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Introduction: The posterior tail of the striatum receives dense inputs from
sensory regions of cortex and thalamus, as well as midbrain dopaminergic
innervation, providing a neural substrate for associative sensory learning.
Previously, we have demonstrated that developmental hearing loss is associated
with aberrant physiological states in striatal medium spiny neurons (MSNs).
Methods: Here we directly investigated auditory associative learning
impairments in the striatum of adult Mongolian gerbils that underwent transient
developmental hearing loss or sham hearing loss during the critical period of
auditory development. We used electrophysiology to reveal significant changes
to neuronal population responses in vivo and intrinsic and synaptic properties
to medium spiny neurons in vitro as animals learned an appetitive "Go/No-Go”
auditory discrimination task. For in vivo experiments a 64-channel electrode
was implanted in the auditory region of the posterior tail of the striatum and
neuronal recordings were carried out as animals learned the task. For in vitro
experiments, corticostriatal slice preparations were made from animals on each
day of training.

Results: In naive animals from both groups there was limited to no phase locking
to either auditory stimulus in vivo, and long term depression resulted from
theta burst stimulation in vitro. Furthermore, intrinsic and synaptic properties
in normal hearing animals were unaffected; however, the hearing loss group
continued to show lowered synaptic inhibition, synaptic hyperexcitation, and
suppressed intrinsic excitability in the hearing loss group. Starting around
day 3-4 in both groups, the emergence of striatal medium spiny neuron
phase locking to the auditory conditioning stimuli was observed in vivo. This
occurred contemporaneous to an increased probability of theta burst induced
LTP during MSN whole cell recording in vitro, and acquisition of the task as
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the correct rejection response significantly increased in the behaving animals.
During the acquisition phase MSNs in the normal hearing group showed a
significant decrease in synaptic inhibition and increase in synaptic excitation
with no change to intrinsic excitability, while the MSNs in the hearing loss group
showed a significant increase in synaptic inhibition, reduction of synaptic hyper
excitability, and compensatory changes to intrinsic excitability that supported
normal action potential generation. In both groups, synaptic properties were
resolved to similar level of E/I balance that could be part of a conserved learning
state.

Discussion: These changes to the intrinsic and synaptic properties likely support
LTP induction in vivo and the strengthening of synapses between auditory inputs
and MSNs that facilitate neuronal phase locking. These findings have significant
implications for our understanding of striatal resilience to sensory impairments
in early life, in addition to establishing a granular understanding of the striatal

circuit changes that support reward driven stimulus—response learning.

KEYWORDS

posterior striatum, associative learning, auditory striatum, tail striatum, awake
behaving recording, in vivo electrophysiology, in vitro whole cell recording

Introduction

The basal ganglia is a series of subcortical structures that form
extensive recurrent loops with the neocortex, to govern behavioral
learning and dopamine-dependent extra-pyramidal motor output in
all animals (Groenewegen, 2003). Among the connected structures of
the basal ganglia, the striatum is essential for associative reward
learning, decision making, and habit formation (Arber and Costa,
2022; Cox and Witten, 2019; Redgrave et al., 2010). Many decades of
research have shown that the striatum receives extensive glutamatergic
innervation from cortex, thalamus, and amygdala (Arber and Costa,
2022; Doig et al., 2010; Huerta-Ocampo et al,, 2014). In mammals, the
density of these inputs creates areas of limbic, cognitive, sensory and
motor compartmentalization, as well as, regions of cross modal
convergence throughout the striatum (Aoki et al., 2019; Hooks et al.,
2018; Hintiryan et al., 2016; Voorn et al., 2004; Pan et al., 2010; Smith
etal, 2019, 2022, 2025; Mowery et al., 2011, 2017; Alloway et al., 2006,
2009; Foster et al., 2021; Hoffer et al., 2005; Hoffer and Alloway, 2001;
Paraouty and Mowery, 2021; Pidoux et al., 2011; Wright et al., 1999;
Ponvert and Jaramillo, 2019; Reig and Silberberg, 2014, 2016;
Shepherd, 2013; Zingg et al., 2014). Extensive striatal research has
focused on the somatosensory and motor regions of the dorsal
striatum (including dorsolateral regions of both caudate and putamen)
(Balleine et al., 2007). These regions were thought to be essential for
sensory motor associative learning involving action selection, goal-
oriented behaviors, and habit formation (Barnes et al., 2005; Costa
etal,, 2004; Jog et al., 1999; Kubota et al., 2009; Yin, 2010).

Early studies in rodents, non-human primates, and cats suggested
that there were auditory responsive regions in the posterior striatum
(Apicella et al., 1991a, 1991b; Winer, 2005; Arnauld et al., 1996;
LeDoux et al., 1991; Bordi and LeDoux, 1992; Hikosaka et al., 1989;
McGeorge and Faull, 1989; Zhong et al, 2014), which receives
overlapping innervation from somatosensory, motor, auditory and
visual cortex (Reig and Silberberg, 2014). Posterior striatum is a key
hub for associative sensory learning owing to the integration of
sensory information about the stimuli from numerous thalamic
nuclei, several primary and higher order sensory cortical regions, and
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basal lateral amygdala (Smith et al., 2019). Auditory-stimulus evoked
responses in the tail of the striatum are thus a mixture of inputs from
auditory thalamus and auditory cortex, allowing integration of
different stimulus features extracted from parallel processing streams
of information ascending the neuraxis, as has been described for
visual (e.g., “what” vs. “where: pathway; Kravitz et al., 2013; Felleman
and Van Essen, 1991) and somatosensory systems (Alloway, 2008;
Chen et al., 2019; Guo et al., 2018, 2019; Nardoci et al., 2022; Ponvert
and Jaramillo, 2019; Li et al., 2021). Furthermore, auditory cortical
glutamatergic inputs have been shown to drive associative decision
making in posterior striatum in mice (Znamenskiy and Zador, 2013).
Subsequent research has verified that the tail of the striatum is a key
structure for auditory based learning and behavior (Chen et al., 2022;
Cui et al., 2025; Druart et al., 2025; Li et al., 2024; Ogata et al., 2022;
Zhong et al., 2017). In fact, the excitatory drive from layer 5
corticostriatal neurons onto striatal medium spiny striatal neurons
(MSNs) provides a logical driver for the neural plasticity that induces
long term potentiation (LTP) and subsequently behavioral task
acquisition through learning (Ghosh and Zador, 2021; Xiong
etal., 2015).

The corticostriatal circuit has long been implicated in the etiology
of many major diseases and disorders (Shepherd, 2013). Dysfunction
along these circuits can lead to behavioral disorders, learning
impairments, and psychiatric manifestations. We have previously shown
that transient developmental hearing loss induces permanent changes
in the intrinsic firing properties of striatal MSNs, as well as their
excitatory and inhibitory synaptic function (Mowery et al., 2017). These
changes were hypothesized to be maladaptive with the idea that they
would likely lead to learning delays; however, instead we found that
cellular membrane physiology and inhibitory synapse impairments were
compensated for during a brief window of plasticity that allowed for
normal auditory learning (Paraouty and Mowery, 2021). This suggested
that striatal synaptic plasticity could drive associative conditioning in
both normal and disordered circuits. To further investigate this,
we carried out in vivo electrophysiological recordings and in vitro whole
cell recordings from MSNs in the auditory region of the posterior tail of
the Gerbil striatum, defined by the densest inputs from auditory cortex
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(Smith et al., 2025), while animals learned an auditory Go/No-Go
discrimination task with repeated training over weeks. We found that a
key feature of task acquisition is the emergence of the acoustic stimulus
representation in the neuronal population response of striatal MSN.
The in vitro results confirmed that a brief window of synaptic plasticity
involving changes to excitation and inhibition and cellular intrinsic
excitability occur approximate to increased expression of theta burst
induced LTP. Together, the learning induced changes could support
synaptic modifications, such as LTP, that facilitate stimulus response
encoding and strengthen MSN phase locking to the auditory stimuli.

Experimental methods
Animals

A total of (131) adult male (67) and female (64) Mongolian gerbils
(Meriones unguiculatus) were used in this study. All animals were housed
in the same vivarium facility under a 12/12 dark cycle with ad libitum
access to food and water. Twenty-four male (12) and female (12) animals
were used for the auditory discrimination learning task (NH Males = 6,
NH Females = 6, HL Males = 6, HL Females = 6). Six normal hearing
male (N=3) and female (N = 3) animals and six hearing loss male
(N =3) and female (N = 3) animals were implanted with 64 channel
electrode arrays in the posterior tail of the striatum and trained on the
auditory Go/No-Go discrimination task. Twenty-five normal hearing
male (N = 12) and female (N = 13) animals, and twenty-five hearing loss
male (N = 13) and female (N = 12) animals were used for in vitro whole
cell recordings of inhibitory post synaptic potentials (IPSPs). Eighteen
normal hearing male (N = 9) and female (N = 9) animals and eighteen
hearing loss male (N =9) and female (N =9) animals were used for
in vitro whole cell recordings of excitatory post synaptic potentials and
theta burst stimulation of MSNs across the corticostriatal circuit. Three
male (N = 1) and female (N = 2) animals were used for neuroanatomical
tracing of auditory cortex layer 5 inputs to the posterior tail of the
striatum. All animal procedures were performed in accordance with the
regulations of the Institutional Animal Care and Use Committee.

Neuroanatomical tracing

Gerbils were anesthetized (isoflurane 2%) and placed in a stereotaxic
frame. ACx stereotaxic locations were derived from coronal plane
coordinates in the Mongolian gerbil atlas (Radtke-Schuller et al., 2016).
The left temporal bone was exposed and a craniotomy was made at the
level of core ACx (—2.35 bregma, ~4.5 mm ventral from the edge of the
temporal bone), and the pipette was lowered orthogonally from the pial
surface (DV 800 pm). AAV (AAV1-CaMKII-eGFP, 7 x 1,012 vg/mL)
was injected with a Nanoject III (Drummond) at 10 nL per second until
350 nL was reached. The pipette was left in place for 20 min before being
slowly withdrawn. At the end of the experiments, all injected animals
were deeply anesthetized with an intraperitoneal injection of Euthasol
(300 mg/kg) and perfused with phosphate-buffered saline and 4%
paraformaldehyde. Brains were removed, postfixed, and sectioned at
50 pm on a benchtop vibratome (Pelco). All sections (50 pm) were float
mounted on pig gel slides (Southern Biotech) and coverslipped with
mounting medium (Invitrogen ProLong Antifade with DAPI). All
images were generated on a Revolve 4 fluorescent imaging system.
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Developmental hearing loss

Reversible hearing loss was induced by inserting a malleable plug
(BlueStik Adhesive Putty, RPM International Inc.) into the opening of
each ear canal starting at P11. Animals were checked daily, and
earplugs were adjusted to accommodate growth. Earplugs were
removed at P23. Earplugs attenuate auditory brainstem responses and
perceptual thresholds by approximately 35dB, depending on
frequency, and the attenuation is completely reversible (Mowery et al.,
2015; Caras and Sanes, 2015).

Auditory discrimination paradigm

Auditory decision-making was assessed in adult gerbils with an
appetitive Go/No-Go associative conditioning paradigm. Adult gerbils
were placed on controlled food access and trained to discriminate
amplitude-modulated (AM) broadband noise (100% modulation
depth) presented at 4 Hz (Go) versus 12 Hz (No-Go). Gerbil auditory
decision-making task performance was conducted in a behavioral
arena test cage (Med Associates) housed inside a sound-attenuating
cubicle (Med Associates) or a sound attenuation booth (Whisper
Room). Gerbils self-initiated trials by placing their nose in a nose port
for a minimum of 100 ms that interrupted an infrared beam and
triggered an acoustic stimulus. Each AM stimulus was initially
presented at a sound pressure level (SPL) of 75 dB under normal-
hearing conditions and had a 100 ms onset ramp to an unmodulated
period of 500 ms that transitioned to an AM signal which lasted for
1.5 s. During “Go” trials (4 Hz), animals could approach a food trough
on the opposite side of the cage and received a reward (20 mg dustless
pellet; Bio-Serv). During “NoGo” trials (12 Hz), animals had to
remove their snout and wait at least 600 ms before repoking to initiate
the next trial. Go trials were scored as a Hit (correctly approaching the
food trough) or Miss (failing to approach the food trough and
repoking). NoGo trials were scored as a correct reject (CR; correctly
repoking), or false alarm (FA; incorrectly approaching the food
trough). After an FA trial, the house lights were turned off and another
trial could not be initiated (time-out) for approximately 5 s. Behavioral
choices were required within 10 s of trial onset for all trials. All task
sessions are observed via a closed-circuit monitor. Stimuli, food
reward delivery, and behavioral data acquisition were controlled by an
iPac computer system running iCon behavioral interfaces (Tucker-
Davis Technologies). Auditory stimuli were presented from a
calibrated multifield speaker (MF1, Tucker-Davis Technologies)
positioned 12 cm above the center of the cage. Sound calibration
measurements were verified with a digital sound level meter prior to
daily testing (Larson Davis SoundExpert 821 ENV).

In vivo electrophysiological recordings

After behavioral shaping gerbils were implanted with a silicon
probe with 64 recording sites (Neuronexus, model A4x16-5 mm-50-
500-703-H64LP_30mm). The electrode array (4 shank, 16 channels/
shank) was implanted in the left posterior tail of the striatum
(posterior shank, bregma —2.15, 4.8 mm mediolateral, 3.0 mm
dorsoventral) and extracellular single and multi-unit activity was
recorded while animals learned the task. The probe was attached to a
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manual microdrive (Neuronexus, dDrive-XL) that allowed the
electrode to be advanced and retracted across depth. Probes were
inserted orthogonal to the pial surface. The surgical implantation
procedure was performed under isoflurane anesthesia. Animals
recovered for at least 1 week before being placed on controlled food
access for further training. At the termination of each experiment,
animals were deeply anesthetized with sodium pentobarbital (150 mg/
kg) and perfused with phosphate-buffered saline and 4%
paraformaldehyde. Brains were extracted, postfixed, and sectioned on
a vibratome (Leica). Brightfield images were inspected under an
upright microscope (Revolve Echo) and compared with a gerbil brain
atlas (Radtke-Schuller et al., 2016) to verify the targeted striatal region.

Physiological data were acquired from tethered freely moving
animals with a TDT digital head stage. Analog signals were preamplified
and digitized at a 24.414-kHz sampling rate (PZ5, Tucker-Davis
Technologies) and fed via fiber optic link to the RZ5 base station (Tucker-
Davis Technologies) and then a PC running synapse (TDT) for online
analysis, storage, and postprocessing. Offline, electrophysiological signals
were isolated, and cluster sorted into single units with Offline Sorter
software (Plexon). PCA sorting and the K-means method were used to
isolate putative medium spiny neurons. Manual inspection of spike
waveforms was conducted, aberrant spikes were removed, and well-
isolated single units that displayed clear separation in principal
component space, looked like medium spiny waveforms, and had spike
widths greater than 1.0 ms were kept. All single units had distinct cluster
cut waveforms and all interspike intervals were greater than 1 millisecond
(indicating no multi-units were present in the waveform). Offline sorter
putative single unit data was then exported to Neuroexplorer 5 (Plexon)
for further analysis. A limited number of putative fast spiking units were
recorded; however, there were not enough for meaningful
statistical interpretation.

