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Neural Variability Limits Adolescent Skill Learning
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Skill learning is fundamental to the acquisition of many complex behaviors that emerge during development. For example, years of
practice give rise to perceptual improvements that contribute to mature speech and language skills. While fully honed learning skills
might be thought to offer an advantage during the juvenile period, the ability to learn actually continues to develop through childhood and
adolescence, suggesting that the neural mechanisms that support skill learning are slow to mature. To address this issue, we asked
whether the rate and magnitude of perceptual learning varies as a function of age as male and female gerbils trained on an auditory task.
Adolescents displayed a slower rate of perceptual learning compared with their young and mature counterparts. We recorded auditory
cortical neuron activity from a subset of adolescent and adult gerbils as they underwent perceptual training. While training enhanced the
sensitivity of most adult units, the sensitivity of many adolescent units remained unchanged, or even declined across training days.
Therefore, the average rate of cortical improvement was significantly slower in adolescents compared with adults. Both smaller differences between sound-evoked response magnitudes and greater trial-to-trial response fluctuations contributed to the poorer sensitivity of
individual adolescent neurons. Together, these findings suggest that elevated sensory neural variability limits adolescent skill learning.
Key words: adolescence; auditory cortex; development; internal noise; perceptual learning; practice

Significance Statement
The ability to learn new skills emerges gradually as children age. This prolonged development, often lasting well into adolescence,
suggests that children, teens, and adults may rely on distinct neural strategies to improve their sensory and motor capabilities.
Here, we found that practice-based improvement on a sound detection task is slower in adolescent gerbils than in younger or older
animals. Neural recordings made during training revealed that practice enhanced the sound sensitivity of adult cortical neurons,
but had a weaker effect in adolescents. This latter finding was partially explained by the fact that adolescent neural responses were
more variable than in adults. Our results suggest that one mechanistic basis of adult-like skill learning is a reduction in neural
response variability.

Introduction
The refinement of sensory and motor abilities with practice—a
process known as skill learning—is critical for the maturation of
many complex behaviors, from walking to language acquisition
(Kuhl, 2000; Kuhl et al., 2006; Adolph et al., 2018). One specific
form of skill learning—perceptual learning—is characterized by
an improvement in the ability to identify, detect, or discriminate
stimuli and plays an important role in shaping sensory perception (for review, see Gibson, 1953; Wright and Zhang, 2009; Lu et
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al., 2011; Irvine, 2018). While neurophysiological experiments
firmly establish the importance of cortical plasticity in adult perceptual learning (Recanzone et al., 1992, 1993; Crist et al., 2001;
Schoups et al., 2001; Beitel et al., 2003; Bao et al., 2004; Yang and
Maunsell, 2004; Polley et al., 2006; Raiguel et al., 2006; Li et al.,
2008; Adab and Vogels, 2011; Gu et al., 2011; Powers et al., 2012;
Yan et al., 2014; Caras and Sanes, 2017), the neural mechanisms
that support this process during development are uncertain. Here
we report that the neural correlates of perceptual learning differ
between juvenile and adult animals as they train and improve on
an auditory task.
A growing number of behavioral studies reveal that skilllearning capabilities continue to mature throughout childhood and
adolescence (Huyck and Wright, 2011, 2013; van der Schaaf et al.,
2011; Pattwell et al., 2012; Chihak et al., 2014; Decker et al., 2015;
Lukács and Kemény, 2015; Knoll et al., 2016). For example,
Huyck and Wright (2011) trained adolescent (11–14 years old)
and adult humans on a temporal interval discrimination task.
While adults uniformly improved with practice, reducing their
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A total of 52 Mongolian gerbils (Meriones unguiculatus) raised from commercially obtained
breeding pairs (Charles River Laboratories)
were used in this study. After weaning at postnatal day 30 (P30), animals were group housed
with littermates, and were separated into samesex cages containing two to six animals by P60.
All animals were exposed to a 12 h light/dark
cycle, and had free access to food and water
unless otherwise noted. All procedures were
approved by the Institutional Animal Care and
Use Committee at New York University.
Animals began training at three different
ages (Fig. 1C), with each group consisting of
animals from multiple litters. “Young” animals
(n ⫽ 19) began procedural training at P35 and
perceptual training at P38. “Adolescent” animals (n ⫽ 17) began procedural training between P41 and P49 (mean ⫽ P47) and
perceptual training between P44 and P52
(mean ⫽ P50). All “adult” animals (n ⫽ 16)
began procedural training at P96 or later
(mean ⫽ P111) and perceptual training at
P100 or later (mean ⫽ P116). A subset of the
adolescent (n ⫽ 6) and adult animals (n ⫽ 4)
was also used for extracellular electrophysio-
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discrimination thresholds by more than
half after 10 d of training, adolescent performance remained steady, or even degraded, as training progressed. Indeed,
the development of skill learning often
follows a nonlinear trajectory, displaying
a transient stabilization or reduction of
capabilities during adolescence (van der
Schaaf et al., 2011; Pattwell et al., 2012;
Lukács and Kemény, 2015). Together,
these behavioral findings suggest that children, adolescents, and adults may each engage distinct neural strategies to enhance
their perceptual skills.
This study asks whether auditory cortical processing does, indeed, differ between juvenile and adult gerbils as they
train and improve on the same auditory
task. We found that perceptual learning
follows a nonlinear developmental trajectory, such that adolescents learned more
slowly than either young or adult animals.
We made wireless extracellular recordings
from the auditory cortex of a subset of
adolescent and adult animals as they underwent perceptual training. Consistent
with our behavioral observations, we
found that neural sensitivity improved
more slowly in adolescent animals. This
delay could be explained by an elevated
trial-to-trial response variability and a
weaker effect of training on sound-evoked
response magnitudes in adolescents. Collectively, our results indicate that adolescence is characterized by a period of
sensory instability that limits perceptual
learning.

