation of tone
thresholds and frequency resolution (Trehub et al.,
1980; Olsho et al., 1988; Spetner and Olsho, 1990;
Werner and Boike, 2001), and suggests that envelope
detection may be associated with central nervous sys-
tem maturation. Thus, perceptual development in ger-
bils and humans display similar characteristics.



Are Developmental Differences in
Perception Due to Cognitive Factors?

Between-subject variability was relatively large in
Juveniles (see Fig. 2), and this has been attributed to
fluctuations in auditory attention (Moore et al., 2008).
Thus, it is important to consider whether cognitive
factors, such as attention, could explain immature
AM detection thresholds in Juveniles. In children, as-
ymptotic performance is used as an indirect measure
of attention (Bargones et al., 1995). If this is a valid
measure, then Figure 2 indicates that Juvenile ani-
mals did not differ from Adults, as asymptotic per-
formance was identical. False alarm rate has also
been used as a measure of sustained attention in chil-
dren, and this measure suggests that attention on
these specific tasks matures by x5 years (Lin et al.,
1999; Kanaka et al., 2008). If false alarm rate is a
valid measure of attention, then Figure 3(A) demon-
strates that Juvenile animals did not differ from
Adults, as average false alarm rate was identical
across AM depths. Another indicator of attention, as
utilized by Moore et al. (2008) is within-subject vari-
ability. Within-subject variability was measured in
this study by comparing the magnitude of perform-
ance consistency between both halves of the random
stimuli as well as between the final 2 days of repeated
testing. Both measures revealed no group differences
in performance variability, suggesting that inherent
attention in Juveniles was not different than that of
Adults. It remains possible that differences in atten-
tion influenced the results, but our data suggests that
this was not an overriding factor in determining
performance.

A separate hypothesis for between-subject vari-
ability is that animals of the same chronological age
may be at quite different positions along a neurodeve-
lopmental axis. That is, chronological age does not
correlate adequately with nervous system (and there-
fore behavioral) development. Thus, as subjects get
older, the late-developing animals would tend to
catch up, and the group variance would therefore
decline. As the variance of the Late Juvenile group is
intermediate between that of the Early Juvenile and
Adult groups (see Fig. 2), we favor this explanation
for between-subject variability.

It is possible that the number of trials per session
influenced the performance measures. In general,
Juveniles performed fewer trials per session during
the initial testing period as compared to Adults, pre-
sumably due to their small size and diminished water
requirement. To control for this, performance was
compared between animals that completed a similar
number of trials per day. The developmental differen-
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ces in AM detection were observed even when the
analysis was limited to this subset of animals [Fig.
3(B)].

AM Detection Thresholds Improve with
Repeated Testing: The Effect of Age

All studies assessing the effects of auditory training
on performance have been performed on adults. In
adult humans, performance can improve across
many acoustic dimensions (Turner and Nelson,
1982; Demany, 1985; Wright et al., 1997; Wright
and Fitzgerald, 2001; Ari-Even Roth et al., 2003;
Amitay et al., 2005, 2006a,b; Fitzgerald and Wright,
2005; Mossbridge et al., 2006; Wassenhove and
Nagarajan, 2007). Similarly, training in non-human
adults leads to improvements in perceptual skills
(Recanzone et al., 1993; Schulze and Scheich, 1999;
Sakai and Kudoh, 2005; Kacelnik et al., 2006). This
is consistent with a broad literature in other sensory
systems (reviews, Fine and Jacobs, 2002; Fahle,
2005).

The goal of this study was not to determine
whether young animals can learn; they do. Rather, a
primary motivation for this study was to determine
whether training developing animals on the same task
used for Adults would also lead to improved perform-
ance. The few developmental learning studies in non-
humans have all used paradigms that cannot be, or
have not yet been, employed in adults. For example,
neonatal chicks display auditory learning of an indi-
vidual maternal call (Lickliter and Hellewell, 1992).
Similarly, 1-day-old rats can be trained to turn their
heads in a specific direction to receive a period of
platform heating (Flory et al., 1997). However, a se-
ries of studies on learning in juvenile rats have estab-
lished several important developmental principles. In
general, sensory stimuli are able to elicit reflexive
responses prior to the time when they can be used for
associative learning; this holds for gustatory, visual,
and auditory stimuli (Hyson and Rudy, 1984; Rudy
and Hyson, 1984; Vogt and Rudy, 1984; Moye and
Rudy, 1985). In addition, there is a developmental
improvement in the ability to associate events sepa-
rated by longer periods of time (Moye and Rudy,
1987). Furthermore, there are maturational changes
in the type of associations that can be made. For
example, contextual fear conditioning and latent inhi-
bition both emerge after fear conditioning to an audi-
tory conditioned stimulus (Rudy, 1993; Rudy, 1994).
Therefore, many forms of learning display fundamen-
tal transformations prior to the age range examined in
this study.
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Having established that naive AM sensitivity was
immature in both Early and Late Juveniles (see Fig.
2), we asked whether daily testing improved perform-
ance in an equivalent manner for Juvenile and Adult
animals. For Adults, the amount of improvement was
predicted by naive performance: animals with poor
naive thresholds improved the most. However, while
many Juveniles with poor naive AM sensitivity did
improve with testing, the amount of improvement
was not greater than those adults with the worst initial
performance [Fig. 5(C)]. In contrast, many of the Ju-
venile animals with the best naive AM sensitivity dis-
played no improvement or worsened with practice
[Fig. 5(D)]. Because Juveniles with immature naive
thresholds did not display greater improvement than
those Adults with the worst initial performances, we
concluded that immature perception in Juveniles was
not advantageous to learning. What remains unclear,
however, is whether Juveniles would have shown
adult-like improvement patterns if given more train-
ing. For example, infants are estimated to travel about
29 football fields per day when learning to walk
(Adolph et al., 2003).

Auditory developmental learning studies in humans
have primarily examined children with speech or lan-
guage impairments (Moore et al., 2009). However,
Halliday et al. (2008) measured perceptual learning
of a frequency discrimination task in normal subjects.
While most of them did not improve with repeated test-
ing, a subgroup of children with immature naive thresh-
olds did learn. Our findings (see Fig. 5) are in general
agreement with this human study.

Our results indicated that detection of amplitude
modulation displayed a prolonged period of matura-
tion in gerbils, similar to that reported in humans
(Hall and Grose, 1994; Banai et al., 2007). However,
naive performance did not predict the magnitude of
perceptual learning in Juveniles, as it did in Adults.
Developing animals are typically thought to have a
larger capacity for plasticity, and one might have
expected Juveniles to display the greatest improve-
ment with repeated testing. In fact, it has recently
been reported that 11-year-old humans do not display
perceptual learning, as adults do, on an interval dis-
crimination task (Huyck and Wright, 2008). There-
fore, one possibility is that the effects of auditory
training in young animals may be most advantageous
to their future performance, and evident only when it
is assessed in adulthood.

The authors thank Jack Kelly, Merri Rosen, Beverly
Wright, Kiriana Cowansage, Brad Buran, and Vibhakar
Kotak for their many helpful ideas, discussions, and/or
comments on the manuscript.
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