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ABSTRACT

Distinguishing between regular and irregular heartbeats,
conversing with speakers of different accents, and tun-
ing a guitar—all rely on some form of auditory learn-
ing. What drives these experience-dependent changes? A
growing body of evidence suggests an important role for
non-sensory influences, including reward, task engage-
ment, and social or linguistic context. This review is a
collection of contributions that highlight how these non-
sensory factors shape auditory plasticity and learning at
the molecular, physiological, and behavioral level. We
begin by presenting evidence that reward signals from
the dopaminergic midbrain act on cortico-subcortical
networks to shape sound-evoked responses of auditory
cortical neurons, facilitate auditory category learning, and
modulate the long-term storage of new words and their
meanings. We then discuss the role of task engagement
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in auditory perceptual learning and suggest that plasticity
in top-down cortical networks mediates learning-related
improvements in auditory cortical and perceptual sensi-
tivity. Finally, we present data that illustrates how social
experience impacts sound-evoked activity in the auditory
midbrain and forebrain and how the linguistic environ-
ment rapidly shapes speech perception. These findings,
which are derived from both human and animal models,
suggest that non-sensory influences are important regu-
lators of auditory learning and plasticity and are often
implemented by shared neural substrates. Application of
these principles could improve clinical training strategies
and inform the development of treatments that enhance
auditory learning in individuals with communication
disorders.

Keywords: Top-down, Experience, Reward, Task
engagement, Social context, Language
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INTRODUCTION

Auditory learning takes many forms. We routinely
acquire new words, generate associations between spe-
cific sounds and behavioral outcomes, and adapt to
new acoustic or linguistic environments. We can even
(with practice) improve our ability to detect sounds or
discriminate subtle differences in sound features. Audi-
tory learning is the behavioral manifestation of neural
plasticity—defined as experience-dependent changes in
neural circuits. Of broad interest here are the inputs to
the auditory system that enable auditory learning and
plasticity to occur. One clear contributor is the bottom-
up sensory input itself. This review instead focuses on
the contribution of top-down/non-sensory inputs from
outside the auditory system. We present a compila-
tion of research summaries that highlights the contri-
butions of three of these non-sensory factors: reward,
task engagement, and social or linguistic context. These
summaries are based on work presented at a symposium
at the Annual Mid-Winter Meeting of the Association
for Research in Otolaryngology in February 2021.

This collection opens with three contributions that focus
on the role of reward on auditory learning and plasticity.
Max Happel explores the influence of reward on auditory
plasticity by probing the impact of dopamine—a neuro-
transmitter implicated in reward signaling—on auditory
cortical physiology. In vivo recordings and optogenetic
manipulations in the Mongolian gerbil reveal that dopa-
mine modulates the activity of descending projections from
the auditory cortex to the auditory thalamus, which in
turn shapes bottom-up sensory representations and audi-
tory perception. In a related vein, Bharath Chandrasekaran
studies the role of reward provided by feedback on perfor-
mance in auditory category learning. Functional magnetic
resonance imaging (fMRI) in humans implicates descend-
ing projections from the auditory cortex to the striatum in
this process. Pablo Ripollés examines the contribution of
mtrinsically generated rewards in new word learning. Phar-
macological manipulations and fMRI in humans highlight
the interaction of dopamine and descending inputs from
the cortex to the hippocampus in facilitating the formation
of long-term memories for newly acquired words.

The next two contributions examine the influence
of task engagement on auditory learning and plasticity.
Beverly Wright probes the contribution of task engage-
ment to auditory perceptual learning in humans. Inter-
leaving periods of practice (a process that engages both
bottom-up and top-down inputs) and stimulus expo-
sure alone (a process that primarily engages bottom-up
inputs) reveal that top-down and bottom-up influences
can interact across time to generate learning. On a
similar note, Melissa Caras explores the contribution
of task engagement to auditory perceptual learning
in a non-human animal model. In vivo recordings of

auditory cortical activity during periods of practice and
stimulus exposure alone suggest that practice strength-
ens the top-down modulation of auditory cortical activ-
ity, leading to gradual enhancements in signal detection
and, ultimately, perceptual learning.

The final three summaries address the impact of social
and linguistic context on auditory learning and plasticity.
Laura Hurley and Sarah Keesom examine how early
social isolation alters auditory processing by focusing on
the influence of serotonin—a neurotransmitter implicated
in signaling social context—on auditory midbrain func-
tion. Voltammetry and immunohistochemistry experi-
ments reveal that early social isolation alters the dynamics
of serotonin release and enhances the response of audi-
tory midbrain neurons to serotonin. Luke Remage-Healey
examines the influence of estradiol—a hormone known
to signal social and reproductive context—on auditory
forebrain physiology and auditory learning. Electrophysi-
ological, behavioral, and pharmacological experiments
in zebra finches reveal that brain-derived estrogens act
like classical neuromodulators to shape sound encoding
and learning. Finally, Lori Holt explores how linguistic
context affects speech-perception learning. Behavioral
experiments in humans show that both long-term lin-
guistic experience and short-term manipulations of speech
statistics shape perception of accented speech.

In sum, this collection illustrates how three non-
sensory contributions (reward, task engagement, and
social or linguistic context) shape auditory plasticity and
learning in a variety of organisms (rodents, birds, and
humans), using a wide range of stimuli (tones and noise,
words, and non-human animal vocalizations), at multiple
levels (molecular, physiological, and behavioral). Increas-
ing cross-talk among researchers from different disciplines
is therefore likely to accelerate the development of novel
pharmaceuticals, biotechnologies, or training strategies
that restore and augment auditory skills.

ROLE OF REWARD IN AUDITORY LEARNING
AND PLASTICITY

Dopamine and Auditory Cortical Physiology:
Max Happel

The auditory cortex is located at a crossroad of ascend-
ing and descending brain circuits (Nelken 2020). The
cortical circuits receiving direct bottom-up input from
the auditory thalamus are the last station along the audi-
tory hierarchy where tonotopy still plays a major organi-
zational role. On the other hand, top-down, non-sensory
information reflecting learning, motor commands, and
behavioral choice can influence auditory cortical activ-
ity (Kuchibhotla and Bathellier 2018; Scheich et al.
2011; Zempeltzi et al. 2020). Many of these top-down,
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non-sensory influences are associated with the cortical
release of dopamine, a neurotransmitter implicated in
reward signaling (Salamone et al. 2005; Schultz 2015;
Vickery et al. 2011) and cortical learning-dependent plas-
ticity (Happel 2016).