Neural analyses

Timestamps were collected in Synapse and exported from Offline
sorter into Neuroexplorer 5 (Plexon). For each Go and NoGo trial a
time stamp (1.0 ms resolution) for the nose poke and trough entry
allowed temporal PSTH reconstruction of the neural response to nose
poke (—0.05 to 0s), sound onset (non-modulated, 0 to 500 ms),
modulated sound onset (0.5 to 1.5 s) and trough entry on Go hit and
No-Go false alarm trials (—0.5 to 1.0 s). For training day 1 to 10, all
units were normalized as neural probability PSTHs. To begin, all data
was displayed in a PSTH for the Go Hit Trials (NH = 4,298 putative
single units, HL = 4,451 putative single units). Data was curated so
that only sound responsive neural traces remained with positive
neural probability to the right of the nose poke between 0 and 0.5 s
above 95% CI (NH = 3,529 putative single units, HL = 3,629 putative
single units). Sound responsive units were largely recorded from
shank two, three, and four which were the most posterior, with few
units found on the first shank. This corresponds to the
compartmentalized inputs from the auditory cortex (posterior tail)
versus the somatosensory and motor inputs (anterior tail) in the
Mongolian gerbil (Smith et al., 2025). All sound responsive neural
data (NH = 2,147 putative single units, HL = 2,156 putative single
units) was batch analyzed in neuroexplorer and exported to excel for
analysis. In excel, data was divided into trial day (T1 to T10). Data was
subdivided by (1) nose poke/stimulus data (—0.5 to 2.5 s) for Go Hit,
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No-Go FA, and No-Go CR and (2) trough data (—0.5 to 1.0 s) for Go
Hit and No-Go FA. Trial days for behavioral epochs were based on
each animals’ daily performance (d-prime) and divided into naive (d-
prime <1.5, T1-T2), acquisition (first 2 days d-prime >1.5, typically
T3-T4 and sometimes T5), and mastery (d-prime >2.5, T9-T10). All
data was divided in this fashion on an animal-by-animal basis and
group analyzed. For the naive behavioral epoch there were 649
putative single units for the NH group and 674 putative single units
for the HL group. For the acquisition behavioral epoch there were 773
putative single units for the NH group and 745 putative single units
for the HL group. For the mastery behavioral epoch there were 725
putative single units for the NH group and 737 putative single units
for the HL group.

Corticostriatal brain slice preparation

Brain slices were obtained within 3 h after a training/testing
session. Animals were deeply anesthetized (isoflurane 3.0%) and
perfused with ice cold artificial cerebrospinal fluid (ACSE in mM: 125
NaCl, 4 KCl, 1.2 KH,PO,, 1.3 MgSO4, 26 NaHCO;, 15 glucose, 2.4
CaCl,, and 0.4 L-ascorbic acid; and bubbled with 95%0,-5%CO, to a
pH = 7.4). Brains were dissected into 4 °C oxygenated ACSF and a 25°
cut was made through the right hemisphere. Each brain was
vibratome-sectioned through the left hemisphere to obtain
300-400 mm peri-horizontal auditory corticostriatal slices. To
validate the thalamo-recipient ACx, a bipolar stimulating electrode
(FHC) was placed at the rostral border of the medial geniculate
nucleus (MG). MG-evoked field responses were recorded in the ACx.
To validate auditory cortico-recipient striatum, a bipolar stimulating
electrode was placed in layer 5 ACx and ACx-evoked field responses
were recorded in the striatum. Whole-cell current clamp recordings
were obtained (Warner PC-501A) from striatal MSNs at 32 °C in
oxygenated ACSE Recording electrodes were fabricated from
borosilicate glass (1.5 mm OD; Sutter P-97). The internal recording
solution contained (in mM): 5 KCl, 127.5 K-gluconate, 10 HEPES, 2
MgCl2, 0.6 EGTA, 2 ATP, 0.3 GTP, and 5 phosphocreatine (pH 7.2
with KOH). The resistance of patch electrodes filled with an internal
solution was between 5 and 10 M. Access resistance was 15-30 MQ
and was compensated by about 70%.

Cannula implantation and infusion

Gerbils were anesthetized (isoflurane 3%), placed in a stereotaxic
frame, and the parietal, occipital, and frontal bones were exposed. The
skin and sinew overlying these bones was removed from the surface
of the skull. Two anchor screws were placed over the frontal cortex
and secured in place with dental acrylic (Hereaus). Two craniotomies
were made for bilateral cannula insertion into posterior tail of the
striatum (Bregma —2.15, 4.8 mm mediolateral). Cannulae (Plastics
One) were lowered to a depth of 3 mm from the skull surface and
secured in place with dental acrylic (Hereaus). Dummy guide
cannulae were inserted and protective caps were locked in place.
Animals were allowed to recover for 1 week. Prior to all infusions,
animals were lightly anesthetized (~2% isoflurane). The concentration
of NMDA subunit antagonist AP5 (2-amino-5-phosphonopentanoate,
AP-5) was 50 pM. Two microliters of AP-5 was infused bilaterally at a
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rate of 0.5 pL per minute. The dose remained unchanged for all
animals across testing days. Following infusions, animals were allowed
to fully recover in a clean cage (for 15 min on average) before
behavioral testing began. After training finished brains were extracted,
postfixed, and sectioned on a vibratome (Leica). Brightfield images
were inspected under an upright microscope (Revolve Echo) and
compared with a gerbil brain atlas (Radtke-Schuller et al., 2016) to
verify the targeted striatal region.

In vitro whole cell current clamp
recordings

Recordings were digitized at 10 kHz on a Digidata 1550B
(Molecular Devices) and analyzed offline (Axon pClamp 11). All
recorded neurons had a resting potential <—50 mV and overshooting
action potentials. Frequency-current (F-I) curves were constructed
from the responses to 1,500 ms current pulses, in steps of 100
pA. Inhibitory postsynaptic potentials (IPSP) were evoked via biphasic
stimulation of local fast-spiking interneurons (1-10mV, 10s
interstimulus interval) in the presence of ionotropic glutamate
receptor antagonists (6,7-Dinitroquinoxaline-2,3-dione, DNQX,
20 pM; 2-amino-5-phosphonopentanoate, AP-5, 50 pM) while held at
—50 mV. The drugs were applied for a minimum of 8 min before
recording IPSPs. Importantly, all recordings were systematically
carried out at 200-300 microns from the right shank of the biphasic
stimulator. To control for differences in stimulation strengths,
we systematically employed 0.3-0.4 mA of stimulation to obtain a
plateau in IPSP amplitudes. Once this maximum was reached,
increasing stimulation did not lead to further increases in amplitude
or duration of IPSPs. Excitatory post synaptic potentials (EPSPs) were
evoked via biphasic stimulation of L5b ACx corticostriatal projection
neurons in regular ACSE, while held at —80 mV to remove inhibitory
potentials. To measure thresholds each cell was biphasically stimulated
between 0.1 and 1.0 mA (0.1 mA, steps). The step at which an action
potential was reliably measured was marked as the AP threshold. If
the cell did not fire an action potential by 1.0 mA stimulation the
threshold was marked as 1.0 mA to prevent damaging the L5b
pyramidal cells. A modified theta burst stimulation (TBS) protocol
was used to induce LTP (10 trains of 5 Hz; each train consisting of 10
pulses delivered over 2 s intervals; this was repeated 15 times at 10 s
intervals). Prior to TBS, 10 sub-threshold baseline EPSPs were
acquired at 30 s intervals using a stimulus intensity at which evoked
EPSPs were ~50% of the AP threshold or 0.5 mA if threshold was not
reached by 1.0 mA. During TBS, the same stimulus intensity was used
and cells were held at —50 mV to facilitate spiking. Following TBS,
cells were returned to their resting membrane potential for a few
minutes and then held at —80 mV. The pre-TBS stimulus 50%
threshold intensity was used to evoke 10 EPSPs at 30 s intervals every
5 min for 30 min. Data was acquired using a PC running Axon
pClamp 11 data digitization software (Molecular Devices) and
analyzed offline with Axon pClamp 11 macros.

Statistical analyses

All statistical analyses and figure generation were carried out in
JMP (SAS, Carey, NC, United States). Data was tested for normality
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and is displayed as mean + SEM. For in vivo comparisons between
more than two groups an ANOVA with Tukey HSD post hoc analysis
was carried out. This test allows for the substantive variance in
neural properties of single units between groups to be factored into
the statistical significance testing across multiple behavioral epochs
and between NH and HL groups. Comparison of in vitro data also
used the ANOVA plus Tukey HSD post hoc analysis to compare
across behavioral epochs and groups. For testing of behavioral
performance (d-prime) over days, a MANOVA with linear regression
analysis was used. Behavioral latency data used the ANOVA plus
Tukey HSD post hoc analysis to compare across behavioral epochs
and groups.

Results

Learning and behavioral performance did
not differ between NH and HL groups

In this study we identified a region of the posterior striatum that
receives dense innervation from auditory cortex (Figure 1A). We used
this feedback to develop an approach for electrode implantation to
record from medium spiny neurons in awake behaving animals.
64-channels electrode were implanted in this region in a total of 6 NH
(3M/3F) and 6 HL (3M/3F) animals (Figure 1B). Offline PCA analysis
with K-means sorting was used to identify putative medium spiny
neurons based on waveform duration and firing rates (Figure 1C).
Hearing loss was induced during the critical period of auditory
development by inserting earplugs that attenuate sounds by ~35 dB
SPL from P11 to P23 (Figure 1D). After this, earplugs were removed
and animals experienced normal hearing throughout juvenile
development and into adulthood (P23 to P86+). Normal hearing
animals were sham earplugged (handled and ears manipulated) from
P11 to P23 but otherwise had no manipulations to their hearing
experience. Once animals reached adulthood at P86 they were trained
on a Go NoGo auditory discrimination task and awake-behaving
recordings were carried out during 10 days of testing (Figure 1E).
Figure 1F shows the metric d-prime (4" = z (H) — z (FA)), which was
used to establish the criterion for task acquisition (d’ > 1.5 to < 2.5)
and mastery (d’ > 2.5). Animals were considered in the naive learning
state when d” was below 1.5 (T1-T2). The acquisition phase was based
on previous work showing a brief window of learning around day 3-4
of this paradigm (Gay et al., 2023; Paraouty and Mowery, 2021; Sarro
et al,, 2015) and behavioral curves from 31 (15 NH, 16 HL)
non-implanted animals (Figure 1G, left). Both the normal hearing
group and the hearing loss group learned the task at roughly the same
rates, achieving task acquisition between training day 3-4, and
mastery by training day 9-10. Individual animal data is plotted to
show the variance between animals across groups (transparent traces).
There was no significant difference in the learning rate between the
non-implanted NH and HL groups (F[1,29] = 1.43, p = 0.24). The
implanted animals also showed no difference in learning rates between
their non-implanted cohort for both normal hearing (F[1,19] = 016,
p =0.68) and hearing loss (F[1,20] = 0.56, p = 0.81) groups (Figure 1G,
right). Furthermore, Figures 1H,I shows that there were no differences
in latency to response for scoring a hit on the Go trials or a FA on the
NoGo trials (Tukey HSD: behavioral latency mean + SEM; Tables 1,
2). There were no significant differences between NH and HL animals
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FIGURE 1
Phases of learning for the Amplitude Modulated Go No-Go Behavioral Task. (A) Photomicrographs showing an AAV tracer injection (AAV1.CamkIl.GFP)
into primary auditory cortex and subsequent labeling in the posterior tail of the striatum. (B) Cartoon showing the placement of the 64-channel
electrode, and the relative positions of the recording sites recovered after histology. (C) Scatter plot showing the selection criterion for putative
medium spiny neurons after PCA sorting, with an exemplar MSN waveform. (D) Auditory brainstem response data showing the sound attenuation
produced by earplugging (top) and a diagram of the critical period hearing loss (bottom). (E) Diagram showing the behavioral paradigm. After nose
poke a Go or NoGo auditory stimulus will play directing the animal to go to the trough or initiate a new trial with a re-poke. (F) Diagram showing how
d-prime is calculated and how the behavioral epochs are determined by d-prime cutoffs. (G) Behavioral curves for the group average and individual
animal data for normal hearing and hearing loss animals with and without electrode implants. (H,l) Bar plots showing the average and individual animal
behavioral latency for Go and NoGo trials in normal hearing and hearing loss groups. *p < 0.05, **p < 0.01, and ***p < 0.001. FA, false alarm; CR,
correct rejection; NH, normal hearing; HL, hearing loss; Acq, acquisition.
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TABLE 1 In vivo comparisons across behavioral epochs in NH and HL animals for Go Trials.

(€17e]0] )

Measure

Trial phase

Mastery

Naive vs.

Acq

10.3389/fnsys.2025.1642595

Naive vs.
mastery

Acq vs.
mastery

Normal Latency to hit (sec) Trough arrival 2.53+0.03 2.67 £0.02 2.92+£0.03 #*,p <0.01 **,p <0.01 *%, p <0.01
hearing Latency to peak (ms) =~ Unmodulated sound 139 £27 248 + 31 126 + 31 #k p < 0.001 ns. p>0.1 #E p < 0.001
Peak firing rate (%) Unmodulated sound 25+2 12+2 23+3 **k, p<0.001 ns.p>0.1 ***k, p <0.001
Latency to peak (ms) Modulated sound 125+ 10 143+9 146 +9 **,p<0.01 **,p<0.01 n.s.
Peak firing rate (%) Trough arrival 54+13 44+12 60+1.3 **k, p<0.001 n.s. p>0.1 ***k, p <0.001
Hearing Latency to hit (sec) Trough arrival 2.60 + 0.04 2.81 £0.04 2.97 +0.03 *,p<0.05 *E p <0.001 *,p<0.05
loss Latency to peak (ms) | Unmodulated sound 119+ 19 237 +27 107 £21 **k, p<0.001 ns.p>0.1 ***k, p <0.001
Peak firing rate (%) Unmodulated sound 31+4 15+3 26+3 **k, p<0.001 ns. p>0.1 ***k, p <0.001
Latency to peak (ms) Modulated sound 117 £ 11 128 + 10 131+ 8 **,p <0.01 **,p <0.01 n.s.
Peak firing rate (%) Trough arrival 51+14 37+09 54+1.2 *#k, p<0.001 n.s. p>0.1 **k, p <0.001

Acq, acquisition; sec, seconds; ms, milliseconds; n.s., not significant.

across behavioral epochs for Go Trials; however, there were slightly
significant increases in latency for the HL group during acquisition
and mastery (Tukey HSD, behavioral latency mean + SEM: Table 3).