Figure 1. Age does not affect the rate or extent of procedural learning. A, Trial structure and timing of aversive conditioning
task. Animals were required to detect when a safe stimulus (unmodulated broadband noise) smoothly transitioned to a warn
stimulus (0 dB at 100% depth AM noise; 5 Hz rate). Warn trials were immediately followed by an aversive shock (300 ms, orange
bars), which could be avoided by withdrawing from the spout. Warn trials were separated by three to five safe trials, such that the
onset of each warn stimulus was unpredictable. B, Animals were trained to drink continuously from a spout of water while in the
presence of the safe stimulus. Maintaining spout contact during safe trials was therefore scored as a correct reject, whereas
withdrawing from the spout was considered an incorrect false alarm. Withdrawing from the spout upon presentation of the AM
warn stimulus was scored as a correct hit. Maintaining contact with the spout during the warn stimulus was considered an incorrect
miss and punished with a shock. C, Experimental timeline of procedural training. All animals were weaned at P30. Subjects had 3 d
of procedural training before progressing to perceptual training (Fig. 2). Some adults required additional sessions due to poor initial
motivation to participate in the task, likely due to a robust (mature) ability to retain water. Ages depicted here are exact for young
animals, and approximate for adolescent and adult animals (for details, see Materials and Methods). D, Behavioral performance
(d⬘) was calculated as a function of trial number collapsed across all procedural training sessions using a 15-trial-wide sliding
window. Data are depicted as the mean ⫾ SEM. For this and subsequent panels in this figure, the number of subjects in each age
group are as follows: young, n ⫽ 19; adolescent, n ⫽ 17; adult, n ⫽ 16. E, The number of trials to reach training criterion (d⬘ ⱖ
1.5) is plotted for each animal as a function of age group. Horizontal lines represent median values, boxes represent 25th and 75th
percentiles, and whiskers represent 1.5⫻ the interquartile range. F, The maximum d⬘ value achieved during procedural training
is plotted for each animal as a function of age group. Data are depicted as in E. Note that boxes and whiskers are present, but may
be too small to see. Hit rates and false alarm rates were adjusted to avoid d⬘ values that approach Inf, such that the maximum d⬘
possible on this task was 3.29.
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logical recordings that took place throughout perceptual training. Age
group classifications were based on previous reports that the onset of the
pubertal (i.e., “adolescent”) period in the gerbil occurs between P42 and
P57, and sexual maturity is not achieved until approximately P90 (Siegford et al., 2003; Pinto-Fochi et al., 2016).
Neurophysiological recordings were not obtained from young animals
due to the technical difficulties involved. Specifically, to allow for sufficient recovery time after electrode implantation, yet still to begin perceptual testing by ⬃P38, animals would have needed to undergo surgery at
⬃P23 (7 d before we typically wean the animals). At that age, the skull
sutures are not fully closed, and the bone is too soft to allow for the
hardware implantation required to stabilize the electrode. In addition,
the gerbil brain changes its shape dramatically between P23 and P30,
such that even if the electrode successfully targets auditory cortex during
the initial surgery, the electrode may shift out of auditory cortex by the
time recordings commence. We therefore restricted the neurophysiology
experiments to adolescent and adult animals.
As expected, animal weights increased significantly with age (oneway ANOVA, F(2,49) ⫽ 163.60, p ⬍ 0.001). On the first day of procedural training, young animals weighed an average of 27.4 g (range,
23.3–32.5 g), adolescents weighed an average of 41.6 g (range, 35.6 –
48.7 g), and adults weighed an average of 63.1 g (range, 49.7–77.2 g).
These weights are consistent with previously published findings
(Clark and Galef, 1980).
Some aspects of the data presented in this manuscript were published
previously (Caras and Sanes, 2015, 2017). For a full breakdown of the
contribution of each subject to the current and previous studies, see
Table 1.

Method details
Behavioral training. To assess the effect of development on perceptual
learning and its neural correlates, all animals were trained and tested on
a go/no go aversive conditioning paradigm, as described previously
(Caras and Sanes, 2015, 2017). Briefly, animals were placed on controlled
water access and began procedural training, during which an ongoing
“safe” stimulus (i.e., unmodulated broadband noise; 2.5–20 kHz; 12 dB/
octave rolloff; 60 dB SPL) occasionally smoothly transitioned to a “warn”
stimulus [sinusoidally amplitude-modulated (AM) noise; 5 Hz modulation rate; 100% depth, 1 s duration]. Warn stimuli were immediately
followed by a mild aversive shock (Colbourn Instruments) delivered
through the metal lick spout for 300 ms. Because pain sensitivity varies
across individual animals (Mogil, 1999), the shock level (0.5–3 mA) was
adjusted on a subject-by-subject basis to reliably elicit spout withdrawal
without dissuading the animal from promptly recommencing drinking.
A minimum of three and a maximum of five safe trials (each of 1 s
duration) occurred between each warn trial (Fig. 1A), such that the onset
of each warn stimulus was unpredictable. Sound delivery and data acquisition were controlled by an RZ6 Multifunction Processor (Tucker Davis
Technologies) controlled by custom Python scripts (written by Dr. Bradley Buran, Oregon Health & Science University, Portland, OR).
To quantify behavioral performance, we monitored the contact of the
animal with the spout within the final 100 ms of every trial. Breaking
contact for ⬎50 ms was considered a spout “withdrawal” and was scored
as a correct “hit” on warn trials and as an incorrect “false alarm” on safe
trials (Fig. 1B). Conversely, maintaining contact with the spout for ⬎50
ms was scored as an incorrect “miss” on warn trials, and a “correct reject”
on safe trials. Hit rates (the proportion of warn trials that elicited a hit)
and false alarm rates (the proportion of safe trials that elicited a false
alarm) were converted into the signal detection metric d⬘ (Green and
Swets, 1966) as follows:

d’ ⫽ z 共 hit rate兲 ⫺ z 共false alarm rate).
The location of the criterion ( C) was used as an indicator of response bias
(Macmillan and Creelman, 1990) and was calculated as follows:

C ⫽ ⫺ 0.5* 共 z 共 hit rate兲 ⫹ z 共false alarm rate)).
To avoid d⬘ and C values that approach infinity, we set a floor (0.05) and
a ceiling (0.95) on hit rates and false alarm rates.
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Table 1. Full breakdown of each subject’s contribution to current and previous
studies
Animal ID

Age group

Current experiment

Original dataset

241872
241873
241874
241876
241877
246766
246767
246768
246769
246770
246771
246772
191694
191696
191697
192794
192797
199427
199430
203435
203436
203437
203444
203445
203446
203447
207341
207342
207343
207344
200349
200858
200859
200860
200861
201080
201081
209451
209452
209455
209456
209457
191699
192800
201700
201701
203388
203389
217821
221955
222724
222725

Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Young
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adolescent
Adult
Adult
Adult
Adult

Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Behavior (Figs. 1, 2)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)
Ephys ⫹ Behavior (Figs. 1–6)

Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Figs. 3A, 4 –6)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3B)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Caras and Sanes, 2015 (Fig. 3C)
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Current manuscript
Caras and Sanes, 2017 (Figs 1–3)
Caras and Sanes, 2017 (Figs 1–3)
Caras and Sanes, 2017 (Figs 1–3)
Caras and Sanes, 2017 (Figs 1–3)

Ephys, Electrophysiology.