We investigated the impact of dopamine on layer-
specific circuit processing in the primary auditory cortex
(Al) of Mongolian gerbils by current-source-density anal-
ysis (Brunk et al. 2019; Deliano et al. 2020; Happel et al.
2014). Optogenetic stimulation of the ventral tegmental
area, the primary source of dopaminergic input to Al
(Campbell et al. 1987), enhanced tone-evoked thalamo-
cortical input to the infragranular layers Vb/VIa and
boosted activity in the supragranular layers I/1I (Fig. 1).
Those cortical layers contain the densest expression of
dopamine receptors in auditory cortex (Brunk et al. 2019;
Campbell et al. 1987; Phillipson et al. 1987). Dopamine
has distinct influences on those two laminar circuits.
First, dopaminergic modulation in the infragranular lay-
ers (Vb/VlIa) affects local recurrent corticothalamic feed-
back (Happel et al. 2014). This feedback loop affects the
synchronization and amplitude of recurrent thalamocorti-
cal oscillations. For example, a time—frequency analysis

VTA MGB

Fic. 1. Local and global impact of dopamine on cortical process-
ing and learning. Auditory cortical (ACx) layers show a laminar
distribution of dopamine receptor types with high levels of D1-like
and D2-like receptors in infragranular layers Vb/Via (shaded red)
and higher levels of D1-receptors in supragranular layers I/Il (also
shaded red). Direct inputs of projection neurons from the ventral
tegmental area (VTA) to the auditory cortex (red arrows) terminate
in these layers and release dopamine when active. Dopamine
release enhances early synaptic activity in infragranular layers (red
versus blue evoked response curves in layer Vb/VIa). This enhance-
ment has been linked to strengthening of the recurrent activity
within the corticothalamic circuitry between ACx and the medial
geniculate body (MGB) (black arrows). Furthermore, VTA activity
prolongs corticocortical tone-evoked processing in the supragran-
ular layers (red versus blue evoked response curves in layer I/1I).
Dopamine may therefore support prolonged local input processing
of behaviorally relevant stimuli leading to potentially long-lasting
plastic adaptations of more global corticocortical networks.

revealed that dopamine led to an increase in stimulus
phase-locking in the high gamma band (75-110 Hz) in
thalamocortical input layers (Deliano et al. 2020) leading
to a gain of sensory inputs. Moreover, activation of these
circuits by direct stimulation enhanced, while lesion by
laser-induced apoptosis disturbed, salient auditory percep-
tion (Happel et al. 2014; Homma et al. 2017; Guo et al.
2017; Saldeitis et al. 2021), showing that infragranular
activity is indeed an essential entry point for sensory rep-
resentation. Second, after these local effects on sensory
input, dopaminergic modulation in the supragranular
layers (I/1I) broadcasts local columnar activity via more
long-range corticocortical circuits. This translaminar
change of cortical activity persists over more than 30 min
indicating that it is a long-lasting effect that transcends
the signaling of a mere phasic dopaminergic reward-pre-
diction error (Brunk et al. 2019). Such tonic dopamine
release during auditory learning has been reported dur-
ing early phases of acquisition learning, where correct
task predictions are still poor (Stark and Scheich, 1997).
Dopamine also effectuates protein biosynthesis-dependent
plasticity over training days (Schicknick et al. 2008) and
attenuates the rigid perisynaptic extracellular matrix
(Mitohner et al. 2020). In songbirds, it has been recently
demonstrated that dopamine release in sensory-processing
areas shapes the incentive salience of communication sig-
nals (Barr et al. 2021).

Taken together, our data suggest that dopaminergic
modulation of recurrent cortico-thalamocortical process-
ing via infragranular layers allows local sensory input to
recruit long-range corticocortical supragranular networks
and generate a salient sensory representation (Deliano
et al. 2020). Thus, our work suggests that dopamine
affects both local and long-range cortical circuits that
integrate bottom-up sensory input with top-down infor-
mation about behaviorally relevant non-sensory variables.
By modulating corticothalamic feedback, dopamine may
act as an ideal top-down regulator for active sensing and
sensory grouping, decision making, and learning-depend-
ent plasticity.

Cortico-striatal Networks in Auditory Category
Learning: Bharath Chandrasekaran

Our program of rescarch examines the role of non-sensory
cortico-striatal networks in mediating speech and auditory
category learning in adults. Anterograde tracing studies
in animals demonstrate robust (many-to-one converging)
connectivity between sensory association auditory cortex
and the non-sensory striatum, which includes the putamen
and the caudate nucleus (Yeterian and Pandya 1998). We
posit that these connections provide a crucial infrastruc-
ture for sound-to-reward mapping and enable the acquisi-
tion of auditory categories in adulthood (Chandrasekaran
et al. 2015; Feng et al. 2019). Our premise is as follows:
during infancy, speech sound category representations
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emerge within the association auditory cortex as a result of
statistical learning without feedback (Vallabha et al. 2007).
In contrast, during adulthood, auditory learning and plas-
ticity require some amount of feedback. Feedback process-
ing may be mediated by an implicit mapping between
sound and reward in cortico-striatal circuitry. To test the
premise that adult learners rely on non-sensory cortico-
striatal circuitry for auditory category learning, we used
functional magnetic resonance imaging (fMRI) to examine
the neural mechanisms underlying non-native speech cat-
egory acquisition (Yi et al. 2016). Monolingual American-
English speakers learned to categorize non-native Manda-
rin phonemic tones (Fig. 2A, right side) using a training
paradigm involving natural exemplars and trial-by-trial
feedback (Fig. 2A, left side). On each trial, participants
were instructed to classify a Mandarin phonemic tone as
belonging to one of four tonal categories. Visual feedback
immediately followed the categorization response, indi-
cating whether the participant was correct or incorrect.
Training engendered large individual differences in speech
category learning (Fig. 2B). Tone category representations
emerged within the auditory association cortex within a
few hundred training trials (Feng et al. 2019). Feedback
activated the non-sensory bilateral putamen, caudate
nucleus, and nucleus accumbens (Fig. 2C). Participants
who achieved greater categorization accuracy showed
higher activation within the non-sensory putamen at the
end of training. Moreover, the functional connectivity
between regions demonstrating emergent representations
(auditory association cortex) and the non-sensory putamen
increased over the time course of training. Individual dif-
ferences in structural connectivity between the superior
temporal gyrus (STG) and the putamen, measured by
diffusion tensor imaging, are associated with tone category
learning accuracy (Fig. 2D). We posit that the functional
and structural connectivity between the striatum and audi-
tory association regions is crucial for emergent category
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Fic. 2. Non-sensory contributions to non-native speech category
acquisition. A To examine sensory and non-sensory influences on
the learning of non-native Mandarin Chinese phonetic tones (tones
1-4), we leverage an auditory category training paradigm in the
MR scanner that uses trial-by-trial feedback (left side) and natural
exemplars of tone categories produced by Mandarin speakers (right
side). B Despite the same amount of training, there are large indi-
vidual differences in learning speed (LS) across participants. LS was
estimated by fitting each learner’s block-by-block accuracies (black