Striatal population-level phase locking to
auditory stimuli correlates with behavioral
task acquisition

For this study, recordings from 4,303 sound responsive putative
single unit medium spiny neurons were analyzed during the naive
(T1-T2; d-prime <1.5), acquisition (~T3-T5; d-prime 1.5 to 2.0),
and mastery (T9-T10; d-prime >2.5) phases of testing. Figure 2A
shows a diagram of the Go Trial outcomes (left, top) and the hit/
miss rates for all implanted animals (left, bottom). When an animal
entered the food trough on a Go trial they received a food reward.
Failure to visit the food trough after 10 s led to a miss and the
availability of the next trial. Figure 2A (right) shows the group
averaged stimulus response profiles (25 ms bins) for the neural
population responses to nose poke, sound onset (unmodulated),
and Go stimulus (4 Hz modulated) during Go Trials for the NH
and HL groups. The stimulus response clearly emerges during
acquisition and is refined and increased by mastery of the task.
Figure 2B shows a diagram of the NoGo Trial outcomes (left, top)
and the false alarm/correct rejection rates for all implanted animals
(left, bottom). On these trials the animals had two options. They
could either go to the food trough to score a false alarm and a time
out (5s of darkness and lack of trial initiation) or they could
repoke and immediately initiate a Go Trial. Figure 2B (right) shows
the group averaged stimulus response profiles (25 ms bins) for the
neural population responses to nose poke, sound onset
(unmodulated), and NoGo stimulus (12 Hz modulated) during
NoGo Trials for the NH and HL groups. Here you can see that
phase locking begins in the acquisition epoch and becomes robust
during mastery.

Figure 2C (left) shows the averaged peak response for each
stimulus modulation in the normal hearing and hearing loss group at
each behavioral epoch during the Go Hit trials. There is a clear
alignment and shift of the peak that moves slightly to the right of the
peak amplitude of the modulation for both groups as the task is
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mastered. Figure 2C (right) shows the averaged peak response for each
stimulus modulation in the normal hearing and hearing lost group at
each behavioral epoch during the NoGo false alarm trials. Unlike the
Go stimulus two peaks of activation occur left and right of the peak
amplitude of the modulation with the more prominent latency to peak
occurring to the right of the stimulus amplitude peak. Note that three
NoGo stimulus sweeps occur (~83.3 ms) for every single Go stimulus
(250 ms).

In Figure 2D (left) a cumulative frequency distribution for each
medium spiny neuron illustrates the shift from randomized peaks
(naive) to alignment to the right of the peak of the modulation for
both groups. For all medium spiny neurons there are significant
increases in the average peak latency between naive and acquisition
and naive and mastery phases of learning for both normal hearing
and hearing loss groups (Tukey HSD, latency to peak mean + SEM,
p-value; Table 1). There were no significant differences between NH
and HL animals across behavioral epochs (Tukey HSD, latency to
peak mean + SEM, p-value; Table 3). In Figure 2D (right) a
cumulative frequency distribution for each medium spiny neuron
illustrates the shift from randomized peaks (naive) to a small number
of cells aligning with the onset of the stimulus and most cells aligning
with the waning of the stimulus for both groups. Again, for all
medium spiny neurons there are significant increases in the average
peak latency between naive and acquisition and naive and mastery
phases of learning for both normal hearing and hearing loss groups
(Tukey HSD, latency to peak mean + SEM, p-value; Table 2). There
were no significant differences between NH and HL animals across
behavioral epochs (Tukey HSD: latency to peak mean + SEM,
p-value; Table 3).

Figure 3 shows heat maps for each animals’ neural activity
throughout training. Each heat map has been constructed by
standardizing the average neural activity for each animal on the
2 days of recordings used per each behavioral epoch. Thus,
represented is the T1/T2 (naive), T3/T4 (acquisition), and T9/T10
(mastery) data. In Figure 3A the heat maps for the NH group during
Go and NoGo trials across behavioral epochs are shown. Figure 3B
shows the average latency to peak firing rate for all NH animals
during each stimulus cycle and behavioral phase for the Go (left) and
NoGo (right) trials. Here the means are the same across behavioral
epochs; however, the variance decreases towards the phase locked
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TABLE 2 In vivo comparisons across behavioral epochs in NH and HL animals for NoGo Trials.

10.3389/fnsys.2025.1642595

Group Measure Trial phase Naive Mastery  Naive vs. Naive vs. Acq vs.
Acq mastery mastery
Normal Latency to FA (sec) Trough arrival 2.42+0.07 2.79 +£0.09 3.32+0.17 *,p<0.05 #%, p<0.01 #*, p<0.01
hearing Latency to peak (ms) Unmodulated sound 157 £29 256+ 3 154 + 31 *kE p<0.001 ns. p>0.1 ***k,p <0.001
Peak firing rate (%) Unmodulated sound 24+3 13+2 21+3 *kE p<0.001 ns.p>0.1 ***k,p <0.001
Latency to peak (ms) Modulated sound 33+£3 43+3 49+4 **,p<0.01 **,p<0.01 ns.p>0.1
Peak firing rate (%) Trough arrival 44+ 1.0 33+1.3 47 + 1.1 *E p<0.001 n.s.p>0.1 ***k, p <0.001
Hearing Latency to FA (sec) Trough arrival 248 £0.11 327+0.13 3.65+0.18 **,p<0.01 **,p<0.01 **, p<0.01
loss Latency to peak (ms) Unmodulated sound 111 +27 233 +35 115+ 32 *kE p <0.001 n.s.p>0.1 ***k, p <0.001
Peak firing rate (%) Unmodulated sound 26+7 11+5 23+5 *E p <0.001 ns.p>0.1 ***k, p <0.001
Latency to peak (ms) Modulated sound 31+3 39+3 47 + 4 **,p <0.01 **,p<0.01 n.s.p>0.1
Peak firing rate (%) Trough arrival 41+0.8 29+0.7 42+0.8 *kE p <0.001 n.s.p>0.1 **%k, p <0.001

Acq, acquisition;

sec, seconds; ms, milliseconds; n.s., not significant; FA, false alarm.

TABLE 3 In vivo comparisons between NH and HL animals across behavioral epochs.

Trial typ Measure Trial phase Naive NH = AcqNHvs. Mastery NH Naive vs. Mast vs.
vs. HL HL vs. HL naive mast
Go Trials Latency to hit (sec) Trough arrival 2.63+0.03 vs. 2,67 £0.02 vs. 2.92+0.03 vs. n.s.p>0.1 n.s.p>0.1 n.s. p>0.1
2.60 £0.04 2.81+0.04 2.97 £0.03
Latency to peak (ms) = Unmodulated sound 139 +27 vs. 248 + 31 vs. 126 + 31 vs. ns. p>0.1 n.s.p>0.1 n.s.p>0.1
119+ 19 237 +27 107 £ 21
Peak firing rate (%) Unmodulated sound 25+2vs.31+4 12+2vs. 1513 23+3vs. 2613 n.s.p>0.1 n.s.p>0.1 ns.p>0.1
Latency to peak (ms) Modulated sound 125+ 10 vs. 143 £ 9 vs. 146 £ 9 vs. ns.p>0.1 n.s.p>0.1 ns.p>0.1
117 £ 11 128 £ 10 131+8
Peak firing rate (%) Trough arrival 54+ 13 vs. 44 £12vs. 60 £13vs.54+2 n.s.p>0.1 ns.p>0.1 ns.p>0.1
51+4 37+£9
NoGo Latency to FA (sec) Trough arrival 242 +0.07 vs. 2.79 £0.09 vs. 3.32+0.17 vs. ns.p>0.1 #p<0.05 * p<0.05
Trials 248 +0.11 3.27+0.13 3.65+0.18
Latency to peak (ms) Unmodulated sound 167 £ 29 vs. 256 + 3 vs. 164 + 31 vs. **,p<0.01 **,p<0.01 **,p<0.01
111 £27 233+£35 115+ 32
Peak firing rate (%) Unmodulated sound = 24+3vs.26+7 | 13+2vs. 11£5 21£3vs.23%5 ns.p>0.1 ns.p>0.1 ns.p>0.1
Latency to peak (ms) Modulated sound 134+ 3 vs. 143 £ 3 s, 143 £ 3 vs. ns.p>0.1 ns.p>0.1 ns.p>0.1
143 +3 143 +3 143 +3
Peak firing rate (%) Trough arrival 44 +10vs. 34+ 13 vs. 47 £11vs. 54 +2 ns. p>0.1 ns.p>0.1 n.s.p>0.1
41+8 29+7

Acq, acquisition; sec, seconds; ms, milliseconds; n.s., not significant; FA, false alarm.

average just right of the peak of the stimulus for the Go Trials
(Levene F = 8.4, p<0.001) and the NoGo Trials (Levene F = 3.3,
P <0.001) on later cycles 4-6. In Figure 3C the heat maps for the HL
group during Go and NoGo trials across learning are shown.
Figure 3D shows the average latency to peak firing rate for all HL
animals during each stimulus cycle and behavioral phase for the Go
(left) and NoGo (right) trials. Again, the means are the same across
behavioral epochs; however, the variance decreases towards the
phase locked average just right of the peak of the stimulus for the Go
Trials (Levene F =2.0, p=0.024, p < 0.05) and the NoGo Trials
(Levene F = 2.6, p = 0.008, p < 0.05); especially for the later cycles of
the stimulus. In both the Go and the NoGo trials for each group
you can see the emergence of the phase locking to the stimulus rate
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(Go 4 Hz, No-Go 12 Hz). When viewed in this way, the neural
responses and phase locking to the AM stimuli initially occur near
the time of reward or lack of reward during task acquisition, but then
shifts towards the onset of the modulated signal as the animal
masters the task.

Significant changes to neural activity and
latency to peak firing rate accompany
behavioral acquisition

Figure 4 shows neural firing rate and latency to peak firing rates
during the nose poke and onset of unmodulated sound. An
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FIGURE 2
Neuronal stimulus response profiles during Go and NoGo Trials on the amplitude modulated discrimination task. (A) Diagram showing the behavioral
response possibilities during a Go trial (top, left) and the average hit and miss percentages for implanted NH and HL animals over 10 days of training
(bottom, left). (Right) Stimulus response profiles for Go trials during the three phases of learning for the normal hearing and hearing loss groups.
(B) Cartoon showing the possible outcomes of the NoGo Trial (top, left) and the group average incidence rates of FA and CR for NH and HL animals
over 10 days of training (bottom, left). (Right) Stimulus response profiles for NoGo trials during the three phases of learning for the normal hearing and
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FIGURE 2 (Continued)

hearing loss groups. (C) Plots showing the shifts in peak latency to firing for the 4 Hz Go stimulus (left) and the 12 Hz NoGo stimulus (right) throughout
learning for the NH and HL groups. (D) Cumulative frequency distributions of the neural population data for latency to peak firing in Naive versus
mastery phases of learning for NH and HL groups during Go (left) and NoGo (right) trials. FA, false alarm; CR, correct rejection; NH, normal hearing; HL,
hearing loss; Acqg, acquisition.
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FIGURE 3

Heat maps for NH and HL animals during Go and NoGo trials for each behavioral epoch. (A) Heat map showing the changes to sound induced neural
activity during go (left) and No-Go (right) trials in normal hearing animals as they progress from naive to mastery of the task. In each heat map the

2 days of data used in analysis for each animal for each epoch are displayed. (B) Scatter plots showing the latency to peak firing rates for all animals in
the NH group during Go (left) and NoGo (right) trials across behavioral epochs. (C) Heat map showing the changes to sound induced neural activity
during go (left) and No-Go (right) trials in hearing loss animals as they progress from naive to mastery of the task. In each heat map the 2 days of data
used in analysis for each animal for each epoch are displayed. (D) Scatter plots showing the latency to peak firing rates for all animals in the HL group
during Go (left) and NoGo (right) trials across behavioral epochs.
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interesting feature of this task is that the animal does not know what
type of trial has been initiated until the modulated sound stimulus
begins 500 ms after nose poke (Figure 3A). During the acquisition
phase there is no difference between the neural activity surrounding
the nose poke or the onset of the non-modulated sound stimulus.
There is a significant shift in latency and decrease in neural activity
during acquisition for the neural response to the onset to sound.
This can be seen in the group averaged stimulus response profiles
(25 ms bins) for the neural population responses to nose poke,
sound onset (unmodulated) for the Go and NoGo trials for both NH
and HL groups (Figure 4B). Figure 4C shows the significant increase
in latency for unmodulated sound onset and decrease in firing rate
for the NH and HL groups during Go Trials for each behavioral
epoch (Tukey HSD: mean + SEM; Table 1). Figure 4D shows the
significant increase in latency for unmodulated sound onset and
decrease in neural activity for the NH and HL groups during NoGo
Trials for each behavioral epoch (Tukey HSD: latency to peak mean
+ SEM, p-value; Table 2). There were significant differences between
NH and HL animals across behavioral epochs (Tukey HSD: latency
to peak mean + SEM, p-value; Table 3).