Animals were judged to be fully trained on the task after performing at
least three procedural training sessions, and achieving a d⬘ ⱖ 1.5 in at
least one session. While the majority of animals reached this training
criterion within three sessions, some adults and one adolescent required
additional training sessions, usually due to insufficient motivation to
perform (i.e., a lack of thirst). During the final procedural training session, and throughout all subsequent perceptual training sessions, the
sound intensity was set at 45 dB SPL.
After animals were fully trained on the task, they began perceptual
training, during which a range of AM depths was presented to each
animal to elicit a psychometric function. Because the decision axis for
AM depth is logarithmic (Wakefield and Viemeister, 1990), depths are
presented throughout this manuscript on a decibel scale (relative to
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100% depth). Thus, 0 dB refers to fully modulated (100% depth) AM
noise, and increasingly negative numbers refer to shallower depths.
These decibel (re: 100% depth) values are not to be confused with decibel
SPL values, which indicate the root mean square intensity of the stimulus.
During each perceptual training session, five AM depths, chosen to
bracket each individual’s detection threshold (defined as the depth at
which d⬘ ⫽ 1), were presented in descending order (interspersed with
three to five safe trials, as described above). Values were adjusted as
needed during each session to maintain threshold bracketing. All animals
received 5–10 perceptual training sessions (except for one animal used
for electrophysiological recording, for which we were only able to obtain
data over 3 sessions). The starting stimulus values for the second session
and beyond were determined by the behavioral performance of the animal during the previous session. Maintaining threshold bracketing
within and across sessions allowed for the acquisition of full psychometric functions, but required the presentation of some depths that were
unlikely to be detected by the animal. Delivering aversive feedback during such trials would likely cause the animal to peck intermittently at the
spout (which would artificially inflate the false alarm rate) or to avoid
drinking all together. To avoid these possibilities, the shock was delivered
only for the highest three depths presented at any given time. This approach was validated by a previous study (Buran et al., 2014a), which
confirmed that the animals do not become additionally conditioned to
the presence or absence of the shock.
To quantify psychometric thresholds, hit rates were plotted as a function of modulation depth and fit with a cumulative Gaussian function
using a maximum likelihood approach. Fitting was performed using the
open-source package psignifit 4 for MATLAB (Schütt et al., 2016) using
the default priors of the package. After fits were generated, they were
transformed to the signal detection metric d⬘. For each fit, threshold was
defined as the AM depth at which d⬘ ⫽ 1.
Neurophysiology. Each animal used for electrophysiological recordings
was implanted with a 16-channel silicone probe array (catalog #A4x4-4
mm-200-200-1250-H16_21 mm; NeuroNexus) fixed to a custom-made
microdrive in left core auditory cortex as previously described (Caras and
Sanes, 2017; see Fig. 3B). We targeted left auditory cortex because it is
more sensitive to time-varying stimuli than the right auditory cortex
(Heffner and Heffner, 1984; Jamison et al., 2006; Wetzel et al., 2008).
Adolescents (n ⫽ 6) were implanted between P30 and P34. Adults (n ⫽
4) were implanted between P86 and P148. Animals were allowed to recover for 3 d before being checked for neural activity and were allowed a
full week of recovery before being placed on controlled water access.
Neural recordings were made from awake, behaving animals during
perceptual training sessions. Extracellular neural activity was acquired
via a 15-channel wireless headstage and receiver (model W16, Triangle
Biosystems). Signals were preamplified, digitized at 24.414 kHz (TB32
digitizer, Tucker Davis Technologies), and fed via fiber optic link to an
RZ5 processor (Tucker Davis Technologies).
For multiunit and single-unit analysis, signals were high-pass filtered
off-line (300 Hz; 48 dB/octave rolloff), and common average referencing
was applied to each individual channel as described in the study by Ludwig et al. (2009). Spikes were extracted at 4 –5 SDs above the background
noise using the algorithm described by Quiroga et al. (2004). Events
exceeding 20 SDs were rejected as artifacts. Extracted spike waveforms
were peak aligned, hierarchically clustered, and sorted in principal component space using the open-source package UltraMegaSort 2000 for
MATLAB (Hill et al., 2011). A cluster was defined as a single unit if it met
the following criteria: (1) clear separation from neighboring clusters in
principal component space; (2) ⱕ10% of spikes violating the refractory
period; and (3) ⱕ5% spikes missing, as estimated from a Gaussian fit of
the spike amplitude histogram (Caras and Sanes, 2017). Clusters that did
not meet these criteria were considered multiunits. Because of the limited
number of single units in our dataset (Table 2), we pooled single units
and multiunits for all analyses reported here. The firing rate (in spikes per
second) of each unit was calculated over a 1 s window for both modulated
and unmodulated noise stimuli. Firing rates were converted into d⬘ as
follows:

Table 2. Breakdown of the number units (animals) recorded from each day of
perceptual training
Adolescent
Adult

Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Subtotal
Total

Single unit

Multiunit

Single unit

Multiunit

12 (5)
12 (3)
10 (5)
7 (3)
3 (2)
7 (2)
4 (3)
55 (5)

42 (5)
39 (6)
35 (6)
33 (5)
29 (5)
27 (3)
37 (5)
242 (6)

2 (2)
3 (1)
2 (1)
0 (0)
3 (3)
1 (1)
2 (1)
13 (3)

29 (4)
32 (4)
37 (4)
33 (4)
29 (4)
28 (3)
30 (3)
218 (4)

297 (6)

d’ ⫽

231 (4)

2 共  FRAM ⫺ FRunmod)
,
FRAM ⫹ FRunmod

where FRAM and FRAM represent the mean and SD of the firing rate
for a single modulation depth, and FRunmod and FRunmod represent
the mean and SD of the firing rate elicited by the unmodulated noise.
Neural d⬘ values were fit with a logistic function using a nonlinear leastsquares regression approach (MATLAB function nlinfit) and validated as
previously described (Caras and Sanes, 2017). The neurometric threshold was defined as the AM depth at which the fit crossed d⬘ ⫽ 1 with a
positive-going slope. Units were considered responsive to AM noise if
they generated a valid fit and either (1) elicited a valid threshold or (2) all
d⬘ values were ⱖ1. For the latter case, the threshold was defined as the
lowest AM depth presented during the training session.
Histology. At the end of all electrophysiology experiments, animals
were administered an overdose of sodium pentobarbital (150 mg/kg,
i.p.), and perfused with 0.01 M PBS and 4% paraformaldehyde. In some
animals, recording sites were marked via an electrolytic lesion by passing
current (7 mA, 10 s) through one contact site immediately before perfusion. Brains were extracted, postfixed in 4% paraformaldehyde, and either (1) embedded in 6% agar and sectioned at 60 m on a benchtop
vibratome (Leica); or (2) cryoprotected in 30% sucrose, embedded in a
10% gelatin/30% sucrose mixture, postfixed in a 10% neutral buffered
formalin/20% sucrose solution for at least 48 h, and sectioned at 40 m
on a benchtop freezing microtome. Sections were mounted on gelatinsubbed slides, dried, and stained for Nissl. Bright-field images were acquired at 2⫻ using a high-resolution slide scanner (VS-120, Olympus) or
upright microscope (Revolve, Echo). Electrode tracks were reconstructed off-line and compared with a gerbil brain atlas (Radtke-Schuller
et al., 2016) to confirm placement within core auditory cortex. Animals
that participated in the behavioral-only experiments (Figs. 1, 2) were
euthanized at the completion of the experiment via CO2 overdose.