Individual learning speed

representations to ensure more accurate responses and
therefore ensure more reliable rewards. With emerging
expertise of the learner, the non-sensory cortico-striatal
systems may “train” the sensory auditory temporal lobe
networks to categorize information by validated rewards,
thereby driving auditory learning (Feng et al. 2019).

A better understanding of the non-sensory influences
on speech category learning has important implications
for optimizing training paradigms for adults. While most
adults can acquire novel speech categories, there are
large-scale differences in learning speed and the extent of
learning success, even in a relatively homogenous, neu-
rotypical population (Fig. 2B) (Llanos et al. 2020). Only
a small amount of this variability can be attributed to
individual differences in the robustness of emergent cat-
egory representations in the (sensory) associative auditory
cortex. Much more can be attributed to individual differ-
ences in non-sensory striatal activity, structural and func-
tional connectivity between sensory (auditory association
cortex), and non-sensory striatal regions (Yi et al. 2016).
Variability in performance may also reflect sub-optimal
training regimens that lead to inconsistent engagement of
the non-sensory cortico-striatal network across individuals
(Chandrasekaran et al. 2014). One simple way to optimize
training is to increase the engagement of the non-sensory
cortico-striatal network by manipulating the nature of the
feedback that is presented to the participant. Our prior
work has shown that auditory category training paradigms
in which feedback is provided immediately (within 500 ms
after a button press) and contains minimum information
content (“wrong”) result in greater categorization accuracy
for non-native Mandarin phonemic tones than training
paradigms in which feedback is delayed (1000 ms after
a button press) and contains full informational content
(wrong, the correct category is “2”) (Chandrasekaran et al.
2014). Immediate feedback is a critical requirement for
dopamine-mediated, non-sensory cortico-striatal learning
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dots) with a power function. Learning speed reflects initial learning
gain based on the same amount of training as well as the changes
in learning gain across subsequent training blocks. C Brain regions
implicated during sound-to-category training (associative audi-
tory cortex, blue; non-sensory striatum (caudate, putamen, nucleus
accumbens), gold). D Structural connectivity between associative
auditory cortex and putamen, measured via diffusion tensor imag-
ing (DTI), is significantly associated with individual differences in
tone category learning accuracy.
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(Maddox and David 2005). Minimal-information feed-
back, relative to full-information feedback, allows for less
effective hypothesis generation and testing, which in turn
allows for less interference from cortical networks involved
in an alternative learning process for learning speech cat-
egories: rule-based learning (Chandrasekaran et al. 2014).
Thus, simple training manipulations in the timing and
content of feedback can result in more robust engagement
of the non-sensory cortico-striatal circuitry and have the
potential to improve the efficiency of category training

paradigms.

Intrinsically Generated Rewards in New Word
Learning: Pablo Ripollés

One of the building blocks of language is the acquisition
of new vocabulary, a learning process that starts early
in childhood and is still present in later stages of life. In
a series of studies, we tried to bridge the gap between
language learning and reward, a cognitive function well-
known to modulate learning, memory, and decision-
making via top-down, non-sensory signals. To do so, we
developed a paradigm that mimics natural new word
learning from context (Mestres-Misse et al. 2007). Such
learning occurs without the need for explicit reward, feed-
back or external guidance and is related to vocabulary
growth across the lifespan (Nagy et al. 1985, 1987). In
our task, participants learned, without any kind of explicit
feedback, the meaning of new words that appeared at the
end of two sentences (e.g., 1, “Every Sunday the grand-
mother went to the jedin”; 2, “The man was buried in
the jedin”; jedin means graveyard). Importantly, research
shows that explicit rewards (e.g., money) can modulate the
entrance of new information into long-term memory by
tapping into a dopaminergic and reward-related circuit
formed by the substantia nigra/ventral tegmental area
complex (SN/VTA, midbrain), the ventral striatum (VS,
basal ganglia), and the hippocampus: the so-called SN/
VTA-Hippocampal loop (Adcock et al. 2006; Lisman and
Grace 2005). Based on the hypothesis that self-generating
the solution to a problem can be inherently rewarding,
we predicted that new word learning from context should
elicit an intrinsic, top-down, non-sensory signal that—as
is the case for explicit rewards—enhances learning and
memory by tapping into the SN/VTA-Hippocampal
loop. Our results showed that successful learning—in
the absence of external feedback—increased: (i) objec-
tive physiological markers of arousal (i.e., electrodermal
activity), (ii) subjective behavioral self-reports of reward
(i.e., pleasure), and (i), most importantly, brain activity
in both cortical areas related to language processing and
in the SN/VTA-Hippocampal loop (Ripollés et al. 2014,
2016). Moreover, our results showed that both increased
activity in, and functional connectivity among, the areas
of the SN/VTA-Hippocampal loop that were correlated
with better memory for the newly learned words after a

consolidation period (24 h; Ripollés et al. 2016). Finally,
by means of a double-blind, within-subject, pharmacolog-
ical study, our results showed that dopamine does actually
play a causal role in both the learning and consolidation
of the new words (Ripollés et al. 2018).