A transient reduction to neuronal
population response to reward (hit) and no
reward (false alarm) coincide with
behavioral acquisition

Figure 5 shows the neural response to both the food reward
during a Go Hit Trial and the lack of a food reward and timeout
associated with the No-Go false alarm trial. On each Go trial the
animal has the option to go to the food trough where they will receive
a food pellet (Figure 5A). During the acquisition phase the neural
response is significantly reduced for both the NH and HL groups. This
can be seen in the group averaged stimulus response profiles (25 ms
bins) for the neural population responses to reward for both groups
(Figure 5B). During the acquisition phase there is a clear reduction in
the firing rate after receiving the food reward in both groups. On each
NoGo trial the animal has the option to go to the food trough where
they will receive only a timeout punishment (Figure 5C). Like the Go
Trial, during the acquisition phase the neural response is significantly
reduced for both the NH and HL groups. For the group averaged
stimulus response profiles (25 ms bins) the neural population
responses to timeout for both groups show a clear reduction in firing
rate (Figure 5D). Comparison between the Go and NoGo Trial
population responses shows increases in neural activity (outside of
learning) regardless of whether a food reward is given. Figure 5E
shows changes to each medium spiny neurons peak firing rate during
the Go Trial for both the NH and HL group. There is a significant
overall reduction in firing rates for all sound responsive neurons
during the Go trials for both groups (Tukey HSD: firing rate mean +
SEM, p-value; Tables 1, 2). Figure 5F shows changes to each medium
spiny neurons peak firing rate during the NoGo Trial for both the NH
and HL group. Again, there is a significant overall reduction in firing
rates for all sound responsive neurons during the NoGo trials for both
groups (Tukey HSD: firing rate mean + SEM, p-value; Tables 1, 2).
There were no significant differences between NH and HL animals
across behavioral epochs (Tukey HSD: firing rate mean + SEM,
p-value; Table 3).
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Transient shifts in E/l tone create a brief
window of plasticity that supports long
term potentiation

Figure 6 shows in vitro whole cell recording data taken from
animals that were learning the task. In these experiments 72 adult
animals were trained on the task. Both normal hearing (18M/18F) and
hearing loss (18M/18F) animals were used. After each day of training
the d-prime was calculated and animals that met the criteria for the
naive (d’ < 1.5), acquisition (d" > 1.5 to < 2.5), and mastery behavioral
epoch (d" > 2.5) were randomly selected to undergo corticostriatal
slice preparation (Figure 6A). After verifying that the cell had a
healthy resting potential (at least —50 mV) intrinsic data was collected
for each cell. Figure 6B shows intrinsic firing properties, rheobase, and
resistance for each cell divided by behavioral epoch for each group.
Representative examples of a medium spiny neuron evoked response
to 300 pa and —30 pA is shown for the NH and HL group (left).
Figure 6B, middle shows input output functions for medium spiny
neurons in the NH and HL group during learning. For NH animals
comparison across the behavioral epoch shows no significant change
in firing curves at any point in learning; however, firing rates return
to normal physiological levels in the HL group during behavioral
acquisition (MANOVA regression: F/I slope; Table 4). There was a
significantly lower baseline firing rate induced by the developmental
hearing loss that led to significant differences in firing rates between
NH and HL animals in naive and mastery epoch animals (MANOVA
regression: F/I slope; Table 5). Figure 6B right, top shows average
rheobase data for normal hearing and hearing loss groups across
behavioral epochs. The NH group shows no changes; however, the
hearing loss groups higher rheobase is significantly reduced during
acquisition while firing rates increase to near normal levels (Tukey
HSD; rheobase mean + SEM; p-value; Table 4). Furthermore, there
were significant differences in rheobase between the NH and HL
group at baseline and after learning but not during acquisition (Tukey
HSD; resistance mean + SEM; p-value; Table 5). Figure 6B right,
bottom shows average membrane resistance data for normal hearing
and hearing loss groups across behavioral epochs. The NH group
shows no changes; however, the hearing loss groups lower resistance
is significantly increased during acquisition, again at the same time
that firing rates increase to near normal levels (Tukey HSD; resistance
mean = SEM; p-value; Table 4). There were significant differences
between the NH and HL group at baseline and after learning but not
during acquisition (Tukey HSD; resistance mean + SEM; p-value;
Table 5). For resting membrane potential (RMP) the NH group shows
no changes; however, the hearing loss groups hyperpolarized
membrane becomes briefly more depolarized to NH levels during task
acquisition. This lowers the inflection point faciliting action potential
generation (Tukey HSD; RMP mean + SEM; p-value; Table 4). Again
there were significant differences between the NH and HL group at
baseline and after learning but not during the acquisition phase
(Tukey HSD; RMP mean + SEM; p-value; Table 5).

For 36 male and female animals (18 NH, 18 HL) inhibitory post
synaptic potentials were collected by adding AMPA and NMDA blocker
to the solution and holding the cells at —50 m during local biphasic
stimulation which activated local fast spiking interneurons (Figure 6C).
Figure 6C middle shows the IPSP slopes for increasing biphasic
stimulation of the local striatal FS cells. For the Normal hearing group
there is a significant reduction in slope during acquisition and for the HL
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FIGURE 4
Changes in neural population response to nose poke and unmodulated sound during task acquisition. (A) Cartoon showing that the Go and NoGo trial
are approximately the same prior to modulated sound onset. As such the neural response to the nosepoke and non-modulated sound onset is the
same across Go and NoGo trials (right). Neural suppression and increased latency to peak firing occur during task acquisition for both trial types
(bottom). (B) Stimulus response profiles for Go (color) and NoGo (grey) trials during the three phases of learning for the NH and HL groups. (C) Bar
plots showing the group average and individual animal data for changes in latency to peak (top) and peak firing rates (bottom) across learning for the
Go and NoGo trials in the NH group. (D) Bar plots showing the group average and individual animal data for changes in latency to peak (top) and peak
firing rates (bottom) across learning for the Go and NoGo trials in the HL group. *p < 0.05, **p < 0.01, and ***p < 0.001. FA, false alarm; CR, correct
rejection; NH, normal hearing; HL, hearing loss; Acg, acquisition.

group there is a significant increase in slope during acquisition
(MANOVA regression: F/I slope; Table 4). Figure 6C right shows min
(top) and max (bottom) evoked IPSP data for the NH and HL groups and
representative examples of max evoked IPSPs at each behavioral epoch.
There is a significant decrease for NH animals evoked IPSP min and max
and a significant increase for the HL animals evoked IPSP min and max
during the acquisition phase (Tukey HSD; IPSP min, IPSP max, mean +
SEM; p-value; Table 4). There are also significant differences between NH
and HL animals at baseline, but not during acquisition (Tukey HSD;
mean + SEM; p-value; Table 5).

For 36 male and female animals (18 NH, 18 HL) excitatory
thresholds were collected by holding the cells at —80 mV and
biphasically stimulating L5 excitatory inputs (Figure 6D).
Figure 6D middle shows the EPSP slopes for increasing biphasic
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stimulation of the L5 ACx inputs. For the Normal hearing group
there is a significant increase and for the HL group there is a
significant decrease in slope during acquisition (MANOVA
regression: EPSP slope mean + SEM, p-value; Table 4). There were
significant differences between NH and HL animals at baseline, but
not during acquisition (MANOVA regression: EPSP slope; Table 4).
Figure 6D right shows min evoked EPSP (top) and AP threshold
(bottom) data for the NH and HL groups and representative
examples of min evoked EPSPs and AP thresholds at each
behavioral epoch. AP threshold was determined by increasing
voltage (0.1 mA steps) to determine the inflection points of the
action potential for each cell. There is a significant increase in NH
animals’ min evoked EPSP and decrease in AP threshold and a
significant decrease in HL animals’ min evoked EPSP and increase
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FIGURE 5

Changes in neural population response to reward and punishment during task acquisition. (A) Cartoon showing the changes in neural activity to the

reward in the Go trial are suppressed during task acquisition for both groups. (B) Stimulus response profiles for Go trials during the three phases of

learning for the NH and HL groups. (C) Cartoon showing the changes in neural activity to the punishment (timeout) in the No-Go FA trial are
suppressed during task acquisition for both groups. (D) Stimulus response profiles for NoGo trials during the three phases of learning for the NH and

HL groups. (E) Scattergrams showing the mean average and individual population data for peak firing rate to the reward during the Go Hit trial for both

the NH and HL groups. (F) Scattergrams showing the mean average and individual population data for peak firing rate to the punishment during the

No-Go FA trial for both the NH and HL groups. *p < 0.05, **p < 0.01, and ***p < 0.001. FA, false alarm; CR, correct rejection; NH, normal hearing; HL,

hearing loss; Acq, acquisition.

in AP threshold during behavioral acquisition (Tukey HSD; EPSP
min, AP threshold mean + SEM; p-value; Table 4). There are also
significant differences between NH and HL animals at baseline, but
not during acquisition (Tukey HSD; EPSP min, AP threshold,
mean + SEM; p-value; Table 5).

After establishing an excitatory threshold for these cells, they were
run through a theta burst protocol (see methods; Figure 6F, left). This
was carried out at 50% of the max current required to elicit an AP
while the cells were held at —50 mV (closer to AP threshold).
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Following TBS protocol EPSPs were recorded by continuing to
biphasically stimulate the medium spiny neurons at 50% max
threshold. Ten recordings were taken every 5 min for 30 min and the
% difference from pre-TBS amplitude for the 30-min recording was
quantified (Figure 6E, middle, top). This shows that during acquisition
medium spiny cells in both the NH and the HL group are significantly
more likely to undergo LTP (Tukey HSD: TBS potentiation mean +
SEM; p-value; Table 4). In this case, the potentiation shifts were not
different between the NH and HL groups (Tukey HSD: TBS
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FIGURE 6

A brief window of synaptic and intrinsic plasticity during task acquisition. (A) Diagram showing the corticostriatal slice preparation. (B) Left shows
representative examples of a medium spiny neuron evoked response to 300 pa and —30 pA. Middle, shows line plots of the F/I curves for the NH and
HL group over behavioral phases. Right, top shows bar plots of the NH and HL group averages for rheobase over behavioral phases. Right, bottom
shows bar plots of the NH and HL group averages for resistance over behavioral phases. (C) Shows a diagram of the slice configuration for recording
IPSPs in vitro (left) Middle shows line plots of the IPSP slopes for the NH and HL group over behavioral phases. Right, top shows bar plots of the NH and
HL group averages for min evoked IPSP amplitudes over behavioral phases. Right, bottom shows bar plots of the NH and HL group averages for max
evoked IPSP amplitudes over behavioral phases. (D) Shows a diagram of the slice configuration for recording EPSPs in vitro (left). Middle shows line

(Continued)
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FIGURE 6 (Continued)
plots of the EPSP slopes for the NH and HL group over behavioral phases. Right, top shows bar plots of the NH and HL group averages for min evoked
IPSP amplitudes over behavioral phases. Right, bottom shows bar plots of the NH and HL group averages for action potential (AP) thresholds over
behavioral phases. (E) Shows a diagram for the configuration for theta burst induced LTP in the slice preparation (left). Middle shows bar plots for the
mean average potentiation data for NH and HL animals over behavioral phases (top) and the individual animal data for LTP and LTD expression
(bottom). (F) Behavioral data showing d-prime data for NH and HL animals over 10 days of training that received daily cannula infusions of NMDA
blocker (AP-5, 50 mM, 2 mL). *p < 0.05, **p < 0.01, and ***p < 0.001. LTP, long term potentiation; LTD, long term depression; Vm, resting voltage; TBS,
theta burst stimulation; IPSP, inhibitory post synaptic potential; EPSP, excitatory post synaptic potential; NH, normal hearing; HL, hearing loss; pA, pico
amps; mV, millivolts; M, medial; R, rostral; aud str, auditory striatum; aud ctx, auditory cortex; ACSF, artificial cerebrospinal fluid.

TABLE 4 In vitro physiology comparisons across behavioral epochs in NH and HL animals.

Measure

Mastery

Naive vs.

Acq

Naive vs.
mastery

Acq vs.
ENERY

Normal hearing Firing rate (slope) F[1,83]=1.2 F[1,77] = 0.31 F[1,84] =0.84 ns.p>0.1 ns.p>0.1 ns.p>0.1
Rheobase (pA) 196 + 12 181 £ 10 188+ 16 ns. p>0.1 n.s.p>0.1 ns.p>0.1
Resistance (mOhms) 134+ 6.9 147 + 6.7 143 + 8.1 n.s.p>0.1 n.s.p>0.1 n.s.p>0.1
RMP (mV) —63 +0.59 —63 0,77 —64 +0.63 n.s.p>0.1 ns.p>0.1 ns.p>0.1

IPSP slope (mV) F[1,49] = 101 F[1,44] = 0.073 F[1,49] =73.1 *kE p<0.001 ns.p>0.1 **E p<0.001

IPSP min amplitude (mV) 247 £0.82 0.78 £0.62 229 +£1.01 *kE p<0.001 ns.p>0.1 *kE, p<0.001

IPSP max amplitude (mV) 6.63 £ 0.25 3.58+0.20 6.97 £ 0.34 *kE, p<0.001 ns.p>0.1 **E, p <0.001
EPSP slope (mV) F[1,34] =9.14 F[1,33] =0.55 F[1,35] =8.33 **,p<0.01 n.s.p>0.1 **,p<0.01
EPSP min amplitude (mV) 2.70 £ 0.45 5.04 +0.42 2.81+0.44 **,p <0.01 ns.p>0.1 **,p<0.01
AP threshold (pA) 9.97 £0.32 7.84+0.57 9.94 +£0.34 **,p <0.01 n.s.p>0.1 **,p<0.01
Potentiation (%) -30.2+0.3 18.4+0.7 —24.0+0.4 *E p <0.001 n.s.p>0.1 **,p <0.01

Hearing loss Firing rate (slope) F[1,81] = 40.1 F[1,75] =091 F[1,79] =20.2 *kE p <0.001 n.s.p>0.1 *E p <0.001
Rheobase (pA) 245+ 15 181 £10 233+18 * p<0.05 n.s.p>0.1 * p<0.05
Resistance (mOhms) 113+5.7 153 +11.2 109+7.8 **,p <0.01 ns.p>0.1 **,p <0.01
RMP (mV) —67 = 0.46 —65+0.53 —68 + 0.49 ¥, p<0.01 ns.p>0.1 * p<0.05

IPSP slope F[1,48] = 14.2 F[1,42] =1.32 F[1,48] =24.4 % p < 0.001 ns.p>0.1 % p < 0.001
IPSP min amplitude (mV) 0.82+0.52 0.81 +0.48 1.09 £ 0.56 ns.p>0.1 ns.p>0.1 ns.p>0.1
IPSP max amplitude (mV) 3.21+0.25 4.73£0.22 2.68 +£0.25 **% p < 0.001 n.s.p>0.1 *,p <0.001
EPSP slope (mV) F[1,33] = 7.03 F[1,33] = 0.55 F[1,31]=0.78 *,p < 0.05 ns.p>0.1 5 p < 0.05
EPSP min amplitude (mV) 522+0.46 3.33+0.42 4.60 + 0.45 #*,p<0.01 n.s.p>0.1 *,p <0.05
AP threshold (pA) 4.68 £0.28 7.15+0.42 5.23+0.30 **,p<0.01 n.s.p>0.1 *, p <0.05
Potentiation (%) —26.7+0.5 7.1+£08 -27.3+06 *, p<0.05 n.s. p>0.1 * p<0.05

Acq, acquisition; sec, seconds; ms, milliseconds; n.s., not significant; FA, false alarm; NH, normal hearing; HL, hearing loss; mast, mastery; IPSP, inhibitory post synaptic potential; AP, action
potential; LTP, long term potentiation; mV;, millivolts; pA, picoamps.

potentiation mean + SEM; p-value; Table 5). Figure 6E middle, bottom
shows the individual changes to EPSP amplitude for each animal
across behavioral epochs and representative examples of LTP vs.
LTD. Figure 6F shows in vivo cannula infusion experiments, in which
NMDA receptor activity in the posterior tale of the striatum was
blocked with AP-5. Daily infusions of NMDA blocker prevented
behavioral acquisition of the task for both NH and HL groups
(MANOVA regression: d-prime F[1,4] = 1.53, p > 0.1).

Discussion

In this study we used an amplitude modulated auditory
discrimination task, in vivo electrophysiological recordings, and

Frontiers in Systems Neuroscience

in vitro whole cell recordings from auditory striatum to reveal
neurophysiological differences during learning between normal
hearing animals and those that had transient developmental hearing
loss. Previous work had shown that the animals with transient hearing
loss had significant differences in their baseline physiology (Mowery
et al, 2017); however, there were no learning or performative
differences between the groups (Paraouty and Mowery, 2021). This
study aimed to reveal how the neurophysiological differences were
compensated for at the population (in vivo) and cellular level (in vitro)
to permit learning. The in vivo recordings revealed that over several
days of training, neural activity associated with the nose poke,
unmodulated sound, and response to reward was significantly
reduced. At the same time, the neural response to the conditioning
stimuli increased and phase locking emerged in both groups. As
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TABLE 5 In vitro comparisons between NH and HL animals across behavioral epochs.