Experimental design and statistical analysis
These experiments examined the effect of one between-subjects factor
(age) and one within-subjects factor (time, quantified as either procedural trial number or perceptual training day) on behavioral and/or
neural performance, as assessed by one or more dependent variables
(e.g., d⬘, trial number to reach training criterion, firing rate, and/or
threshold). Both males (n ⫽ 24) and females (n ⫽ 28) were used. As no
effect of sex was observed for our neural or behavioral measurements, we
pooled data from males and females for all statistical analyses. For a
detailed breakdown of the number of units collected from each animal
on each day of the electrophysiological experiment, see Table 2.
Statistical analyses were performed using JMP Pro version 13.2.0 or
14.1.0 (SAS Institute) or MATLAB (MathWorks). Only responsive units
(as defined above) were included in the electrophysiological analyses. No
subjects were excluded from the study. Throughout this manuscript, n
refers to the number of animals and/or the number of multiunits or
single units. Sample sizes for each analysis are presented in the text,
figure, and/or figure legend. For normally distributed data (assessed using the Shapiro–Wilk test), mean values are reported or shown in figures,
and parametric tests were used to assess statistical significance. For nonnormally distributed data, median values are reported or shown and
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Figure 2. Perceptual learning is slower in adolescence. A, Experimental timeline for perceptual training. Ages depicted here are exact for young animals, and approximate for adolescent and adult
animals (for details, see Materials and Methods). B, During perceptual training, warn trials consisted of AM noise across a wide range of depths. Depths are presented in decibels relative to 100%,
such that 0 dB is fully modulated noise. C, A representative psychometric function from the first day of perceptual training is plotted for one adolescent (subject ID 203447). Threshold was calculated
as the AM depth at which the fitted function crossed d⬘ ⫽ 1 (dashed line). D, Perceptual learning trajectories are plotted for each age group as a function of the log of the perceptual training day.
Individual trajectories are indicated by thin lines. Squares and error bars represent the mean ⫾ SEM values; thick straight lines represent the linear regressions. The slope, Pearson’s r, and statistical
significance for each fit is presented in the top right corner of each plot. The number of subjects in each group is indicated above each panel. Note that for visual clarity, the y-axes are truncated at
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E, Bootstrapped slope distributions are plotted for each age group. See text for statistical details. unmod, Unmodulated noise.

nonparametric tests were used. Data dispersion is reported either by
plotting the full distribution of data or by showing SEs (for normally
distributed data) or quartiles (for non-normally distributed data). Appropriate tests were used when data were found to violate assumptions of
equal variance (as assessed using Levene’s test). When data were found to
violate assumptions of sphericity (as assessed using Mauchly’s test), the
Greenhouse–Geisser correction was applied. Statistical significance was
assessed at an ␣ level of 0.05, and only two-tailed tests were used. When
required, the ␣ level was adjusted to correct for multiple comparisons
using the Holm–Bonferroni method. Statistical details for each analysis
can be found in the text of the Results section.

Data and code accessibility
All raw data, analysis code, and relevant descriptions can be found at
https://nyu.box.com/v/caras-sanes-2019.

behavioral sensitivity (d⬘) improved with practice (mixed-model
ANOVA, F(71,3479) ⫽ 63.00, p ⬍ 0.0001). However, there was no
effect of age on the overall rate or magnitude of procedural learning (F(2,49) ⫽ 0.645, p ⫽ 0.529). Thus, all age groups required a
similar number of trials to reach the performance criterion to
begin psychometric testing (d⬘ ⱖ 1.5; Kruskal–Wallis test by
ranks, H ⫽ 3.23, p ⫽ 0.199; Fig. 1E) and achieved comparable
high maximum d⬘ values (Kruskal–Wallis test by ranks, H ⫽ 2.91,
p ⫽ 0.233; Fig. 1F ). Improved behavioral performance was attributable to both a significant increase in hit rate (mixed-model
ANOVA, F(72,3528) ⫽ 63.13, p ⬍ 0.0001) and a decrease in false
alarm rate (F(71,3479) ⫽ 3.55, p ⬍ 0.0001). These results indicate
that developmental age is not associated with the ability of animals to learn an AM detection procedure.

Results
The rate and magnitude of procedural learning are similar
across age
To determine whether procedural learning (Ortiz and Wright,
2009) changes during development, we trained and tested 52
gerbils on an auditory detection task in which subjects were required to withdraw from a lickspout when a safe stimulus (unmodulated broadband noise) smoothly transitioned to a warn
stimulus (0 dB at 100% AM noise; Fig. 1 A, B). Animals began
procedural training at the following three different ages (Fig. 1C):
P38 (“young,” n ⫽ 19), between P41 and P49 (“adolescent,” n ⫽
17), and P96 or later (“adult,” n ⫽ 16). As illustrated in Figure 1D,