Taken together, our results suggest that language
learning from context can be its own intrinsic reward,
generating a top-down, non-sensory signal that modu-
lates the entrance of new words into long-term mem-
ory via dopaminergic and reward-related mechanisms.
Combining the present results with previous literature,
we put forward a neuroanatomical model showcasing
how intrinsic, top-down, non-sensory signals can pro-
mote learning and induce plasticity in cortical regions
related to auditory, speech, and/or language processing,
bridging the gap between language models of semantic
processing (Lau et al. 2008; Rodriguez-Fornells et al.
2009), hippocampal-neocortical accounts of memory
formation (Davis and Gaskell 2009; McClelland et al.
1995; Ullman 2020), and the role that reward, dopa-
mine, and the SN/VTA-Hippocampal loop play in
long-term memory (Lisman and Grace 2005; Fig. 3).

First, contextual information (processed by visual
and/or auditory regions; in yellow in Fig. 3A) is manip-
ulated until the appropriate meaning for the new word
is extracted (e.g., graveyard for jedin). This process is
subserved by a series of cortical areas, more active dur-
ing successful learning in our task (Ripollés et al. 2014),
that are part of a semantic network (Lau et al. 2008;
Rodriguez-Fornells et al. 2009. These regions are (see
Fig. 3A) the posterior middle temporal gyrus (access
and storage of lexical representations; light purple), the
angular gyrus and anterior temporal cortex (integration
and combination of the lexical representations into a
higher semantical context; dark purple), and key regions
within the prefrontal cortex (PFC): the anterior ventral
(top-down retrieval of lexical representations; light blue)
and posterior (selection among highly activated candi-
dates; very light blue) inferior frontal gyrus.

Second, once a mapping between a new word and its
meaning has been correctly assigned, this new informa-
tion (jedin means graveyard) is sent to the hippocampus
possibly via prefrontal-hippocampal connections for
entry into long-term memory (Davis and Gaskell 2009;
Preston and Eichenbaum 2013; Takahashi et al. 2007).
The information then enters the SN/VTA-Hippocampal
loop. In the downward arm of the loop (see Fig. 3B),
an intrinsic, reward-related signal enhances VS activity
which, in the upward arm of the loop, results in dopa-
mine being released at the hippocampus. The release of
dopamine ultimately enhances the probability that the
new information learned (jedin means graveyard) enters
long-term memory (Lisman et al. 2011).

Recall of the newly learned word (not shown) then fol-
lows hippocampal-neocortical accounts of memory forma-
tion, where memory recall for a new word relies on the
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A Mapping a new word to its meaning
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FiG. 3. A neuroanatomical model supporting cortical plasticity via
intrinsic, non-sensory modulatory signals during word learning. For
details, see text. A Contextual information is manipulated until the
appropriate meaning is extracted via the activation of a semantic
network. B Learning triggers a top-down, non-sensory, intrinsic

hippocampal-dependent replay of the cortical patterns
associated with that word-to-meaning mapping ecarly after
learning and becomes less hippocampal dependent after
consolidation (Davis and Gaskell 2009; McClelland et al.
1995; Ullman 2020).

ROLE OF TASK ENGAGEMENT IN AUDITORY
LEARNING AND PLASTICITY

Task Engagement and Auditory Perceptual
Learning in Humans: Beverly Wright

Perceptual learning refers to the improvement in percep-
tual skills with practice. In audition, perceptual learning

reward signal that aids the entrance of the new word into long-term
memory via the activation of the SN/VTA-Hippocampal loop. HP,
hippocampus; VS, ventral striatum; SN/VTA, substantia nigra/ventral
tegmental area; PFC, prefrontal cortex.

contributes to the acquisition of foreign languages, musi-
cal skills, and specialized auditory expertise such as recog-
nizing an irregular heartbeat. It also provides an avenue
for the treatment of auditory disorders.

We investigate top-down non-sensory influences on
auditory perceptual learning in humans. To do so, we
examine the effects of two types of experience on learn-
ing: practice and stimulus exposure alone. By practice
we mean performance of an auditory task that requires
a decision, such as selecting which of two sounds has a
higher frequency. By stimulus exposure alone, we mean
exposure to the sounds that are used during practice,
but without performance of the relevant auditory task.
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We assume that practice provides top-down input—
presumably related to arousal, attention, feedback or
reward (Fig. 4A, left side)—that is not provided by stim-
ulus exposure alone (Fig. 4A, right side).

In one line of work, we asked whether top-down input
was necessary for auditory perceptual learning. If so,
given our assumption, learning should occur from prac-
tice, but not from stimulus exposure alone. Consistent
with this prediction, we documented that practice, but
not stimulus exposure alone, induced learning on a non-
native phonetic classification task (Wright et al. 2015) and
a musical-interval discrimination task (Little et al. 2018)
(Fig. 4B, top two rows).

In another line of work, we asked whether top-down
input was necessary throughout the entire training period.
In this case, we took advantage of the observation that
sufficient practice, within a restricted time period, is typi-
cally required to induce an improvement in perceptual
skills that persists across days (Little et al. 2017; Wright
and Sabin 2007) (Fig. 4B, middle two rows). Knowing

A

Top down

that constraint, we provided too few trials of practice per
day to yield learning and replaced the remaining required
trials with stimulus exposure alone. The stimulus exposure
alone was presented in the background while the partici-
pant was engaged in a written symbol-to-number match-
ing task. If the top-down input from practice only affected
trials on which the task was actually performed, the addi-
tional stimulus exposures—which were ineffective to drive
learning on their own—should not contribute to learning.
Contrary to this prediction, combining periods of prac-
tice and periods of stimulus exposure alone induced or
enhanced learning on a variety of tasks including auditory
frequency discrimination (Wright et al. 2010), musical-
interval discrimination (Little et al. 2018), non-native pho-
netic discrimination (Wright et al. 2015), and adaptation
to foreign accents (Wright et al. 2015) (Fig. 4B, bottom
row). In related work, we reported that combining periods
of practice on two different tasks—frequency discrimi-
nation and temporal-interval discrimination—induced
learning on frequency discrimination, even though neither

Attention

Arousal || Feedback

Reward

Sensory input

Bottom up

Regimen Learning?
Stimulus exposure No B

Practice Yes
Practice No
Practice Exp.