Measure

Naive NH vs. HL

Acqg NH vs. HL

Mastery NH vs.
HL

Naive vs.
naive

10.3389/fnsys.2025.1642595

Acq vs.
Acq

Mast vs.
mast

Firing rate (slope) 0.82+0.16 vs. 0.74 £ 0.05 0.96 £0.12 vs. 1.14 + 0.16 1.12+0.12vs. 0.77 £ 0.11 % p <0.001 n.s.p>0.1 #HE p <0.001
Rheobase (pA) 196 + 12 vs. 248 £ 15 181 £ 13 vs. 181 £ 10 188 £ 16vs. 233 £ 18 *, p <0.05 n.s.p>0.1 * p<0.05
Resistance (mOhms) 134 £6.9vs. 113 £5.7 147 £ 6.7 vs. 153 £ 11.2 143 £8.1vs. 109 £ 7.8 *,p<0.05 n.s.p>0.1 * p<0.05
RMP (mV) —63 +0.59 vs. =67 £ 0.46 -63+£0.77v —65+0.53 —64 +0.63 vs. —68 £ 0.49 **,p <0.01 n.s. p>0.05 **,p<0.01
IPSP slope (mV) F[1,43] = 125 F[1,54] =2.7 F[1,43] = 101 ***,p <0.001 n.s.p>0.1 **k, p <0.001
IPSP min amplitude (mV) 2.47 £0.82vs. 0.82 + 0.52 0.78 £ 0.62 vs. 0.81 + 0.48 2.29 £ 1.01 vs. 1.09 + 0.56 ***¥,p <0.001 ns.p>0.1 **k, p <0.001
IPSP max amplitude (mV) 6.63 +£0.25vs. 3.21 +0.25 3.58 £0.20 vs. 4.73 £ 0.22 6.97 +£0.34 vs. 2.68 £ 0.25 ***,p <0.001 ns.p>0.1 **%, p <0.001
EPSP slope (mV) F[1,31] =27.5 F[1,36] = 0.051 F[1,33] =19.5 ***,p <0.001 ns.p>0.1 **k, p <0.001
EPSP min amplitude (mV) 2.71£0.45vs. 5.20 + 0.46 5.04 £0.42vs. 3.33 £ 0.42 2.80 +0.44 vs. 4.60 £ 0.45 *,p<0.05 ns.p>0.1 ¥ p<0.05
AP threshold (pA) 9.97 £0.32 vs. 4.68 + 0.28 7.84 £0.57 vs. 7.15 + 0.42 9.94 +0.34 vs. 5.23 £ 0.30 #EE p <0.001 ns.p>0.1 #HE p < 0.001
Potentiation (%) —30.2+0.3vs. —26.7 +0.5 18.4+0.7vs.7.1+0.8 —24.0+0.4vs. —27.3+ 0.6 n.s.p>0.1 ns. p>0.1 n.s.p>0.1

Acq, acquisition; sec, seconds; ms, milliseconds; n.s., not significant; FA, false alarm; NH, normal hearing; HL, hearing loss; mast, mastery; IPSP, inhibitory post synaptic potential; AP, action

potential; LTP, long term potentiation; mV, millivolts; pA, picoamps.

learning continued the decreases in neural activity related to
non-conditioning stimuli returned to baseline levels and phase
locking became more pronounced. The in vitro experiments
demonstrated that the initial increase in phase locking to the auditory
stimuli occurred contemporaneous to significant shifts in synaptic and
intrinsic membrane physiology and increases to the probability of
theta burst induced long-term potentiation (Figure 7). In general, the
shifts in cellular and synaptic properties make the cells more likely to
generate an action potential from glutamatergic inputs (Figure 7A).
This configuration would favor causal synaptic events that lead to
action potential generation (Figure 7B). As the regions investigated in
this study are heavily innervated by cortical and thalamic
glutamatergic inputs, the auditory stimulus would be an effective
driver of forms of plasticity such as spike timing dependent plasticity
(Figure 7C) especially when the medium spiny neurons begin to
entrain to these inputs in a causal direction that underlies LTP versus
LTD of the synapse (Figure 7D). This would be enhanced by
contingency based (onset of NoGo trials) changes to dopamine release
that support MSN depolarization, burst firing, and LTP (e.g., Wise and
Jordan, 2021). Our results show that MSNs that shift to the cellular
and synaptic plasticity state we refer to as “learning mode” are
significantly more likely to undergo LTP after theta burst stimulation
(Figure 7E). This “learning mode” likely supports the strengthening of
the corticostriatal synapses and auditory neurons that are entrained
to auditory stimuli in the default state (Figure 7F); thereby allowing
them to become similarly entrained in what we observe as phase
locking. The presence of a short temporal window for the “learning
mode” of just a few days limits inadvertent association to
non-conditioning stimuli and allows fidelity in learned associations
once the window has closed.

Finally, it is important to note that the design of this study did not
allow for distinction between the direct and indirect pathway, the
differentiation of data into cell type specific analysis (D1 vs. D2), or
the collection of FS interneurons. Recent studies using cre dependent
mice that allow for differentiation between D1 and D2 receptors
suggest that these two pathways are essential for auditory decision
making in the tail of the striatum. In Cui et al. (2025) they found that
unilateral activation of the direct or indirect pathway in the tail of the
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striatum biased decision making towards the opposite spout in an
auditory head fixed licking task. Alternatively, inactivation of either
pathway preferentially biased choice to that side; especially for the
indirect pathway during the decision-making time window. Finally,
the fast-spiking interneurons played a specific role, where disinhibition
of both pathways biased decision making towards the opposite spout;
especially in harder tasks. In Druart et al. (2025) they used cre
dependent mice to differentiate the contribution of direct and indirect
pathway activation by auditory inputs to the tail of the striatum. They
found that direct pathway activation by either cortical or thalamic
auditory inputs was more robust and temporally more aligned with
the auditory stimulus. Local inhibition through stronger activation
onto D2 MSNs lowered activation and produced a delay of activation
of the indirect pathway to produce this effect. This result underscores
the prevalence of the DI MSN and direct pathway activation for
auditory pathway plasticity. In context of the current findings reported
here, further study should be carried out to reveal the contribution of
the direct and indirect pathway, D1/D2 MSNs, and fast spiking
interneuron towards the emergence of the auditory stimulus during
learning, as well as, the role that cell type specific MSNs play in the
brief window of plasticity associated with learning, LTP induction,
and task acquisition.

The suppression of non-associative neural
activity (noise) allows for the emergence of
neural phase locking to the associative
conditioning signal

The way in which auditory cortex neurons follow the temporal
envelope and temporal fine structure of amplitude and frequency
modulated sounds is very similar among rodents, non-human
primates, and humans (Bieser and Miiller-Preuss, 1996; Hoglen et al.,
2018). The Mongolian gerbil has exquisite auditory processing ability
and can follow complex spectral and temporal envelopes and fine
temporal structures (Penikis and Sanes, 2023). The neural processing
of temporal sound cues emerge early in development through
experience dependent interactions with the auditory environment
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FIGURE 7
A brief window of plasticity supports the emergence of neural population responses to conditioned auditory stimuli. (A) Diagram showing the baseline
differences between NH and HL animals E/I tone, firing rates, and how these shift to a conserved meta plastic state during task acquisition. (B) Diagram
illustrating causal versus acausal action potential generation across the corticostriatal circuit. (C) Diagram showing spike timing dependent plasticity
driven by causal action potential generation across the corticostriatal circuit. (D) Diagram showing the temporal parameters behind spike timing
dependent plasticity. (E) A diagram showing how the changes to E/I tone and firing rate support LTP induction during a brief window of plasticity for
the NH and HL group. (F) A diagram showing the emergence of the neural response to the 4 Hz Go and 12 Hz No-Go stimulus in the striatum in the
context of the default presence of the stimulus response in auditory cortex.

(Zhang et al., 2001, 2002) and both frequency and amplitude
modulation are coded in the active (attention modulated) and
passively listening cortex (Niwa et al., 2015; Paltoglou et al., 2011).
Cortex is classically considered the end of peripheral perceptual
processing leading to the next question of how this encoded
information is transformed into decision-making neural activity at a
behavioral level. Corticostriatal entrainment of the medium spiny
neurons in auditory cortex recipient striatum is a parsimonious
explanation (Sameiro-Barbosa and Geiser, 2016). Across many
different types of tasks, the temporal parameters of auditory
conditioning stimuli are found to reliably activate auditory regions of
the putamen in humans (Chen et al., 2008; Grahn and Rowe, 2009;
Teki et al., 2011; Riecker et al., 2003; Grahn and Brett, 2007) and
animals (Apicella et al., 1991a, 1991b; Winer, 2005; Arnauld et al.,
1996; LeDoux et al., 1991; Bordi and LeDoux, 1992; Bordi et al., 1993;
Hikosaka et al., 1989; McGeorge and Faull, 1989; Zhong et al., 2014;
Reig and Silberberg, 2014; Chen et al., 2019; Guo et al., 2018, 2019;
Nardoci et al., 2022; Ponvert and Jaramillo, 2019; Li et al., 2021).
Through this cortical entrainment, auditory conditioning cues would
produce medium spiny neuron phase locking to behaviorally relevant
auditory drive from the cortex.

The recordings that we made in auditory striatum of adult
animals improve upon this concept in the following ways. First,
while there is a general innate response to sound onset early in
training, the temporal information about the stimulus is largely
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absent. This might be because prior to the onset of NoGo trials, the
Go auditory stimulus does not hold any contingency value.
Changes in contingency, such as the addition of a negative valence
component to the syndetic chain of behavior when the NoGo trial
is introduced, allow the two auditory stimuli to now evoke
plasticity along the circuit in order to reinstate the positive valence
associated with food reward. For the two stimuli one salient feature
is the difference in acoustic envelope parameters such as ramp
speed, offset, and onset. Entrainment of neural activity to these
robust features likely facilitate the neural discrimination between
the two stimuli. For example, neural activity centered around the
peak of the amplitude will allow three bursts of 12 Hz modulated
action potentials to occur during a single cycle of 4 Hz modulation
(250 ms). The difference in bursting activity could create a rate
code that helps distinguish the two stimuli. Second, a new behavior
quickly emerges where the animal stops or slows to listen to the
auditory stimulus. In go training the animal learns to nose poke,
which is immediately followed by movement to the trough to
collect a food reward. As the striatum is ultimately a motor center
this pause reduces the overall movement related activation of the
medium spiny cells allowing the excitatory drive from the cortex
to be a greater potentiation source. This effectively increases the
signal to noise ratio of incoming glutamatergic input from auditory
cortex. This leads to a second novel behavior chained to the pause
that is directly related to the novel decision making that emerges
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in the task. Once the animal begins to learn to discriminate the two
stimuli a repoke behavior is rapidly conditioned during the NoGo
trial. Thirdly, once the signal emerges from the movement related
background noise stimulus, phase locking by the medium spiny
neurons gains more temporal fidelity to the corresponding cortical
entrainment. This allows the animal to master the task by
optimizing its ability to discriminate between the two stimuli, thus
increasing the overall success rate to near perfection (d” above 2.5).
Finally, this initial learning provides a sort of behavioral scaffolding
that allows more complex (harder) stimulus contingencies to
be conditioned. Thus, it takes longer to initially train naive animals
on a discrimination task if the stimuli are too similar, but these
same harder stimuli can be learned rapidly if the associative
foundation is already present (Caras and Sanes, 2017).

This provides an exemplar model framework for the way in
which abilities such as language acquisition build through
foundational layers of experience dependent associative learning
during development. It also improves our understanding of how
missing sensory or behavioral experience during critical/sensitive
periods of plasticity (such as language acquisition) can reduce,
impair, or prevent learning/ability. Here it is important to note
that permanent conductive hearing loss (malleus removal) does
impair the acquisition of amplitude modulated/frequency
modulated discrimination (Buran et al., 2014; Rosen et al., 2012;
von Trapp et al., 2017; Yao and Sanes, 2018); however, our animal
model of transient hearing loss, induces juvenile behavioral
impairments, but allows a recovery of auditory perceptual
processing to normal levels by adulthood (Anbuhl et al., 2022;
Caras and Sanes, 2015). Future work will investigate how
permanent perceptual impairments (e.g., noise induced hearing
loss) delay learning through the corticostriatal circuit
mechanisms discovered in this study and should provide more
insight into therapeutic approaches across many perceptual-
cognitive disorders.

A brief window of plasticity allows cortical
entrainment to potentiate corticostriatal
pathways during associative learning

Activity dependent synaptic plasticity that produces long term
potentiation is the classical model of learning, memory, and
development discussed throughout all fields of neuroscience (Abbott
and Nelson, 2000). Here the Hebbian concepts of fire together/wire
together and spike timing dependent plasticity guide development and
allow circuit remodeling later in life through long term potentiation
and depression of active synapses. Ideally, circuits that involve a
feedforward excitatory input and a labile recipient provide
physiological opportunities for this type of plasticity. The
corticostriatal circuit is an ideal model system to carry out
investigations into this phenomenon, and many decades of work have
demonstrated both LTP and LTD between layer 5 cortical neurons and
their medium spiny neuron recipients in the striatum (Spencer and
Murphy, 2000; Akopian et al., 2000; Calabresi et al., 1992a, 1992b;
Charpier and Deniau, 1997; Fino et al., 2010). In this study we used
this circuit as a model system to investigate how developmental
hearing loss alters the synaptic plasticity associated with learning.
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We used a theta burst protocol that permits the study of long-term
potentiation and depression in the adult corticostriatal brain slice
(Hawes et al., 2013) to ask how the probability of LTP changes during
associative task learning.

In our previous study we demonstrated how GABAergic
inhibition is altered in normal hearing and hearing loss animals
during task acquisition (Paraouty and Mowery, 2021). The results
suggested a key role of GABAergic disinhibition in learning. Here
we replicated those findings and extended them out to 10 days (T9-
T10) showing that inhibitory synaptic plasticity is reversibly altered
only during a very brief window of learning. The change to inhibitory
tone is thought to support LTP induction through disinhibition,
which increases excitability and allows maintenance of active synapses
in adult circuits (Stelzer et al., 1994; Kotak et al., 2013; Williams and
Holtmaat, 2019). Under normal stimulation conditions (adult E/I
tones) feedforward activation often leads to long term depression of
synapses. Pharmacological, optogenetic, and chemogenetic
manipulation of inhibition (typically suppression) coupled with high
frequency, paired, or theta burst stimulation reliably induces LTP
across many circuits (Skiteva et al., 2018; Kotak et al., 2013; Ito et al.,
2020; Ormond and Woodin, 2009, 2011; Rodrigues et al., 2021). This
is related to increased postsynaptic excitability through AMPA
receptor release by the GABAA receptor suppression and both
presynaptic GABAB auto receptor activation (that reduces GABA
synaptic release) and postsynaptic NMDA release by GABAB receptor
activity reduction (Davies and Collingridge, 1996; Mott and Lewis,
1991, 1992). Here NMDA receptor activation is the key component to
the induction of LTP over LTD (Aroniadou and Teyler, 1991;
Dozmorov et al., 2006; Liischer and Malenka, 2012; Wang et al., 2002;
1997). In
pharmacological receptor manipulation is required to nudge

Murphy et al, these experimental conditions
excitatory and inhibitory receptors into desired states that promote
long term potentiation.