Perceptual learning is slower in adolescent animals
Following procedural acquisition, animals began perceptual
training (Fig. 2A), during which they were challenged with a
range of AM depths (Fig. 2B). The data from each training session
were fit to generate a psychometric function, and threshold was
defined as the AM depth at which the fitted function crossed d⬘ ⫽
1 (Fig. 2C). On the first day of perceptual training, all age groups
displayed similar thresholds (one-way ANOVA: F(2,49) ⫽ 1.12,
p ⫽ 0.333; Fig. 2D), with a trend toward unequal variances (Levene’s test: F(2,49) ⫽ 2.95, p ⫽ 0.062). Between-subject variability
was greatest in young animals, and gradually decreased with age
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(young, SD 2.85; adolescent, SD 2.43; adult, SD 1.77). This finding is consistent with previous reports of increased threshold
variability in developing nonhumans (Sarro and Sanes, 2010,
2011; Green et al., 2016) and children (Walker et al., 2006; Halliday et al., 2008; Moore et al., 2008, 2011; Huyck and Wright,
2011, 2013).
In general, individual animals improved with practice, such
that thresholds decreased across training sessions. However,
while the majority of young and adult animals showed clear improvement, many adolescents showed little to no change or
showed erratic learning trajectories (Fig. 2D). At the group level,
this age-related difference in perceptual learning was significant
[ANCOVA, age ⫻ log(day) interaction, indicating unequal
slopes; F(2,428) ⫽ 3.80, p ⫽ 0.023]. Young animals improved at a
rate of ⫺5.40 dB/log(day) (Pearson’s r ⫽ 0.48, p ⬍ 0.0001), similar to adults [⫺5.63 dB/log(day); r ⫽ 0.57, p ⬍ 0.0001]. In contrast, adolescents improved at half that rate [⫺2.74 dB/log(day);
r ⫽ 0.24, p ⫽ 0.006]. Post hoc pairwise analyses confirmed that
adolescents learned significantly more slowly than individuals in
either the young (t ⫽ 2.27, p ⫽ 0.024) or adult (t ⫽ 2.52, p ⫽
0.012) groups, whereas young and adult animals learned at similar rates (t ⫽ 0.20, p ⫽ 0.840).
To obtain a better estimate of the regression slope for each age
group, we performed a bootstrap analysis in which a random
sample of subjects was drawn from each age group with replacement, the thresholds for each of these new samples were fit with a
linear regression against log(day), and the slope of each regression was calculated. This process was repeated 10,000 times to
generate a distribution of slope values for each age group. As
shown in Figure 2E, the adolescent distribution is shifted toward
shallower values. Welch’s ANOVA (which accounts for unequal
variances across groups) revealed a significant effect of age
(F(2,18382) ⫽ 17968.19, p ⬍ 0.0001). A Tukey’s HSD post hoc
analysis revealed that the average adolescent slope [⫺2.73 dB/
log(day)] was approximately half as steep as that of the adult ( p ⬍
0.0001) or young animals ( p ⬍ 0.0001).
Slower adolescent learning could not be explained by insufficient practice, as adults and adolescents completed a similar
number of warn trials per session [median (range); adolescent, 73
(24 –98); adult, 67 (50 –124)]. Only the young group differed,
performing significantly more warn trials per session [82 (69 –
105); Kruskal–Wallis test by ranks, H ⫽ 9.47, p ⫽ 0.009] likely as
a result of a decreased ability to retain water between sessions.
Similarly, the results are unlikely to be attributed to differences in
the sensitivity to the aversive shock, as false alarm rates were
equivalently low for all groups [median (range); young, 3% (1–
9%); adolescent, 3% (0 –7%); adult: 4% (0 –9%); Kruskal–Wallis
test by ranks, H ⫽ 0.299, p ⫽ 0.861]. In addition, we calculated
the response bias (as measured by the signal detection metric C,
which corresponds to the location of the decision criterion) for 2
stimulus values presented throughout training (⫺9 and ⫺12 dB).
A mixed-model ANOVA revealed that there was no effect of age
on C (⫺9 dB: F(2,19) ⫽ 0.997, p ⫽ 0.388; ⫺12 dB: F(2,22) ⫽ 1.27,
p ⫽ 0.300) and no age ⫻ day interaction (⫺9 dB: F(18,171) ⫽ 1.32,
p ⫽ 0.182; ⫺12 dB: F(18,198) ⫽ 0.670, p ⫽ 0.839). Together, these
findings suggest that it is unlikely that nontask factors affect behavioral strategy differently at each age.
To determine whether poor adolescent performance was attributable to any specific data points exerting an oversized influence on the adolescent regression, we calculated the Mahalanobis
distance (MD) for each data point in the adolescent group. The
MD, a test for multivariate outliers, is a measure of the distance
between a single data point and the overall bivariate [i.e., log-
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(day) ⫻ threshold] distribution, and takes into account the shape
of the correlation structure (e.g., spherical, ellipsoidal). A data
point with a greater MD value than the rest of the sample is
suggestive of an outlier. One data point, which corresponded to a
threshold of ⫺25.6 dB from a single adolescent animal on the
second day of perceptual training was identified as a likely outlier.
When this point was removed from the adolescent dataset, the
general finding still held true [ANCOVA age ⫻ log(day) interaction indicating unequal slopes: F(2,427) ⫽ 3.12, p ⫽ 0.0454]. None
of the other adolescent data points deviated from the MD distribution and thus were not considered outliers.
Together, these findings indicate that perceptual learning
skills follow a nonlinear developmental trajectory, consistent
with reports that learning capabilities are diminished during adolescence (Huyck and Wright, 2011, 2013; van der Schaaf et al.,
2011; Pattwell et al., 2012; Lukács and Kemény, 2015; Knoll et al.,
2016).
Adolescents display reduced cortical activity compared
with adults
Our behavioral results suggest that the neural mechanisms supporting perceptual learning are diminished during adolescence.
We explored this possibility by implanting a subset of adolescent
(n ⫽ 6) and adult (n ⫽ 4) animals with 16-channel electrode
arrays to wirelessly record single-unit and multiunit activity from
left core auditory cortex as animals underwent perceptual training (Fig. 3 A, B). Note that we limited this analysis to the first 7 d
of perceptual training because we only had neural data from two
adults on days 8 –10. We recorded from a total of 528 AMresponsive units (adolescent, n ⫽ 297; adult, n ⫽ 231) across 7 d
(for full details, see Table 2).
We first examined whether adolescent and adult auditory cortical neurons differed in their firing properties at the start of
perceptual training. We limited this initial analysis to multiunit
data collected on the first day of perceptual training (adolescent,
n ⫽ 42 of 297 units; adult, n ⫽ 29 of 231 units; Table 2) because
single-unit and multiunit firing rates often differ by an order of
magnitude. As illustrated for two representative units in Figure 3,
C and D, AM noise elicited robust, time-locked responses from
both age groups. However, the distribution of maximum-evoked
multiunit spike rates was shifted toward lower values in adolescents (median ⫽ 46.5 Hz; range ⫽ 4.27–101 Hz) compared with
adults (median ⫽ 65.5 Hz; range ⫽ 6.83–185 Hz; Welch’s t test,
t(38.66) ⫽ 2.05, p ⫽ 0.048; Fig. 3E). Similarly, adolescent multiunit
responses were lower across the range of AM depths presented,
including unmodulated noise (mixed-model ANOVA, F(1,69) ⫽
7.14, p ⫽ 0.0094; Fig. 3F ). Despite these age-related differences in
firing rates, the relative change between unmodulated and AMevoked activity was similar in both groups, such that the average
neural d⬘ values were nearly identical (mixed-model ANOVA,
F(1,69) ⫽ 0.194, p ⫽ 0.661; Fig. 3G). The tight correspondence in
neurometric sensitivity translated to similar multiunit thresholds
across age (Wilcoxon rank-sum test, Z ⫽ ⫺0.310, p ⫽ 0.756; Fig.
3H ). Together, these results indicate that, despite diminished
spiking activity, adolescents and adults begin perceptual training
with similar cortical AM detection capabilities.
Adolescent cortical neurons display slower improvements in
sensitivity compared with adults
Our initial behavioral study revealed that adolescents display
slower and more erratic perceptual learning trajectories than
adults. Similar findings were observed with the smaller sample of
animals used for electrophysiological recordings. Figure 4A
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Figure 3. Adolescents display weaker cortical activity than adults. A, Wireless recordings were made from a subset of adolescent and adult animals implanted with chronic electrode arrays.
B, Representative Nissl-stained coronal sections from an adolescent and an adult animal are shown. Electrode tracks (red arrows) can be seen in left auditory cortex of both animals. C, Representative
raw voltage traces are plotted for an adolescent (subject ID 201700, channel 11) and an adult (subject ID 217821, channel 2), along with the warn stimulus envelopes (adolescent, ⫺6 dB; adult, ⫺12
dB; gray). Both recordings were obtained on day 5 of perceptual training. D, Raster plots (left) and poststimulus time histograms (right) are plotted for two different multiunits (adolescent subject
ID 201700, channel 1; adult subject ID 221955, channel 15). Plots are arranged in order of decreasing AM depth. Stimulus envelopes are pictured in gray. The activity depicted here, and for all
subsequent panels in this figure, was recorded on the first day of perceptual training. E, The distribution of maximum firing rates are plotted for all adolescent and adult multiunits. For this, and all
subsequent panels in this figure, the number of units (animals) are as follows: adolescent, 42 (5); adult, 29 (4). F, Adolescent and adult firing rates are plotted as a function of AM depth. Data are the
mean ⫾ SEM. G, Adolescent and adult firing rates were transformed into d⬘ values and plotted as a function of AM depth. Data are the mean ⫾ SEM. H, Thresholds for individual multiunits or single
units (circles) are plotted as a function of age group for the first day of perceptual training. Horizontal lines represent medians, boxes represent the 25th and 75th percentiles, and whiskers represent
the 5th and 95th percentiles. unmod, Unmodulated noise; Max, maximum; sp/s, Spikes per second.