Fic. 4. Temporal spread of top-down influences during percep-
tual learning. A Practice on an auditory task (left side) involves
both bottom-up sensory input (gray) and top-down input (yellow),
while stimulus exposure alone (right side) primarily involves bot-
tom-up sensory input. B Typically, stimulus exposure alone yields
no auditory perceptual learning (top row); rather, learning requires

Sensory input

Bottom up

Top down

Stimulus
exposure alone

Bottom up

Bottom up

a sufficient amount of practice (middle two rows), but insufficient
practice combined with stimulus exposure alone can yield learning
(bottom row). C Thus, it appears that the top-down input required
for learning can spread from a period of practice to infuse a period
of stimulus exposure alone, making the stimulus exposures alone
act as though they occurred during practice.
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experience yielded learning on frequency discrimination
on its own (Wright et al. 2010). We have also documented
similar findings in visual perceptual learning in humans
(Szpiro et al. 2014) as well as in odor learning in mice
(Fleming et al. 2019).

Most recently, we reported another version of these
training effects: semi-supervised learning (Wright et al.
2019). We showed, for a non-native phonetic classifica-
tion task, that trial-by-trial feedback about performance
(during which each response was labeled as correct or
incorrect) was necessary for learning, but that the feed-
back was not required on every trial. Rather, the com-
bination of practice trials with feedback (“supervised
trials”) and practice trials without feedback (“unsuper-
vised trials”) or the combination of practice trials with
feedback and stimulus exposure alone, yielded learning,
even though none of the individual experiences provided
in these combined regimens generated learning on their
own. Moreover, a relatively small but critical number of
trials with feedback were required to trigger learning,
but once learning was triggered, additional trials with
feedback did not increase the amount of learning. Thus,
feedback appears to engage an all-or-none process.

Overall, these results suggest that top-down input is
necessary for many forms of auditory perceptual learning,
but that the top-down input does not need to be actively
engaged on every trial during the training period. Rather,
it appears that the influences of top-down non-sensory
input and bottom-up sensory input spread over time to
promote learning (Fig. 4C). Knowledge of these dynam-
ics could help constrain the search for potential neural
mechanisms of learning, and markedly improve the effi-
ciency and effectiveness of perceptual training regimens.

Task Engagement and Auditory Perceptual
Learning in an Animal Model: Melissa Caras

As described in the preceding section, auditory per-
ceptual learning is the process by which individuals
improve their ability to hear subtle differences between
sounds (Irvine 2018). Previous investigations into the
neurobiological bases of auditory perceptual learning
revealed that learning-related improvements in sound
detection or discrimination may result from behavio-
rally relevant changes in sound-evoked responses within
the bottom-up auditory pathway (Bao et al. 2004; Beitel
et al. 2003; Recanzone et al. 1993). It is increasingly
clear, however, that non-sensory processes, like atten-
tion, play an important role in shaping auditory percep-
tual learning (Amitay et al. 2014) and learning-related
plasticity in the auditory cortex (Polley et al. 2006).
These findings raise the possibility that learning-related
changes may also occur within the top-down cortical
networks that project to the auditory system and modu-
late its response properties.

We explored this possibility by wirelessly recording
extracellular single- and multi-unit responses in the
auditory cortex of freely moving Mongolian gerbils as
they trained on an amplitude modulation (AM) detec-
tion task (Fig. 5A; Caras and Sanes 2017, 2019). We
found that auditory cortical neurons were more sensi-
tive to the target AM sound when animals performed
the task (Fig. 5B, blue), compared to when they were
exposed to the same AM sound in a passive, non-task
context (Fig. 5B, green). Critically, the magnitude of
this task-related enhancement increased over the course
of training (compare orange arrows in Fig. 5B): When
animals participated in the behavioral task, auditory
cortical neurons showed a strong effect of training, such
that neural AM detection thresholds improved across
several days. In contrast, the exact same neurons dis-
played a weak effect of training when their responses
were measured during passive sound exposure. As a
result, the act of engaging in the task had a larger
effect on auditory cortical responsiveness at the end of
perceptual learning than it did at the beginning (Caras
and Sanes 2017). This finding is consistent with the
idea that task performance engages non-sensory, top-
down brain networks that optimize auditory cortical
responses to behaviorally relevant stimuli (David et al.
2012; Fritz et al. 2003, 2005; Yin et al. 2014). More
importantly, these results suggest that training increases
the strength of these top-down modulations, leading to
gradual enhancements in auditory cortical sensitivity
that underlie perceptual learning (Fig. 5C).

This hypothesis is consistent with data from human
imaging experiments (Bartolucci and Smith 2011; Byers
and Serences 2014; Mukai et al. 2007; Niu et al. 2014),
electrophysiological recordings (Wang et al. 2016), and
computational models (Schifer et al. 2007), all of which
indicate that functional changes in top-down cortical net-
works make an important contribution to visual percep-
tual learning. Plasticity in top-down circuits may therefore
represent a general mechanism contributing to perceptual
learning across sensory modalities. Future experiments
that combine psychophysics, in vivo single-unit record-
ings, and projection-specific optical or chemical manipu-
lations in animal models are needed to reveal the specific
top-down brain regions and pathways involved.