The current findings from our study are confirmatory of this
previous research in an in vivo model system. Thus, we have
confirmed that the natural plasticity mechanisms that drive LTP
and learning in vivo are the same as previously described in the
laboratory experiment. First, the reduction in inhibitory tone
allows feedforward glutamatergic output to exert more
potentiation action. Each stimulus presentation has an increased
probability of inducing an action potential in the medium spiny
neuron. Second, the elevated synaptic excitability increases the
probability of membrane depolarization, action potential
generation, and NMDA receptor activation via magnesium block
removal (Calabresi et al., 1992b). This increases the probability
that repeated exposure to the stimulus will lead to potentiation
between the corticostriatal synapses, and we confirm this with
theta burst induced increases in LTP expression in our auditory
corticostriatal slice preparations. In vivo, the brief window of
plasticity increases the probability that stimulus response
associations are potentiated, and we see this as (1) the emergence
of the neuronal population response (stimulus phase locking) to
the two auditory stimuli that allows discrimination and (2)
behavioral reinforcement (reward) through the establishment of
the re-poke correct rejection syndactic chain that leads to a
decrease in false alarms to near zero as animals master the task.
The default state for the HL animals was counter intuitive to this
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notion as they begin training in a cellular state that is already
highly excitable. It is important to note that medium spiny
intrinsic physiology is significantly suppressed in the default state
of HL animals reducing evoked firing rates, and likely to prevent
rampant aberrant potentiation to inadvertent peripheral
stimulation. This intrinsic suppression briefly returns to a normal
state during behavioral acquisition. This serves to underscore the
precise temporal nature of spike timing dependent plasticity and
LTP (Dan and Poo, 2004), wherein causal feedforward activity
that leads to an action potential has a definitive temporal window
that relies on a “learning mode” state of cellular and synaptic
excitability that could be a universal meta plasticity associated
with associative conditioning.

A role for dopamine to open and close the
brief window of learning plasticity

This brief window of plasticity could allow synaptic
remodeling of existing circuit pathways to establish robust and
novel stimulus response associations. A major factor for this
entire theoretical framework will involve tonic and phasic release
of dopamine and other neuromodulators that contribute to LTP
and learning (Cui et al., 2015; Reynolds et al., 2022; Hawes et al.,
2013). Importantly, recent work in the posterior tail of the
striatum has highlighted the role of dopamine in reinforcement
learning. First, infusion of a dopamine antagonist (D1/D5) into
the tail of the striatum reduced learning while an agonist
increased the learning of this same auditory task in gerbils
(Paraouty et al., 2021). Measuring the compartmentalized release
of dopamine in the posterior tail of the striatum shows that there
is a significant concentration of release in the lateral auditory
regions where we implant our electrodes and carry out our
in vitro recordings (Riley et al., 2024). Furthermore, dopamine
release in the tail of the striatum has a significant potentiating
effect on MSNs (D1) especially for novel sensory stimuli (Tsutsui-
Kimura et al., 2025). This would be a factor during the
introduction of the NoGo auditory stimulus and based on these
results could be a major driver of dopamine release. This could
be the physiological event that signals the opening of the brief
temporal window associated with task acquisition. To that end,
the amount of dopamine release in the tail of the striatum is
correlated with the intensity of a novel stimulus (Siciliano et al.,
2018). This could explain the increase in the neural response to
the conditioning auditory stimuli over time allowing the phase
locking to first emerge in later cycles of stimulus delivery. Aside
from changes to E/I synaptic tone and cellular intrinsic
excitability the effect of increased dopamine during this brief
window of plasticity could facilitate potentiation of the medium
spiny corticostriatal and thalamostriatal synapses during auditory
stimulus activation. For example, higher concentration levels of
dopamine are associated with the induction of LTP in striatal fast
spiking GABAergic interneurons and medium spiny neurons
(Calabresi et al., 1997; Centonze et al., 1999, 2001; Thivierge
et al., 2007), which we might expect based on the way the tail of
the striatum responds to novel/intense stimuli. To that end, the
presence of increased dopamine during this brief window would
work synergistically with the “learning mode” plasticity state
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we describe here. It would facilitate spike timing dependent
forms of LTP (via burst firing) that lead to the establishment of
corticostriatal circuits that respond preferentially to the
conditioned stimulus (Pawlak and Kerr, 2008). As the novelty of
the conditioning stimulus is reduced and the reward contingency
is regained by the emergence of the correct rejection behavior, a
reduction in DA that opened the window might also close it. To
explore this, further work could manipulate and measure levels
of dopamine during a task like this to establish how it interacts
with the brief window of learning plasticity that we have
identified in this study.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Rutgers Institutional Animal
Care and Use Committee. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

JS: Funding acquisition, Writing — original draft, Writing - review
& editing, Formal analysis, Data curation, Conceptualization,
Investigation, Methodology. SH: Writing - review & editing,
Supervision, Writing - original draft, Formal analysis. DM: Writing —
original draft, Formal analysis, Supervision, Writing - review &
editing. ED: Writing - review & editing, Data curation, Writing -
original draft, Formal analysis. JN: Writing - review & editing, Formal
analysis, Data curation, Writing - original draft. AT: Writing - original
draft, Formal analysis, Writing — review & editing. NC: Writing -
review & editing, Writing — original draft, Formal analysis. SCa:
Writing - review & editing, Writing — original draft, Formal analysis.
EP: Writing - review & editing, Formal analysis, Writing - original
draft. MK: Writing - review & editing, Formal analysis, Writing —
original draft. NS: Formal analysis, Writing — review & editing,
Writing - original draft. MG: Formal analysis, Writing — review &
editing, Writing - original draft. UU: Formal analysis, Writing -
review & editing, Writing - original draft. NP: Writing - original draft,
Writing - review & editing, Formal analysis, Supervision,
Methodology, Data curation, Investigation, Conceptualization. JG:
Writing - review & editing, Conceptualization, Writing — original
draft, Methodology, Data curation, Formal analysis. PW: Supervision,
Writing - review & editing, Writing - original draft, Conceptualization,
Investigation, Data curation. JY: Writing - original draft, Supervision,
Writing - review & editing, Data curation, Conceptualization, Formal
analysis, Methodology. TM: Project administration, Methodology,
Data curation, Supervision, Formal analysis, Validation, Visualization,
Writing - review & editing, Software, Conceptualization, Funding
acquisition, Writing - original draft, Resources, Investigation. SCh:
Writing - review & editing, Writing - original draft, Formal
analysis.

frontiersin.org


https://doi.org/10.3389/fnsys.2025.1642595
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org

Smith et al.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research received
funding from NIH: RO1DC017163 (TM) and K99NS106528 (]S).

Acknowledgments

The authors would like to thank Dan Sanes and Vibhu Kotak for
their mentorship and the fantastic body of work that they published
on developmental hearing loss throughout their careers.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Abbott, L. F, and Nelson, S. B. (2000). Synaptic plasticity: taming the beast. Nat.
Neurosci. 3, 1178-1183. doi: 10.1038/81453

Akopian, G., Musleh, W., Smith, R., and Walsh, J. P. (2000). Functional state of
corticostriatal synapses determines their expression of short- and long-term plasticity.
Synapse 38, 271-280. doi: 10.1002/1098-2396(20001201)38:3

Alloway, K. D. (2008). Information processing streams in rodent barrel cortex: the
differential functions of barrel and septal circuits. Cereb. Cortex 18, 979-989. doi:
10.1093/cercor/bhm138

Alloway, K. D., Lou, L., Nwabueze-Ogbo, F, and Chakrabarti, S. (2006).
Topography of cortical projections to the dorsolateral neostriatum in rats: multiple
overlapping sensorimotor pathways. J. Comp. Neurol. 499, 33-48. doi:
10.1002/cne.21039

Alloway, K. D., Smith, J. B., Beauchemin, K. J., and Olson, M. L. (2009). Bilateral
projections from rat MI whisker cortex to the neostriatum, thalamus, and claustrum:
forebrain circuits for modulating whisking behavior. J. Comp. Neurol. 515, 548-564. doi:
10.1002/cne.22073

Anbuhl, K. L., Yao, J. D,, Hotz, R. A., Mowery, T. M., and Sanes, D. H. (2022). Auditory
processing remains sensitive to environmental experience during adolescence in a
rodent model. Nat. Commun. 13:2872. doi: 10.1038/s41467-022-30455-9

Aoki, S., Smith, J. B,, Li, H., Yan, X., Igarashi, M., Coulon, P, et al. (2019). An open
cortico-basal ganglia loop allows limbic control over motor output via the nigrothalamic
pathway. eLife 8:49995. doi: 10.7554/eLife.49995

Apicella, P, Ljungberg, T., Scarnati, E., and Schultz, W. (1991a). Responses to reward
in monkey dorsal and ventral striatum. Exp. Brain Res. 85, 491-500. doi:
10.1007/BF00231732

Apicella, P, Scarnati, E., and Schultz, W. (1991b). Tonically discharging neurons of
monkey striatum respond to preparatory and rewarding stimuli. Exp. Brain Res. 84,
672-675. doi: 10.1007/BF00230981

Arber, S., and Costa, R. M. (2022). Networking brainstem and basal ganglia circuits
for movement. Nat. Rev. Neurosci. 23, 342-360. doi: 10.1038/s41583-022-00581-w

Arnauld, E., Jeantet, Y., Arsaut, J., and Demotes-Mainard, J. (1996). Involvement of
the caudal striatum in auditory processing: c-fos response to cortical application of
picrotoxin and to auditory stimulation. Brain Res. Mol. Brain Res. 41, 27-35. doi:
10.1016/0169-328x(96)00063-0

Aroniadou, V. A., and Teyler, T. J. (1991). The role of NMDA receptors in long-term
potentiation (LTP) and depression (LTD) in rat visual cortex. Brain Res. 562, 136-143.
doi: 10.1016/0006-8993(91)91197-9

Balleine, B. W., Delgado, M. R., and Hikosaka, O. (2007). The role of the dorsal
striatum in reward and decision-making. J. Neurosci. 27, 8161-8165. doi:
10.1523/JNEUROSCI.1554-07.2007

Barnes, T. D., Kubota, Y., Hu, D,, Jin, D. Z., and Graybiel, A. M. (2005). Activity of
striatal neurons reflects dynamic encoding and recoding of procedural memories.
Nature 437, 1158-1161. doi: 10.1038/nature04053

Bieser, A., and Miiller-Preuss, P. (1996). Auditory responsive cortex in the squirrel
monkey: neural responses to amplitude-modulated sounds. Exp. Brain Res. 108,
273-284. doi: 10.1007/BF00228100

Frontiers in Systems Neuroscience

10.3389/fnsys.2025.1642595

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bordi, E, and LeDousx, J. (1992). Sensory tuning beyond the sensory system: an initial
analysis of auditory response properties of neurons in the lateral amygdaloid nucleus
and overlying areas of the striatum. J. Newurosci. 12, 2493-2503. doi:
10.1523/JNEUROSCI.12-07-02493.1992

Bordi, E, LeDousx, J., Clugnet, M. C., and Pavlides, C. (1993). Single-unit activity in
the lateral nucleus of the amygdala and overlying areas of the striatum in freely behaving
rats: rates, discharge patterns, and responses to acoustic stimuli. Behav. Neurosci. 107,
757-769. doi: 10.1037/0735-7044.107.5.757

Buran, B. N, Sarro, E. C., Manno, E. A, Kang, R., Caras, M. L., and Sanes, D. H.
(2014). A sensitive period for the impact of hearing loss on auditory perception. J.
Neurosci. 34, 2276-2284. doi: 10.1523/JNEUROSCI.0647-13.2014

Calabresi, P,, Maj, R., Pisani, A., Mercuri, N. B,, and Bernardi, G. (1992a). Long-term
synaptic depression in the striatum: physiological and pharmacological characterization.
J. Neurosci. 12, 4224-4233. doi: 10.1523/J]NEUROSCI.12-11-04224.1992

Calabresi, P, Pisani, A., Centonze, D., and Bernardi, G. (1997). Role of dopamine
receptors in the short- and long-term regulation of corticostriatal transmission. Nihon
Shinkei Seishin Yakurigaku Zasshi 17, 101-104.

Calabresi, P, Pisani, A., Mercuri, N. B,, and Bernardi, G. (1992b). Long-term potentiation
in the striatum is unmasked by removing the voltage-dependent magnesium block of NMDA
receptor channels. Eur. J. Neurosci. 4, 929-935. doi: 10.1111/7.1460-9568.1992.tb00119.x

Caras, M. L., and Sanes, D. H. (2015). Sustained perceptual deficits from transient
sensory deprivation. J. Neurosci. 35, 10831-10842. doi:
10.1523/JNEUROSCI.0837-15.2015

Caras, M. L., and Sanes, D. H. (2017). Top-down modulation of sensory cortex gates
perceptual learning. Proc. Natl. Acad. Sci. US.A. 114,9972-9977. doi: 10.1073/pnas.1712305114

Centonze, D., Gubellini, P, Picconi, B., Calabresi, P., Giacomini, P., and Bernardi, G.
(1999). Unilateral dopamine denervation blocks corticostriatal LTP. J. Neurophysiol. 82,
3575-3579. doi: 10.1152/jn.1999.82.6.3575

Centonze, D., Picconi, B., Gubellini, P, Bernardi, G., and Calabresi, P. (2001).
Dopaminergic control of synaptic plasticity in the dorsal striatum. Eur. J. Neurosci. 13,
1071-1077. doi: 10.1046/j.0953-816x.2001.01485.x

Charpier, S., and Deniau, J. M. (1997). In vivo activity-dependent plasticity at cortico-
striatal connections: evidence for physiological long-term potentiation. Proc. Natl. Acad.
Sci. U.S.A. 94, 7036-7040. doi: 10.1073/pnas.94.13.7036

Chen, A. P. E, Malgady, J. M., Chen, L., Shi, K. W,, Cheng, E., Plotkin, J. L., et al.
(2022). Nigrostriatal dopamine pathway regulates auditory discrimination behavior. Nat.
Commun. 13:5942. doi: 10.1038/s41467-022-33747-2

Chen, J. L., Penhune, V. B., and Zatorre, R. J. (2008). Moving on time: brain network
for auditory-motor synchronization is modulated by rhythm complexity and musical
training. J. Cogn. Neurosci. 20, 226-239. doi: 10.1162/jocn.2008.20018

Chen, L., Wang, X., Ge, S., and Xiong, Q. (2019). Medial geniculate body and primary
auditory cortex differentially contribute to striatal sound representations. Nat. Commun.
10:418. doi: 10.1038/s41467-019-08350-7

Costa, R. M., Cohen, D., and Nicolelis, M. A. (2004). Differential corticostriatal
plasticity during fast and slow motor skill learning in mice. Curr. Biol. 14, 1124-1134.
doi: 10.1016/j.cub.2004.06.053

frontiersin.org


https://doi.org/10.3389/fnsys.2025.1642595
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/81453
https://doi.org/10.1002/1098-2396(20001201)38:3
https://doi.org/10.1093/cercor/bhm138
https://doi.org/10.1002/cne.21039
https://doi.org/10.1002/cne.22073
https://doi.org/10.1038/s41467-022-30455-9
https://doi.org/10.7554/eLife.49995
https://doi.org/10.1007/BF00231732
https://doi.org/10.1007/BF00230981
https://doi.org/10.1038/s41583-022-00581-w
https://doi.org/10.1016/0169-328x(96)00063-0
https://doi.org/10.1016/0006-8993(91)91197-9
https://doi.org/10.1523/JNEUROSCI.1554-07.2007
https://doi.org/10.1038/nature04053
https://doi.org/10.1007/BF00228100
https://doi.org/10.1523/JNEUROSCI.12-07-02493.1992
https://doi.org/10.1037/0735-7044.107.5.757
https://doi.org/10.1523/JNEUROSCI.0647-13.2014
https://doi.org/10.1523/JNEUROSCI.12-11-04224.1992
https://doi.org/10.1111/j.1460-9568.1992.tb00119.x
https://doi.org/10.1523/JNEUROSCI.0837-15.2015
https://doi.org/10.1073/pnas.1712305114
https://doi.org/10.1152/jn.1999.82.6.3575
https://doi.org/10.1046/j.0953-816x.2001.01485.x
https://doi.org/10.1073/pnas.94.13.7036
https://doi.org/10.1038/s41467-022-33747-2
https://doi.org/10.1162/jocn.2008.20018
https://doi.org/10.1038/s41467-019-08350-7
https://doi.org/10.1016/j.cub.2004.06.053

Smith et al.