shows the change in threshold relative to the first day of perceptual training for each implanted adolescent (Fig. 4A, pink lines)
and the full range of improvement for implanted adults (Fig. 4A,
gray shading). The majority of adolescents (five of six animals)
showed a delay in improvement, with some animals showing
little benefit of training, or a transient improvement followed by
worsening. To determine whether neural sensitivity also improved with training, multiunit and single-unit thresholds were
averaged within individual animals on each training day. As
shown in Figure 4B, the rate of auditory cortical improvement
was slower than adults in four of six adolescents. Behavioral and
neural trajectories were well matched within individual animals,
as can be seen by comparing lines with identical styles across
Figure 4A and B, and by examining Figure 4, C and D, which
illustrates that neural and behavioral thresholds were highly correlated both within the adolescent (Pearson’s r ⫽ 0.68, p ⬍
0.0001) and adult (r ⫽ 0.74, p ⬍ 0.0001) animals. At the group
level, average neural thresholds were significantly slower to improve in adolescents than in adults [ANCOVA age ⫻ log(day)
interaction indicating unequal slopes, F(1,10) ⫽ 11.71, p ⫽ 0.0065;
Fig. 4E]. While adult cortical thresholds decreased at a rate of

⫺7.0 dB/log(day) (Pearson’s r ⫽ 0.98, p ⫽ 0.0001), adolescent
neurons improved at less than half that rate [⫺2.9 dB/log(day);
r ⫽ 0.79, p ⫽ 0.0334], such that by day 7, neural thresholds were
significantly higher in adolescents than adults (adolescent,
⫺9.18 ⫾ 0.52 dB; adult, ⫺12.1 ⫾ 0.44 dB; Student’s t test, t(71) ⫽
⫺3.16, p ⫽ 0.0023). These findings are not likely to be explained
by differences in practice, as the number of warn trials did not
differ significantly during training (means ⫾ SD; adolescent,
60 ⫾ 20 trials/session; adult, 81 ⫾ 37 trials/session; mixed-model
ANOVA, F(1,7) ⫽ 1.50, p ⫽ 0.260). Together, these findings suggest that training generates smaller improvements in auditory
cortical sensitivity in adolescents, leading to a slower rate of perceptual learning.
Adolescent cortical neurons exhibit variable responses to
perceptual training
There are two possible explanations for the weak cortical improvement displayed by adolescents. First, similar to what we
have reported previously for adult animals (Caras and Sanes,
2017), the entire population of adolescent neural thresholds may
gradually improve throughout perceptual training, but the mag-
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Figure 4. Adolescents display slower improvements in cortical sensitivity compared with
adults. A, Behavioral improvement (i.e., the change in threshold relative to day 1) is plotted for
each individual adolescent animal implanted with a chronic electrode (pink lines) as a function
of the perceptual training day. The gray shaded region represents the full range of behavioral
improvement in adult implanted animals. B, Cortical thresholds were averaged across individual multiunits and single units within an animal. Neural improvement was calculated as the
change in the average neural threshold relative to day 1. Data from the same animal are depicted with identical line styles in A and B. The gray shaded region represents the full range of
adult neural improvement. C, Each circle represents the average neural threshold recorded in a
given animal during a single training session, plotted against the behavioral threshold of the
animal from that same training session. Neural and behavioral thresholds were highly correlated within adolescent animals. D, Same as C, but for adults. E, Neural thresholds were averaged across all animals in a given age group and plotted as a function of the log of the perceptual
training day. For the number of units and subjects recorded from on each day, see Table 2.

nitude of change for each unit may be comparatively smaller than
in adults. Alternatively, the adolescent neural population may be
variable in its response to training, with some individual units
displaying improved sensitivity and others displaying stable or
degraded sensitivity, such that the average improvement at the
group level is relatively small. To explore these two possibilities,
we calculated thresholds for individual multiunits (and a smaller
number of single units) that we were able to monitor across multiple training days. As shown in Figure 5A (right), nearly all adult
units had lower (better) thresholds on day 2 of perceptual training compared with day 1, as indicated by the fact that the majority
of points fall above the unity line. This threshold shift was significant (mean ⫾ SEM; day 1, ⫺6.76 ⫾ 0.97 dB; vs day 2, ⫺9.01 ⫾
0.76 dB; Student’s paired t test, t(15) ⫽ ⫺5.50, p ⬍ 0.0001). In
contrast, the response of individual adolescent units was more
variable (Fig. 5A, left), such that the overall threshold difference
between day 1 and day 2 was negligible (mean ⫾ SEM; day 1,
⫺6.69 ⫾ 0.60 dB; vs day 2, ⫺7.83 ⫾ 0.58 dB; t(32) ⫽ ⫺1.83, p ⫽
0.076). Similar results were observed as training continued (Fig.
5B–D). For example, while individual adolescent units were
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Figure 5. Adolescent neurons exhibit variable responses to perceptual training. A, Multiunit
(circles) and single-unit (triangles) thresholds from the first day of perceptual training are
plotted against thresholds from the second day of perceptual training. Only units that were
successfully monitored across multiple consecutive training days were included in this and all
subsequent panels in this figure. Data points falling above the line of unity (dashed line) are
units that improved from day 1 to day 2; data points falling below this line are units that
worsened. The number of units (animals) contributing to this dataset are as follows: adolescent,
33 (4); adult, 16 (2). B–D, Same as A, but for comparisons of day 1 with day 3 [B; adolescent, 27
(4); adult, 16 (2)], day 4 [C; adolescent, 19 (2); adult, 14 (2)], and day 5 [D; adolescent, 14 (2);
adult, 12 (2)]. The panels depicting adult data in this figure were originally published in the
study by Caras and Sanes (2017). *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001, ****p ⬍ 0.0001. n.s.,
not significant.

often found to exhibit stable or even poorer thresholds in later
sessions, by day 4 all adult units had improved. As a result of
this increased neural variability, the adolescent population
consistently exhibited smaller average improvements (as measured using Cohen’s d estimate of effect size) than adults (day
1 vs day 3: adolescent, t(26) ⫽ ⫺3.02, p ⫽ 0.0057, d ⫽ 0.52;
adult, t(15) ⫽ ⫺5.15, p ⫽ 0.0001, d ⫽ 0.84; day 1 vs day 4:
adolescent, t(18) ⫽ ⫺2.69, p ⫽ 0.0148, d ⫽ 0.76; adult, t(13) ⫽
⫺8.33, p ⬍ 0.0001, d ⫽ 1.2; day 1 vs day 5: adolescent, t(13) ⫽
⫺1.84, p ⫽ 0.0893, d ⫽ 0.55; adult, t(11) ⫽ ⫺8.55, p ⬍ 0.0001,
d ⫽ 1.5). These findings suggest that variable neuronal responses to training across the adolescent population contributes to slower average behavioral threshold improvements.
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Adolescent cortical neurons display increased trial-to-trial
variability and poorer signal-to-noise ratios
Our previous analysis of the adult data presented here (Caras and
Sanes, 2017) found that training enhanced neural sensitivity by
increasing the separability of warn-evoked and safe-evoked responses, effectively enhancing the signal-to-noise ratio. Therefore, we asked whether a similar process occurred in adolescents,