ROLE OF SOCIAL AND LINGUISTIC CONTEXT
IN AUDITORY LEARNING AND PLASTICITY

Early Social Isolation, Serotonin, and the
Auditory Midbrain: Sarah Keesom and Laura
Hurley

Neuromodulatory pathways are an important class of
non-sensory inputs to the auditory system (Fig. 6). Multi-
ple neuromodulatory systems project to both peripheral
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Fic. 5. Top-down modulation of auditory cortex during percep-
tual learning. A Mongolian gerbils were trained to drink from a
spout while in the presence of continuous, unmodulated broad-
band noise and to cease drinking when the noise smoothly transi-
tioned to an amplitude modulated (AM) noise. Single- and multi-
unit recordings were obtained wirelessly from the auditory cortex
of these animals as they trained with a range of AM depths. Over
the course of several days of training, animals improve their abil-
ity to detect more subtle modulations, such that their psychomet-
ric thresholds gradually improve. B Amplitude modulation detec-
tion thresholds of auditory cortical neurons were lower (better)
when animals engaged in the AM detection task (blue) compared
to when they were passively exposed to sounds (green). This task-
related enhancement of auditory cortical sensitivity (orange arrows)
increased over the course of perceptual learning. C These data
are consistent with the idea that behavioral performance engages
higher order, top-down brain networks that enhance auditory cor-
tical responses and suggests that this putative top-down enhance-
ment grows larger over the course of perceptual learning. Adapted
from Caras and Sanes (2017).

and central auditory structures, providing information on
the external events and internal states that accompany
acoustic signals (Kandler 2019; Schofield and Hurley
2018). One of these modulatory pathways, the seroton-
ergic system, is closely involved in the brain’s response
to stressors and social stimuli. Information about these
contexts is conveyed to central auditory regions through
projections from serotonergic neurons in the dorsal raphe
nucleus (DRN; Klepper and Herbert 1991; Niederkofler
et al. 2016; Petersen et al. 2020). In the inferior colliculus
(IC), a midbrain nucleus that is a hub for both ascending

and descending auditory pathways, serotonin release
increases as mice interact with social partners (Hall et al.
2011). Across individuals, serotonin levels positively cor-
relate with social behaviors (such as investigation of a
social partner) and negatively correlate with antisocial
behaviors (such as aggression) (Hall et al. 2011; Hanson
and Hurley 2014; Keesom and Hurley 2016). Serotonin
therefore represents aspects of the quality of a current
social interaction.

In addition to responding to acute social contact, sero-
tonin-auditory interactions are highly sensitive to manipu-
lations of the social environment in early life. One such
manipulation is a period of postweaning social isolation
(Fone and Porkess 2008; Walker et al. 2019). In mice,
postweaning social isolation for a period of a month alters
both presynaptic and postsynaptic components of the ser-
otonergic system within the adult IC (Fig. 6). Presynaptic
targets of social isolation include the axons of serotonergic
neurons expressing the serotonin transporter (Fig. 6(1)).
Axon density is lower in mice that have been housed
individually than in mice that have been housed socially
(Keesom et al. 2018). A month of postweaning social iso-
lation also alters the functional dynamics of serotonergic
activity during subsequent social interactions (Fig. 6(i1)).
When presented with novel social partners in an acute
social encounter, mice that previously were housed indi-
vidually show a longer latency to reach peak serotoner-
gic activity in the IC relative to mice that were socially
housed (Keesom et al. 2017). Additionally, serotonergic
activity during acute social encounters in mice previously
housed in isolation is less correlated with social investi-
gation and overall activity than in socially housed mice
(Keesom et al. 2017). This result suggests that serotonin
release is less attuned to variation in the social environ-
ment following individual housing.

Postsynaptically, postweaning isolation influences the
responses of IC neurons to the manipulation of seroto-
nin (Fig. 6(ii1)), as assessed by the number of IC neu-
rons expressing cFos protein, an immediate early gene
product that is a proxy marker for recent neural activity
(Davis et al. 2021). The number of cFos-positive neurons
in the IC is sensitive to an interaction between social
isolation and serotonergic drugs. After the injection of
fenfluramine, a drug that causes the release of endog-
enous stores of serotonin, individually housed mice have
elevated numbers of cFos-positive cells in the IC relative
to socially housed mice. This difference does not arise
following injection of saline. The effect of social isola-
tion on cFos expression is therefore observed when the
serotonergic system is activated, as would naturally occur
during salient contexts including acute social interaction.
An additional aspect of this work that has not yet been
fully explored in the auditory system is that the response
of the serotonergic system to social isolation may depend
on sex. For example, the effects of individual housing on
the density of serotonergic axons in the IC are seen only
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FiG. 6. Model of non-sensory serotonergic input to the auditory
midbrain. Serotonergic axons from the dorsal raphe nucleus inner-
vate the inferior colliculus (IC), altering the responses of IC neurons
to sound through receptors expressed by IC neurons. Postweaning

in females, not in males (Keesom et al. 2018). Overall,
these findings demonstrate that the serotonergic system
plays a key role in representing information on social
experience in the auditory system.

Together with the growing evidence that social isola-
tion influences the perception of vocal signals and that
serotonin alters acoustically evoked responses (Schofield
and Hurley 2018; Screven and Dent 2019; Sturdy et al.
2001), our findings suggest that the serotonergic system
is one mechanism through which the experience of social
1solation 1s transformed into a neural state capable of
modulating auditory processing.

Estradiol and the Songbird Auditory Forebrain:
Luke Remage-Healey

Non-sensory influences on aural communication behaviors
are mediated by sex steroid hormones (such as androgens
and estrogens) in several species. For example, when a terri-
torial boundary is breached (either by a vocalizing neighbor
and/or an interloping human experimenter with a playback
speaker and a decoy), the territory holder responds with a
surge of sex steroid production by the gonads (Gleason et al.
2009; Wingfield 2005; Hirschenhauser and Oliveira 2006).
These steroids, in turn, circulate throughout the body, and
act on vocal-motor neural circuits, rapidly altering vocaliza-
tion production (Fernandez-Vargas 2017; Remage-Healey
and Bass 2006). Similarly, circulating sex steroids influence
hearing by acting on both peripheral sensory organs and
central auditory pathways (Caras 2013; Maney and Rodri-
guez-Saltos 2016; Sisneros 2009). Thus, by regulating the
levels of sex steroid hormones in circulation, non-sensory
environmental cues, like social or reproductive context,

fibers
- fewer

i) serotonergic
activity
- slower

iii) responses of
IC neurons to
serotonin

- enhanced

social isolation affects serotonin-auditory interactions at the level of
(i) the axons of serotonergic neurons, (ii) the dynamics of serotoner-
gic activity, and (iii) the responses of IC neurons to the pharmaco-
logical manipulation of serotonin.

shape both the production and the reception of vocal com-
munication signals.