Cox, J., and Witten, L. B. (2019). Striatal circuits for reward learning and decision-
making. Nat. Rev. Neurosci. 20, 482-494. doi: 10.1038/s41583-019-0189-2

Cui, Y., Paillé, V., Xu, H., Genet, S., Delord, B., Fino, E., et al. (2015). Endocannabinoids
mediate bidirectional striatal spike-timing-dependent plasticity. J. Physiol. 593,
2833-2849. doi: 10.1113/JP270324

Cui, L., Tang, S., Pan, J., Deng, L., Zhang, Z., Zhao, K., et al. (2025). Causal
contributions of cell-type-specific circuits in the posterior dorsal striatum to auditory
decision-making. Cell Rep. 44:115084. doi: 10.1016/j.celrep.2024.115084

Dan, Y., and Poo, M. M. (2004). Spike timing-dependent plasticity of neural circuits.
Neuron 44, 23-30. doi: 10.1016/j.neuron.2004.09.007

Davies, C. H., and Collingridge, G. L. (1996). Regulation of EPSPs by the synaptic
activation of GABAB autoreceptors in rat hippocampus. J. Physiol. 496, 451-470. doi:
10.1113/jphysiol.1996.sp021698

Doig, N. M., Moss, J., and Bolam, J. P. (2010). Cortical and thalamic innervation of
direct and indirect pathway medium-sized spiny neurons in mouse striatum. J. Neurosci.
30, 14610-14618. doi: 10.1523/J]NEUROSCI.1623-10.2010

Dozmorov, M., Li, R., Abbas, A. K., Hellberg, E, Farre, C., Huang, F. S, et al.
(2006). Contribution of AMPA and NMDA receptors to early and late phases of
LTP in hippocampal slices. Neurosci. Res. 55, 182-188. doi:
10.1016/j.neures.2006.03.001

Druart, M., Kori, M., Chaimowitz, C., Fan, C., and Sippy, T. (2025). Cell-type-specific
auditory responses in the striatum are shaped by feedforward inhibition. Cell Rep.
44:115090. doi: 10.1016/j.celrep.2024.115090

Felleman, D. ], and Van Essen, D. C. (1991). Distributed hierarchical processing in
the primate cerebral cortex. Cereb. Cortex 1, 1-47. doi: 10.1093/cercor/1.1.1-a

Fino, E., Paille, V., Cui, Y., Morera-Herreras, T., Deniau, ]. M., and Venance, L. (2010).
Distinct coincidence detectors govern the corticostriatal spike timing-dependent
plasticity. J. Physiol. 588, 3045-3062. doi: 10.1113/jphysiol.2010.188466

Foster, N. N., Barry, J., Korobkova, L., Garcia, L., Gao, L., Becerra, M., et al. (2021).
The mouse cortico-basal ganglia-thalamic network. Nature 598, 188-194. doi:
10.1038/s41586-021-03993-3

Gay, J. D., Dangcil, E., Nacipucha, J., Botrous, J. E., Suresh, N., Tucker, A., et al. (2023).
An animal model of neonatal intensive care unit exposure to light and sound in the
preterm infant. Integr. Comp. Biol. 63, 585-596. doi: 10.1093/icb/icad020

Ghosh, S., and Zador, A. M. (2021). Corticostriatal plasticity established by initial
learning persists after behavioral reversal. eNeuro 8:ENEURO.0209-20.2021. doi:
10.1523/ENEURO.0209-20.2021

Grahn, J. A, and Brett, M. (2007). Rhythm and beat perception in motor areas of the
brain. J. Cogn. Neurosci. 19, 893-906. doi: 10.1162/jocn.2007.19.5.893

Grahn, J. A., and Rowe, J. B. (2009). Feeling the beat: premotor and striatal interactions
in musicians and nonmusicians during beat perception. J. Neurosci. 29, 7540-7548. doi:
10.1523/JNEUROSCI.2018-08.2009

Groenewegen, H. J. (2003). The basal ganglia and motor control. Neural Plast. 10,
107-120. doi: 10.1155/NP.2003.107

Guo, L., Walker, W. I, Ponvert, N. D., Penix, P. L., and Jaramillo, S. (2018). Stable
representation of sounds in the posterior striatum during flexible auditory decisions.
Nat. Commun. 9:1534. doi: 10.1038/s41467-018-03994-3

Guo, L., Weems, J. T., Walker, W. 1., Levichev, A., and Jaramillo, S. (2019). Choice-
selective neurons in the auditory cortex and in its striatal target encode reward
expectation. J. Neurosci. 39, 3687-3697. doi: 10.1523/J]NEUROSCI.2585-18.2019

Hawes, S. L., Gillani, E, Evans, R. C., Benkert, E. A., and Blackwell, K. T. (2013).
Sensitivity to theta-burst timing permits LTP in dorsal striatal adult brain slice. J.
Neurophysiol. 110, 2027-2036. doi: 10.1152/jn.00115.2013

Hikosaka, O., Sakamoto, M., and Usui, S. (1989). Functional properties of monkey
caudate neurons. II. Visual and auditory responses. J. Neurophysiol. 61, 799-813. doi:
10.1152/jn.1989.61.4.799

Hintiryan, H., Foster, N. N., Bowman, I., Bay, M., Song, M. Y., Gou, L,, et al. (2016). The
mouse cortico-striatal projectome. Nat. Neurosci. 19, 1100-1114. doi: 10.1038/nn.4332

Hoffer, Z. S., and Alloway, K. D. (2001). Organization of corticostriatal projections
from the vibrissal representations in the primary motor and somatosensory cortical
areas of rodents. J. Comp. Neurol. 439, 87-103. doi: 10.1002/cne.1337

Hoffer, Z. S., Arantes, H. B., Roth, R. L., and Alloway, K. D. (2005). Functional circuits
mediating sensorimotor integration: quantitative comparisons of projections from
rodent barrel cortex to primary motor cortex, neostriatum, superior colliculus, and the
pons. J. Comp. Neurol. 488, 82-100. doi: 10.1002/cne.20579

Hoglen, N. E. G., Larimer, P, Phillips, E. A. K., Malone, B. ], and Hasenstaub, A. R.
(2018). Amplitude modulation coding in awake mice and squirrel monkeys. J.
Neurophysiol. 119, 1753-1766. doi: 10.1152/jn.00101.2017

Hooks, B. M., Papale, A. E., Paletzki, R. E, Feroze, M. W, Eastwood, B. S., Couey, J. J.,
et al. (2018). Topographic precision in sensory and motor corticostriatal projections
varies across cell type and cortical area. Nat. Commun. 9:3549. doi:
10.1038/s41467-018-05780-7

Huerta-Ocampo, I., Mena-Segovia, J., and Bolam, J. P. (2014). Convergence of cortical
and thalamic input to direct and indirect pathway medium spiny neurons in the
striatum. Brain Struct. Funct. 219, 1787-1800. doi: 10.1007/s00429-013-0601-z

Frontiers in Systems Neuroscience

21

10.3389/fnsys.2025.1642595

Ito, W,, Fusco, B., and Morozov, A. (2020). Disinhibition-assisted long-term
potentiation in the prefrontal-amygdala pathway via suppression of somatostatin-
expressing interneurons. Neurophotonics 7:015007. doi: 10.1117/1.NPh.7.1.015007

Jog, M. S., Kubota, Y., Connolly, C. I, Hillegaart, V., and Graybiel, A. M. (1999).
Building neural representations of habits. Science 286, 1745-1749. doi:
10.1126/science.286.5445.1745

Kotak, V. C., Takesian, A. E., Mac Kenzie, P. C., and Sanes, D. H. (2013). Rescue of
inhibitory synapse strength following developmental hearing loss. PLoS One 8:¢53438.
doi: 10.1371/journal.pone.0053438

Kravitz, A. V., Owen, S. E, and Kreitzer, A. C. (2013). Optogenetic identification of
striatal projection neuron subtypes during in vivo recordings. Brain Res. 1511, 21-32.
doi: 10.1016/j.brainres.2012.11.018

Kubota, Y., Liu, J., Hu, D., DeCoteau, W. E., Eden, U. T., Smith, A. C., et al. (2009).
Stable encoding of task structure coexists with flexible coding of task events in
sensorimotor striatum. J. Neurophysiol. 102, 2142-2160. doi: 10.1152/jn.00522.2009

LeDoux, J. E., Farb, C. R., and Romanski, L. M. (1991). Overlapping projections to the
amygdala and striatum from auditory processing areas of the thalamus and cortex.
Neurosci. Lett. 134, 139-144. doi: 10.1016/0304-3940(91)90526-y

Li, Z., Wei, J. X., Zhang, G. W,, Huang, J. ]., Zingg, B., Wang, X,, et al. (2021).
Corticostriatal control of defense behavior in mice induced by auditory looming cues.
Nat. Commun. 12:1040. doi: 10.1038/s41467-021-21248-7

Li, X,, You, J, Pan, Y,, Song, C., Li, H,, Ji, X,, et al. (2024). Effective regulation of
auditory processing by parvalbumin interneurons in the tail of the striatum. J. Neurosci.
44:€1171232023. doi: 10.1523/J]NEUROSCI.1171-23.2023

Liischer, C., and Malenka, R. C. (2012). NMDA receptor-dependent long-term
potentiation and long-term depression (LTP/LTD). Cold Spring Harb. Perspect. Biol.
4:a005710. doi: 10.1101/cshperspect.a005710

McGeorge, A. J., and Faull, R. L. (1989). The organization of the projection from the
cerebral cortex to the striatum in the rat. Neuroscience 29, 503-537. doi:
10.1016/0306-4522(89)90128-0

Mott, D. D., and Lewis, D. V. (1991). Facilitation of the induction of long-term
potentiation by GABAB receptors. Science 252, 1718-1720. doi: 10.1126/science.1675489

Mott, D. D., and Lewis, D. V. (1992). GABAB receptors mediate disinhibition and
facilitate long-term potentiation in the dentate gyrus. Epilepsy Res. Suppl. 7, 119-134.

Mowery, T. M., Harrold, J. B., and Alloway, K. D. (2011). Repeated whisker stimulation
evokes invariant neuronal responses in the dorsolateral striatum of anesthetized rats: a
potential correlate of sensorimotor habits. J. Neurophysiol. 105, 2225-2238. doi:
10.1152/jn.01018.2010

Mowery, T. M., Kotak, V. C., and Sanes, D. H. (2015). Transient hearing loss within a
critical period causes persistent changes to cellular properties in adult auditory cortex.
Cereb. Cortex 25, 2083-2094. doi: 10.1093/cercor/bhu013

Mowery, T. M., Penikis, K. B., Young, S. K., Ferrer, C. E., Kotak, V. C., and Sanes, D. H.
(2017). The sensory striatum is permanently impaired by transient developmental
deprivation. Cell Rep. 19, 2462-2468. doi: 10.1016/j.celrep.2017.05.083

Murphy, K. P, Reid, G. P, Trentham, D. R,, and Bliss, T. V. (1997). Activation of
NMDA receptors is necessary for the induction of associative long-term potentiation in
area CAl of the rat hippocampal slice. J. Physiol. 504, 379-385. doi:
10.1111/j.1469-7793.1997.379be.x

Nardoci, M. B., Lakunina, A. A., Henderling, D. C., Pedregon, J. C., Mohn, J. L., and
Jaramillo, S. (2022). Sound-evoked responses of distinct neuron classes from the tail of
the striatum. eNeuro 9:ENEURO.0201-22.2022. doi: 10.1523/ENEURO.0201-22.2022

Niwa, M., O’Connor, K. N., Engall, E., Johnson, J. S., and Sutter, M. L. (2015).
Hierarchical effects of task engagement on amplitude modulation encoding in auditory
cortex. J. Neurophysiol. 113, 307-327. doi: 10.1152/jn.00458.2013

Ogata, S., Miyamoto, Y., Shigematsu, N., Esumi, S., and Fukuda, T. (2022). The tail of
the mouse striatum contains a novel large type of GABAergic neuron incorporated in a
unique disinhibitory pathway that relays auditory signals to subcortical nuclei. J.
Neurosci. 42, 8078-8094. doi: 10.1523/JNEUROSCI.2236-21.2022

Ormond, J., and Woodin, M. A. (2009). Disinhibition mediates a form of hippocampal
long-term  potentiation in area CAl. PLoS One 4:7224. doi:
10.1371/journal.pone.0007224

Ormond, J., and Woodin, M. A. (2011). Disinhibition-mediated LTP in the
hippocampus is synapse specific. Front. Cell. Neurosci. 5:17. doi: 10.3389/fncel.2011.00017

Paltoglou, A. E., Sumner, C. J., and Hall, D. A. (2011). Mapping feature-sensitivity and
attentional modulation in human auditory cortex with functional magnetic resonance
imaging. Eur. J. Neurosci. 33, 1733-1741. doi: 10.1111/j.1460-9568.2011.07656.x

Pan, W. X, Mao, T., and Dudman, J. T. (2010). Inputs to the dorsal striatum of the
mouse reflect the parallel circuit architecture of the forebrain. Front. Neuroanat. 4:147.
doi: 10.3389/fnana.2010.00147