or whether training improved adolescent
neural sensitivity via an alternative approach, such as reducing trial-to-trial response variability (Dosher and Lu, 1998,
1999; Jones et al., 2013; Amitay et al.,
2014; von Trapp et al., 2016). To address
this issue, we first calculated the signal-tonoise ratio (mean warn-evoked firing
rate/mean safe-evoked firing rate) for
each individual multiunit and single unit
on each training day. Because stimulus
values were adjusted throughout training
to bracket behavioral thresholds (see Materials and Methods), we limited this analysis to one moderate AM depth (⫺9 dB)
that was presented in all sessions. Signalto-noise ratios gradually improved with
practice for both adolescents (Kruskal–
Wallis test by ranks, H ⫽ 16.62, p ⫽ 0.011;
Fig. 6A) and adults (H ⫽ 65.77, p ⬍
0.0001; Fig. 6B). However, the degree of
improvement was weaker in adolescents,
leading to a smaller signal-to-noise ratio
overall when collapsed across days (Wilcoxon rank-sum test, Z ⫽ 6.54, p ⬍
0.0001; Fig. 6C). Consistent with our previous report (Caras and Sanes, 2017),
training induced either marginal or no
systematic change in the average population firing rate (safe-evoked: adolescent,
H ⫽ 8.06, p ⫽ 0.234; Fig. 6D; adult, H ⫽
2.90, p ⫽ 0.821; Fig. 6E; warn-evoked: adolescent, H ⫽ 13.14, p ⫽ 0.041, Fig. 6F;
adult, H ⫽ 2.22, p ⫽ 0.898, Fig. 6G).
To assess trial-to-trial response variability, we calculated the coefficient of
variation (CV) for each unit. Adolescents
displayed steady safe-evoked (Kruskal–
Wallis test by ranks, H ⫽ 11.62, p ⫽ 0.071;
Fig. 6H ) and warn-evoked (H ⫽ 8.63, p ⫽
0.196; Fig. 6K ) CV values across days, as
did adults (safe: H ⫽ 3.61, p ⫽ 0.729; Fig.
6I; warn: H ⫽ 7.24, p ⫽ 0.299; Fig. 6L).
However, both safe (Z ⫽ ⫺2.70, p ⫽
0.0070; Fig. 6J ) and warn (Wilcoxon
rank-sum test, Z ⫽ ⫺3.82, p ⫽ 0.0001;
Fig. 6M ) CV values were consistently
higher in adolescents than in adults when
collapsed across days. Collectively, these
findings suggest that adolescent neural sensitivity is limited by both a poorer ability to
separate signal from noise and a greater
overall trial-by-trial response variability.