In addition to circulating hormones, which are synthesized
in peripheral structures, the synthesis of some sex steroids,
like estrogens, also occurs within the brain itself, including
directly at neuronal synapses (Saldanha et al. 2011). There
is increasing evidence that local, brain-derived estrogens also
influence auditory physiology and perception (Fig. 7). The
ascending auditory pathway in songbirds (yellow arrows) and
descending song motor pathway (red arrows) are intercon-
nected, and one node in the circuit (NCM; caudomedial
nidopallium) is a hub for estrogen signaling. The expression
and activity of aromatase (the enzyme responsible for con-
verting androgens to estrogens) is particularly enriched in the
circuits that regulate communication behaviors: the human
temporal cortex (Azcoitia et al. 2011; Yague et al. 2006) and
the songbird auditory forebrain (Saldanha et al. 2000). In
addition, estrogen levels are rapidly elevated in the songbird
auditory NCM when juveniles and adults hear new songs
(Chao et al. 2014; de Bournonville et al. 2020; Remage-
Healey et al. 2008, 2012). Moreover, blockade of local estro-
gen synthesis within the NCM attenuates the expression of
activity-dependent immediate early genes (Krentzel et al.
2020) and fMRI responses to song in NCM (De Groof et al.
2017). The same manipulation also disrupts some aspects of
auditory learning in juveniles (Vahaba et al. 2020) and adults
(Macedo-Lima and Remage-Healey 2020). Brain-derived
estrogens also have acute actions on the sensory coding of
auditory neurons in NCM (Remage-Healey and Joshi 2012;
Remage-Healey et al. 2010; Krentzel et al. 2018; Vahaba
et al. 2017). These acute actions range from increased burst
firing of auditory neurons, elevated evoked firing rates, and
the propagation of modulated auditory representations into
sensorimotor networks.
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Fic. 7. Impact of estrogens on auditory processing and learn-
ing. Steroid hormones, such as the estrogen 17-beta-estradiol, can
regulate the songbird ascending auditory pathway (yellow arrows)
and descending motor pathway (red arrows; basal ganglia not pic-
tured for clarity). Estrogenic effects are mediated by circulation
from endocrine organs (lower left) and/or central brain synthesis
(upper left) via the enzyme aromatase (neuronal somas and pro-
cesses in cyan) in the caudomedial nidopallium (NCM, in green).
The resultant outcomes on NCM function include intrinsic plas-
ticity (top right; in vitro action potentials from NCM whole-cell
slice recordings, LRH unpublished observations), auditory cod-

Collectively, these results demonstrate that both circulat-
ing and brain-derived sex steroids fluctuate dynamically in
response to non-sensory cues and that brain-derived estrogens
can have minute-by-minute actions on auditory coding and
learning, similar to traditional neuromodulators (Fig. 7). In the
near term, it will be important to pin down potential inter-
actions between neuroestrogen signaling systems and more
“conventional” neuromodulators such as dopamine (Macedo-
Lima and Remage-Healey 2021) or serotonin (Hurley and
Sullivan 2012) to gain a more complete understanding of the
neural mechanisms of auditory plasticity and learning.

Linguistic Context and Speech Perception
Learning: Lori Holt

Speech perception is fundamentally shaped by experi-
ence. Listeners whose native language is English parse
sensory acoustic speech input distinctly from, say, listeners
whose native language is Korean or Swedish (Kuhl et al.
1992). Even more subtly, individuals who learn American
English perceive speech somewhat differently than those
who learn another dialect, like Scottish English (Escudero

Outcomes for auditory function
in NCM

40
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il Intrinsic plasticity
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Auditory coding

w Auditory learning
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ing (upper middle right; in vivo auditory-evoked activity of NCM
neurons; see Remage-Healey et al. 2010), auditory learning (lower
middle right; operant task for auditory playback and learning; see
Macedo-Lima and Remage-Healey 2020), and immediate-early
gene induction (lower right; EGR1 positive nuclei for song-exposed
males treated with saline or the aromatase inhibitor fadrozole; see
Krentzel et al. 2020). Also shown is auditory thalamus Ov (ovoida-
lis), thalamorecipient field L (L), caudomedial mesopallium (CMM),
caudolateral mesopallium (CLM), nucleus interface (Nif), senso-
rimotor HVC (proper name), and arcopallial song motor nucleus
(RA).

2001). The detailed acoustic patterns of speech that differ-
entiate languages and dialects mold speech perception; we
hear speech through the lens of this experience. Inasmuch
as these influences are language community—specific and
acquired, they also are unambiguously non-sensory. This
observation positions speech perception as an excellent
testbed for examining the influence of non-sensory influ-
ences on auditory learning and plasticity (Guediche et al.
2014; Lim et al. 2014).

Imagine a chat with a stranger who hails from a differ-
ent region. You each speak English with an accent shaped
by your local language community norms. Although
perhaps less apparent, you each perceptually parse speech
through the lens of these language community norms as
well. A rich research literature demonstrates that, at least
initially, the mismatch between the accented speech input
you hear and a perceptual system molded to your local
language community will challenge your chat. Accented
speech impairs speech comprehension. Nonetheless, there
is abundant evidence that comprehension improves with
exposure to accented speech (Bradlow and Bent 2008).
There are rapid adjustments in how sensory input is
mapped to speech perception as a function of experienced
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short-term acoustic input regularities, like those arising
in accented speech.