Discussion

Experience-dependent plasticity plays a
significant role in shaping the developing
nervous system, and is thought to support skill acquisition during
childhood. However, the capacity to learn is not fully developed
at birth, and instead emerges slowly through the juvenile period
(Moye and Rudy, 1987; Camp and Rudy, 1988; Overman, 1990).
Here, we found that perceptual learning of amplitude modulation detection follows a nonlinear developmental trajectory, such
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that learning skills are transiently diminished during adolescence.
By monitoring auditory cortical activity of developing and adult
gerbils as they trained on an identical task, we found evidence that
adolescent learning is associated with relatively weak trainingbased improvements in auditory cortical sensitivity. This limited
neural plasticity was explained, in part, by a greater similarity
between signal-evoked and noise-evoked neural responses, and
by higher trial-to-trial response variability. Below, we discuss
these findings in the context of the broader development and
learning literature.
Development of skill learning
Auditory perceptual learning follows a prolonged maturational
time course. Practice-based improvements on both temporal interval discrimination (Huyck and Wright, 2011) and backward
masked tone detection (Huyck and Wright, 2013) are slower in
adolescents than in adults. Similarly, in both rat (Dean et al.,
1990; Friedman et al., 2004) and gerbil (Green et al., 2016), perceptual learning on a gap detection task improves systematically
as animals mature. However, some forms of learning decline with
development. Songbirds, for example, learn to imitate the vocalizations of their tutor and are often capable of copying sounds
that do not exist in their species-specific repertoire (Baptista and
Morton, 1981; Woolley et al., 2010). In many species, this capacity for vocal learning is restricted to a specific early developmentally sensitive period (Marler and Tamura, 1964; Clayton, 1987).
In contrast, some sensory and cognitive abilities are only temporarily diminished during adolescence (Pattwell et al., 2013; for
review, see King et al., 2013, 2014; Hartley and Somerville, 2015).
For example, adolescent mice and humans display slower rates of
extinction learning for a previously conditioned fear response
compared with younger juveniles or mature adults (Pattwell et
al., 2012). A similar nonlinear developmental trajectory has been
described for facial recognition (Carey et al., 1980), decisionmaking (Cauffman et al., 2010; Somerville et al., 2010, 2011;
Decker et al., 2016), memory retention (McCallum et al., 2010),
memory retrieval (Pattwell et al., 2011), reversal learning (van der
Schaaf et al., 2011), and experiential learning (Decker et al., 2015;
Lukács and Kemény, 2015). Thus, the development of learning
does not follow a single trajectory, and is instead specific to a
particular percept, task, or cognitive process. Our behavioral
findings are broadly consistent with these studies. Auditory
perceptual learning followed a nonlinear developmental time
course, temporarily worsening during adolescence (Fig. 2).
Increased behavioral variability during development
Increased behavioral variability is a hallmark of auditory development and is well documented for both sensory thresholds (Allen and Wightman, 1994; Hartley et al., 2000; Walker et al., 2006;
Moore et al., 2008, 2011; Sarro and Sanes, 2010) and perceptual
learning trajectories (Halliday et al., 2008; Sarro and Sanes, 2010;
Huyck and Wright, 2011, 2013; Green et al., 2016). Consistent
with these findings, both young and adolescent animals displayed
a trend toward greater between-subject variance of AM detection
thresholds on the first day of perceptual training. Similarly, the
behavioral thresholds of individual adolescents in our study were
often quite variable across training and, in some cases, actually
worsened. These findings highlight the fact that naive sensitivity
does not always predict future performance, particularly during
development. Similar results, including reports of traininginduced perceptual degradation, have been observed in children
and animals training on a variety of auditory perceptual tasks
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(Moore et al., 2008; Huyck and Wright 2011, 2013; Green et al.,
2016).
Several theories have been advanced to explain this variability.
One possibility is that individuals of the same chronological age
may be at different maturational stages during training or testing.
In fact, there is high between-subject variability of the extent,
timing, and rate of maturation (Lloyd et al., 2014), particularly
with regard to the adolescent growth spurt (Sanders et al., 2017)
and puberty (Marshall and Tanner, 1969). Between-subject differences in sex-steroid hormone levels during adolescence are
likely to contribute to these findings, as they directly impact auditory function (for review, see Sisneros, 2009; Caras, 2013) and,
more generally, may contribute to the variable phases of brain
development observed across juveniles at a given age (Brown,
2017). Therefore, our observation that adult-like learning is observed in some immature subjects (Fig. 2D) is consistent with
previous behavioral findings (Halliday et al., 2008; Sarro and
Sanes, 2010; Huyck and Wright, 2011; Green et al., 2016).
Neural mechanisms contributing to poor adolescent
perceptual learning
In adult auditory cortex, training significantly improved the signal (mean warn-evoked firing rate) to noise (mean safe-evoked
firing rate) ratio of individual multiunits and single units. In
contrast, training had far less of an impact on adolescent units,
such that signal-to-noise ratios remained steady, or showed limited improvement with practice. When collapsed across days,
signal-to-noise ratios were significantly smaller in adolescents
than in adults. In addition, adolescent neural responses were
more variable across trials. Increased neural variability not only
limits sensory performance (Green and Swets, 1966; Buss et al.,
2006, 2009), but may impair behavioral improvement by generating an unstable and unpredictable percept (Amitay et al., 2014).
Together, these results support the notion that adolescent learning is limited by both a smaller difference between the discharge
rates evoked during warn and safe trials and greater internal
noise.
While young and adult animals learn at similar rates, it does
not necessarily mean that their underlying neural plasticity
mechanisms are identical. In fact, animals of different ages might
be using different neural strategies to improve their perceptual
performance. For example, one possibility is that young animals
rely more on plasticity in decision-making, such that the outputs
of auditory cortex are preferentially reweighted during training
(Dosher and Lu, 1998, 1999; Petrov et al., 2005; Law and Gold,
2008; Kahnt et al., 2011), while adults rely more on plasticity in
sensory representations. Adolescence may represent a transition
period during which neither strategy is optimally used, leading to
more variable learning abilities. Recordings from young animals
and from areas thought to be involved in decision-making, such
as posterior parietal cortex (Lyamzin and Benucci, 2018) would
shed more light on this issue.
Human studies suggest that cognitive factors may also explain
immature behavior. Individual children often show substantial
fluctuations in sensory thresholds within a single training session
and erratic learning trajectories (Halliday et al., 2008). Similar
findings have been observed in animal models (Green et al., 2016)
and are taken as evidence of pronounced fluctuations of the internal state. In addition, infants and children often display poorer
asymptotic performance than adults on psychometric auditory
detection and discrimination tasks, suggesting an inability to
maintain their focus (Bargones et al., 1995; Halliday et al., 2008).
Given that attention plays an important role in perceptual learn-
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ing (Shiu and Pashler, 1992; Ahissar and Hochstein, 1993; Polley
et al., 2006; Mukai et al., 2011; Szpiro and Carrasco, 2015), it is
conceivable that immature attentional resources or strategies
contribute to more variable sensory representations and learning
trajectories during development.
The maturational state of nonsensory mechanisms could
plausibly explain why adolescent neurons respond differently to
perceptual training. Processes such as attention (McAdams and
Maunsell, 1999; Petkov et al., 2004; Herrero et al., 2008; Cohen
and Maunsell, 2010), arousal (McGinley et al., 2015a,b), reward
(David et al., 2012), and expectation (Kok et al., 2012; Buran et
al., 2014b; Gavornik and Bear, 2014; Carcea et al., 2017) have all
been shown to have a direct impact on sensory gain, and are thus
likely mechanisms by which perceptual training enhances signalto-noise ratios. Indeed, our previous findings suggest that perceptual training strengthens the top-down networks that
modulate auditory cortical response properties (Caras and Sanes,
2017), and a similar mechanism may support visual perceptual
learning (Schäfer et al., 2007; Bartolucci and Smith, 2011; Byers
and Serences, 2012, 2014). Nonsensory mechanisms also influence trial-to-trial variability of sensory-evoked cortical responses
(Mitchell et al., 2007, 2009; Cohen and Maunsell, 2009; Goris et
al., 2014; McGinley et al., 2015a; von Trapp et al., 2016). For
example, attended stimuli elicit more reliable responses from
macaque V4 neurons (Mitchell et al., 2007). Similarly, an optimal
arousal level is significantly correlated with a lower variance of
auditory cortical neuron membrane potential (McGinley et al.,
2015a).
The anatomy (Rakic et al., 1986; Huttenlocher and Dabholkar, 1997; Giedd et al., 1999; Sowell et al., 2002), activation (Galvan et al., 2006; Qu et al., 2015), and functional connectivity (Gee
et al., 2013; Fareri et al., 2015; Heller et al., 2016) of the neural
pathways that subserve nonsensory mechanisms undergo a protracted development, with pronounced changes during adolescence (for review, see Somerville et al., 2010; Selemon, 2013;
Larsen and Luna, 2018). For example, longitudinal imaging has
shown that the volume of frontal lobe gray matter peaks at ⬃12
years of age in humans (Giedd et al., 1999). Similarly, Galvan et
al., 2006 found that adolescents display greater reward-based activity in the nucleus accumbens compared with children or
adults. Thus, immature or unstable top-down functionality may
contribute to the diminished capacity for signal-to-noise improvements, and immature neuromodulatory circuits may contribute to larger response variance in adolescent animals.
Relationship to previous developmental findings in gerbils
Perceptual learning of developing gerbils has been examined previously using an AM depth detection paradigm that is nearly
identical to the one we described here (Sarro and Sanes, 2010).
Consistent with our current findings, Sarro and Sanes (2010)
found that adolescent animals improved more slowly than adults.
However, there were several methodological differences between
their study and ours. First, the criterion for procedural training
was somewhat more stringent for the present study: animals were
required to complete at least three procedural training sessions,
achieving a d⬘ of ⱖ1.5 in at least one session, while Sarro and
Sanes (2010) only required animals to obtain 70% correct over 10
consecutive trials. Therefore, it is possible that animals in the
current study were better trained on the task before perceptual
training began. Second, the AM stimuli were presented in a different manner in each study. For example, Sarro and Sanes
(2010) used a randomized stimulus presentation order, with a
larger range of AM depths, to assess naive thresholds. This ap-
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proach induces greater uncertainty about the stimulus compared
with the method we used here (a limited number of depths spanning threshold, presented in a descending order). In addition,
Sarro and Sanes (2010) presented warn trials more rapidly than
we did (separating them by two to four safe trials, rather than
three to five safe stimuli, as we did here). Both of these factors
may have resulted in a more attentionally demanding task. Given
that attentional capabilities are slow to mature, as discussed
above, these methodological differences may have led to the relatively poor learning that Sarro and Sanes (2010) observed in all
immature animals. A final key difference worth highlighting is
the amount of practice each subject received on the task. Subjects
in the Sarro and Sanes (2010) study performed fewer trials per
session (20 –50 vs our 67– 81), and fewer sessions overall (5 d vs
our 10 d). Thus, young (i.e., preadolescent) subjects may require
more than a minimum amount of training to obtain adult-like
levels of performance and improvement.
Conclusion
Collectively, our findings support the idea that the development
of perceptual learning on an AM detection task is nonmonotonic,
displaying a temporary impairment during the adolescent period. This adolescent behavioral phenotype is associated with an
increased similarity between signal-evoked and noise-evoked
neural responses, and greater trial-by-trial response fluctuations,
both of which limit training-based improvements in auditory
cortical sensitivity. Together, these findings suggest that heightened neural variability during adolescence limits perceptual
learning and raise the possibility that other forms of implicit skill
learning are subject to similar constraints.
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