There 1s growing evidence that one contributor to
these improvements derives from non-sensory influ-
ences of the acquired, language-specific molding of
speech perception by long-term experience. In the lab-
oratory, it is possible to manipulate short-term speech
input regularities in a toy model of accented speech
and its perception. Figure 8A shows an acoustic space
defined by two dimensions, voice onset time (VOT)
and fundamental frequency (F0), each of which con-
tributes to the perception of American-English /b/
versus /p/ in an inter-dependent manner. Higher FOs
and longer VOTs lead to more /p/ judgments; lower
FOs and shorter VOTs lead to more /b/ judgments.
Moreover, when VOT is held constant and perceptu-
ally ambiguous, FO is sufficient to signal category mem-
bership as /b/ versus /p/ when the short-term input
regularities mirror those typical of English (Fig. 8B,
left top and bottom). This demonstrates that experi-
ence with the subtle correlation between FO and VOT
acoustics in the American English dialect has left its
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FiG. 8. Example of non-sensory influences on rapid plasticity
in speech perception. A The color scale shows categorization of
speech as beer or peer across an acoustic space defined by voice
onset time (VOT) and fundamental frequency (F0). Each dimension
contributes to categorization, and their influence covaries; longer
VOT and higher FO result in categorization as peer, whereas short
VOT and lower FO result in more beer responses. B This same
acoustic space can be sampled selectively (yellow-shaded exposure
stimuli, canonical) to convey the canonical English covariation of
VOTxFO or an “accent” that reverses the typical English covaria-
tion of VOT and FO (exposure stimuli in light yellow, reverse). Inter-
mixed test stimuli with a perceptually ambiguous VOT and either
high (blue) or low (green) FO reveal how the short-term regularities
conveyed by the canonical and reverse stimulus distributions affect
the impact of FO in signaling beer vs. peer. In the context of the

Exposure Stimuli convey short-term input regularity

fingerprint on native listeners’ speech perception, as
described above.

The right panels in Fig. 8B show what happens upon
introduction of an “artificial accent” (Fig. 8B, right top)
that reverses the canonical American-English correlation
between VOT and FO. The influence of FO in signal-
ing /b/ versus /p/ is rapidly re-weighted such that this
sensory evidence is no longer sufficient to signal a dif-
ference between /b/ and /p/ (Fig. 8B, right bottom).
Importantly, the strength of activation of the native lan-
guage—specific acquired non-sensory representations for
American English /b/ and /p/ predicts the magnitude
of the perceptual re-weighting (e.g., Idemaru and Holt
2011, 2014, 2020; Lehet and Holt 2020; Liu and Holt
2015; Zhang et al. 2021). Ultimately, this rapid adap-
tive plasticity in speech perception depends on the non-
sensory language community—specific speech processing
developed over long-term experience (Fig. 8C). The map-
ping from acoustic input to perception is not fixed, but
rather flexibly adjusts to accommodate short-term input
regularities in a manner that is guided by non-sensory
influences driving rapid, online learning.
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canonical English covariation, listeners rely on FO to categorize the
test stimuli as beer versus peer (B, bottom). In the context of the
accent conveyed by the reverse covariation of VOTxFO, the influ-
ence of FO is down-weighted such that it no longer signals category
membership (B, bottom). C Schematic illustration of the origins of
these effects shows sensory input dimensions that represent acous-
tic dimensions like FO (illustrated at the top in blue-to-yellow gradi-
ent from low to high FO) providing weighted input (more effective
inputs are illustrated as thicker lines) to non-sensory native lan-
guage representations learned across long-term experience with a
language community (here, /b/ versus /p/). These weighted inputs to
the speech sound representations are interactive and bidirectional
allowing for rapid online plasticity of the effectiveness of sensory
information in informing speech perception (as in panel B).
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DISCUSSION

It 1s increasingly accepted that top-down/non-sensory
influences play an important role in auditory learning
and plasticity. The present collection, drawn from stud-
ies of reward, task engagement, and social or linguistic
context, reveals four overarching lines of evidence that
are consistent with this idea:

1. Networks implicated in non-sensory signaling are
recruited during auditory learning (Chandrasekaran:
non-sensory striatum; Ripollés: SN/VTA-Hippocampal
loop).

2. Signaling molecules associated with non-sensory fac-
tors are released during learning or as a result of
experience (Hurley: serotonin; Remage-Healey: estra-
diol; Ripollés: dopamine).

3. Neuronal sound—evoked responses in the auditory sys-
tem are influenced by non-sensory factors, and this
influence changes over the course of learning (Caras/
Happel/Remage-Healey: auditory cortical/forebrain
responses; Hurley: auditory midbrain responses).

4. Several kinds of auditory learning are facilitated by
non-sensory factors (Caras/Wright: auditory percep-
tual learning; Chandrasekaran/Holt/Wright: speech
category learning; Ripollés: word learning).

The involvement of top-down/non-sensory factors in
shaping auditory learning and plasticity has theoretical
implications. For example, one fundamental question is
what determines whether learning will occur when a lis-
tener encounters a new auditory experience. While a
flexible system is important for the acquisition of new
memories, learning entails an energetic cost, and change
comes at the risk of eroding stable representations. The
observation that top-down/non-sensory inputs are impor-
tant for generating learning suggests that the presence or
strength of these inputs may be one means by which the
brain controls the balance of stability and plasticity in
the auditory system. Another such question concerns the
locus of neural plasticity during auditory learning. The
studies presented here suggest that this plasticity may not
be restricted to the auditory system. Rather, top-down/
non-sensory inputs to the auditory system might them-
selves change as a result of practice or experience. This
“top-down plasticity” might ultimately serve to shape
bottom-up auditory processing and contribute to audi-
tory learning.

The contribution of top-down/non-sensory inputs
to learning and plasticity also has clinical and practi-
cal implications. Failures of learning could be attributed
to the absence of top-down/non-sensory inputs, either
because the training regimen did not properly recruit
these inputs or because these inputs are in some way dys-
functional, being either absent or insufficiently engaged.

Failures of learning could also be attributed to an over-
reliance on previously established top-down/non-sensory
inputs, thereby preventing new activity patterns that
are required for learning. Therefore, the restoration or
augmentation of learning could potentially be aided by
designing training regimens, social environments, neuro-
active drugs, or brain computer interfaces that specifically
target top-down function.

In sum, this collection highlights contributions of top-
down/non-sensory influences on auditory learning and
plasticity, providing an avenue for treating auditory com-
munication disorders and optimizing the human percep-
tual experience.
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