Paraouty, N., and Mowery, T. M. (2021). Early sensory deprivation leads to differential
inhibitory changes in the striatum during learning. Front Neural Circuits 15:670858. doi:
10.3389/fncir.2021.670858

Paraouty, N., Rizzuto, C. R., and Sanes, D. H. (2021). Dopaminergic signaling
supports  auditory  social  learning.  Sci.  Rep. 11:13117.  doi:
10.1038/541598-021-92524-1

frontiersin.org


https://doi.org/10.3389/fnsys.2025.1642595
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41583-019-0189-2
https://doi.org/10.1113/JP270324
https://doi.org/10.1016/j.celrep.2024.115084
https://doi.org/10.1016/j.neuron.2004.09.007
https://doi.org/10.1113/jphysiol.1996.sp021698
https://doi.org/10.1523/JNEUROSCI.1623-10.2010
https://doi.org/10.1016/j.neures.2006.03.001
https://doi.org/10.1016/j.celrep.2024.115090
https://doi.org/10.1093/cercor/1.1.1-a
https://doi.org/10.1113/jphysiol.2010.188466
https://doi.org/10.1038/s41586-021-03993-3
https://doi.org/10.1093/icb/icad020
https://doi.org/10.1523/ENEURO.0209-20.2021
https://doi.org/10.1162/jocn.2007.19.5.893
https://doi.org/10.1523/JNEUROSCI.2018-08.2009
https://doi.org/10.1155/NP.2003.107
https://doi.org/10.1038/s41467-018-03994-3
https://doi.org/10.1523/JNEUROSCI.2585-18.2019
https://doi.org/10.1152/jn.00115.2013
https://doi.org/10.1152/jn.1989.61.4.799
https://doi.org/10.1038/nn.4332
https://doi.org/10.1002/cne.1337
https://doi.org/10.1002/cne.20579
https://doi.org/10.1152/jn.00101.2017
https://doi.org/10.1038/s41467-018-05780-7
https://doi.org/10.1007/s00429-013-0601-z
https://doi.org/10.1117/1.NPh.7.1.015007
https://doi.org/10.1126/science.286.5445.1745
https://doi.org/10.1371/journal.pone.0053438
https://doi.org/10.1016/j.brainres.2012.11.018
https://doi.org/10.1152/jn.00522.2009
https://doi.org/10.1016/0304-3940(91)90526-y
https://doi.org/10.1038/s41467-021-21248-7
https://doi.org/10.1523/JNEUROSCI.1171-23.2023
https://doi.org/10.1101/cshperspect.a005710
https://doi.org/10.1016/0306-4522(89)90128-0
https://doi.org/10.1126/science.1675489
https://doi.org/10.1152/jn.01018.2010
https://doi.org/10.1093/cercor/bhu013
https://doi.org/10.1016/j.celrep.2017.05.083
https://doi.org/10.1111/j.1469-7793.1997.379be.x
https://doi.org/10.1523/ENEURO.0201-22.2022
https://doi.org/10.1152/jn.00458.2013
https://doi.org/10.1523/JNEUROSCI.2236-21.2022
https://doi.org/10.1371/journal.pone.0007224
https://doi.org/10.3389/fncel.2011.00017
https://doi.org/10.1111/j.1460-9568.2011.07656.x
https://doi.org/10.3389/fnana.2010.00147
https://doi.org/10.3389/fncir.2021.670858
https://doi.org/10.1038/s41598-021-92524-1

Smith et al.

Pawlak, V., and Kerr, J. N. (2008). Dopamine receptor activation is required for
corticostriatal spike-timing-dependent plasticity. J. Neurosci. 28, 2435-2446. doi:
10.1523/JNEUROSCI.4402-07.2008

Penikis, K. B., and Sanes, D. H. (2023). A redundant cortical code for speech envelope.
J. Neurosci. 43, 93-112. doi: 10.1523/JNEUROSCI.1616-21.2022

Pidoux, M., Mahon, S., Deniau, J. M., and Charpier, S. (2011). Integration and
propagation of somatosensory responses in the corticostriatal pathway: an intracellular
study in vivo. J. Physiol. 589, 263-281. doi: 10.1113/jphysiol.2010.199646

Ponvert, N. D., and Jaramillo, S. (2019). Auditory thalamostriatal and corticostriatal
pathways convey complementary information about sound features. J. Neurosci. 39,
271-280. doi: 10.1523/JNEUROSCI.1188-18.2018

Radtke-Schuller, S., Schuller, G., Angenstein, E,, Grosser, O. S., Goldschmidt, J., and
Budinger, E. (2016). Brain atlas of the Mongolian gerbil (Meriones unguiculatus) in CT/
MRI-aided stereotaxic coordinates. Brain Struct. Funct. 221, 1-272. doi:
10.1007/s00429-016-1259-0

Redgrave, P, Rodriguez, M., Smith, Y., Rodriguez-Oroz, M. C., Lehericy, S.,
Bergman, H., et al. (2010). Goal-directed and habitual control in the basal ganglia:
implications for Parkinson’s disease. Nat. Rev. Neurosci. 11, 760-772. doi:
10.1038/nrn2915

Reig, R., and Silberberg, G. (2014). Multisensory integration in the mouse striatum.
Neuron 83, 1200-1212. doi: 10.1016/j.neuron.2014.07.033

Reig, R., and Silberberg, G. (2016). Distinct corticostriatal and intracortical pathways
mediate bilateral sensory responses in the striatum. Cereb. Cortex 26, 4405-4415. doi:
10.1093/cercor/bhw268

Reynolds, J. N. J., Avvisati, R., Dodson, P. D., Fisher, S. D., Oswald, M. J., Wickens, J. R.,
et al. (2022). Coincidence of cholinergic pauses, dopaminergic activation and
depolarisation of spiny projection neurons drives synaptic plasticity in the striatum. Nat.
Commun. 13:1296. doi: 10.1038/s41467-022-28950-0

Riecker, A., Wildgruber, D., Mathiak, K., Grodd, W.,, and Ackermann, H. (2003).
Parametric analysis of rate-dependent hemodynamic response functions of cortical and
subcortical brain structures during auditorily cued finger tapping: a fMRI study.
NeuroImage 18, 731-739. doi: 10.1016/S1053-8119(03)00003-X

Riley, B., Gould, E., Lloyd, J., Hallum, L. E., Vlajkovic, S., Todd, K., et al. (2024).
Dopamine transmission in the tail striatum: regional variation and contribution of
dopamine clearance mechanisms. J. Neurochem. 168, 251-268. doi:
10.1111/jnc.16052

Rodrigues, N. C,, Silva-Cruz, A., Caulino-Rocha, A., Bento-Oliveira, A., Alexandre
Ribeiro, J., and Cunha-Reis, D. (2021). Hippocampal CA1 theta burst-induced LTP from
weaning to adulthood: cellular and molecular mechanisms in young male rats revisited.
Eur. ]. Neurosci. 54, 5272-5292. doi: 10.1111/ejn.15390

Rosen, M. ], Sarro, E. C., Kelly, J. B., and Sanes, D. H. (2012). Diminished behavioral
and neural sensitivity to sound modulation is associated with moderate developmental
hearing loss. PLoS One 7:e41514. doi: 10.1371/journal.pone.0041514

Sameiro-Barbosa, C. M., and Geiser, E. (2016). Sensory entrainment mechanisms in
auditory perception: neural synchronization cortico-striatal activation. Front. Neurosci.
10:361. doi: 10.3389/fnins.2016.00361

Sarro, E. C., von Trapp, G., Mowery, T. M., Kotak, V. C., and Sanes, D. H. (2015).
Cortical synaptic inhibition declines during auditory learning. J. Neurosci. 35,
6318-6325. doi: 10.1523/JNEUROSCL.4051-14.2015

Shepherd, G. M. (2013). Corticostriatal connectivity and its role in disease. Nat. Rev.
Neurosci. 14, 278-291. doi: 10.1038/nrn3469

Siciliano, C. A., Mills, E, and Tye, K. M. (2018). Double threat in striatal dopamine
signaling. Nat. Neurosci. 21, 1296-1297. doi: 10.1038/s41593-018-0243-9

Skiteva, O., Yao, N., Nouhi, M., and Chergui, K. (2018). High frequency stimulation
induces LTD of AMPA receptor-mediated postsynaptic responses and LTP of
synaptically-evoked firing in the dorsolateral striatum. Neurosci. Lett. 666, 11-16. doi:
10.1016/j.neulet.2017.12.028

Smith, J. B., Chakrabarti, S., Mowery, T. M., and Alloway, K. D. (2022). Convergence
of forepaw somatosensory and motor cortical projections in the striatum, claustrum,
thalamus, and pontine nuclei of cats. Brain Struct. Funct. 227, 361-379. doi:
10.1007/s00429-021-02405-6

Smith, J. B, Hong, S. S., Murphy, D. J., Dangcil, E., Nacipucha, J., Tucker, A., et al. (2025).
Neuroanatomical mapping of gerbil corticostriatal and thalamostriatal projections reveals
the parafascicular nucleus as a relay for vestibular information to the entire striatum. eNeuro
12:ENEURO.0246-24.2025. doi: 10.1523/ENEURO.0246-24.2025

Frontiers in Systems Neuroscience

22

10.3389/fnsys.2025.1642595

Smith, P. H., Uhlrich, D. J., and Manning, K. A. (2019). Evaluation of medial division
of the medial geniculate (MGM) and posterior intralaminar nucleus (PIN) inputs to the
rat auditory cortex, amygdala, and striatum. J. Comp. Neurol. 527, 1478-1494. doi:
10.1002/cne.24644

Spencer, J. P,, and Murphy, K. P. (2000). Bi-directional changes in synaptic plasticity
induced at corticostriatal synapses in vitro. Exp. Brain Res. 135, 497-503. doi:
10.1007/s002210000523

Stelzer, A., Simon, G., Kovacs, G., and Rai, R. (1994). Synaptic disinhibition during
maintenance of long-term potentiation in the CA1 hippocampal subfield. Proc. Natl.
Acad. Sci. US.A. 91, 3058-3062. doi: 10.1073/pnas.91.8.3058

Teki, S., Grube, M., and Griffiths, T. D. (2011). A unified model of time perception
accounts for duration-based and beat-based timing mechanisms. Front. Integr. Neurosci.
5:90. doi: 10.3389/fnint.2011.00090

Thivierge, J. P, Rivest, E, and Monchi, O. (2007). Spiking neurons, dopamine, and
plasticity: timing is everything, but concentration also matters. Synapse 61, 375-390.
doi: 10.1002/syn.20378

Tsutsui-Kimura, I., Tian, Z. M., Amo, R., Zhuo, Y., Li, Y., Campbell, M. G, et al.
(2025). Dopamine in the tail of the striatum facilitates avoidance in threat-reward
conflicts. Nat. Neurosci. 28, 795-810. doi: 10.1038/s41593-025-01902-9

von Trapp, G., Aloni, I, Young, S., Semple, M. N., and Sanes, D. H. (2017).
Developmental hearing loss impedes auditory task learning and performance in gerbils.
Hear. Res. 347, 3-10. doi: 10.1016/j.heares.2016.07.020

Voorn, P, Vanderschuren, L. J., Groenewegen, H. ], Robbins, T. W.,, and
Pennartz, C. M. (2004). Putting a spin on the dorsal-ventral divide of the striatum.
Trends Neurosci. 27, 468-474. doi: 10.1016/j.tins.2004.06.006

Wang, Z., Song, D., and Berger, T. W. (2002). Contribution of NMDA receptor
channels to the expression of LTP in the hippocampal dentate gyrus. Hippocampus 12,
680-688. doi: 10.1002/hipo.10104

Williams, L. E., and Holtmaat, A. (2019). Higher-order thalamocortical inputs gate
synaptic long-term potentiation via disinhibition. Neuron 101, 91-102.e4. doi:
10.1016/j.neuron.2018.10.049

Winer, J. A. (2005). Decoding the auditory corticofugal systems. Hear. Res. 207, 1-9.
doi: 10.1016/j.heares.2005.06.007

Wise, R. A, and Jordan, C. J. (2021). Dopamine, behavior, and addiction. J. Biomed.
Sci. 28:83. doi: 10.1186/s12929-021-00779-7

Wright, A. K., Norrie, L., Ingham, C. A, Hutton, E. A, and Arbuthnott, G. W. (1999).
Double anterograde tracing of outputs from adjacent “barrel columns” of rat
somatosensory cortex. Neostriatal projection patterns and terminal ultrastructure.
Neuroscience 88, 119-133. doi: 10.1016/s0306-4522(98)00186-9

Xiong, Q., Znamenskiy, P, and Zador, A. M. (2015). Selective corticostriatal plasticity
during acquisition of an auditory discrimination task. Nature 521, 348-351. doi:
10.1038/nature14225

Yao, J. D, and Sanes, D. H. (2018). Developmental deprivation-induced perceptual
and cortical processing deficits in awake-behaving animals. eLife 7:¢33891. doi:
10.7554/eLife.33891

Yin, H. H. (2010). The sensorimotor striatum is necessary for serial order learning. J.
Neurosci. 30, 14719-14723. doi: 10.1523/JNEUROSCI.3989-10.2010

Zhang, L. I, Bao, S., and Merzenich, M. M. (2001). Persistent and specific influences
of early acoustic environments on primary auditory cortex. Nat. Neurosci. 4, 1123-1130.
doi: 10.1038/nn745

Zhang, L. L, Bao, S., and Merzenich, M. M. (2002). Disruption of primary auditory
cortex by synchronous auditory inputs during a critical period. Proc. Natl. Acad. Sci.
U.S.A. 99, 2309-2314. doi: 10.1073/pnas.261707398

Zhong, R., Ma, L., and Qin, L. (2017). Engaging in a tone-detection task differentially
modulates neural activity in the auditory cortex, amygdala, and striatum. Sci. Rep. 7:677.
doi: 10.1038/s41598-017-00819-z

Zhong, R., Qin, L., and Sato, Y. (2014). Auditory response properties of neurons in the
putamen and globus pallidus of awake cats. J. Neurophysiol. 111, 2124-2137. doi:
10.1152/jn.00830.2013

Zingg, B., Hintiryan, H., Gou, L., Song, M. Y., Bay, M., Bienkowski, M. S, et al. (2014).
Neural networks of the mouse neocortex. Cell 156, 1096-1111. doi: 10.1016/j.cell.2014.02.023

Znamenskiy, P, and Zador, A. M. (2013). Corticostriatal neurons in auditory cortex drive
decisions during auditory discrimination. Nature 497, 482-485. doi: 10.1038/nature12077

frontiersin.org


https://doi.org/10.3389/fnsys.2025.1642595
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.4402-07.2008
https://doi.org/10.1523/JNEUROSCI.1616-21.2022
https://doi.org/10.1113/jphysiol.2010.199646
https://doi.org/10.1523/JNEUROSCI.1188-18.2018
https://doi.org/10.1007/s00429-016-1259-0
https://doi.org/10.1038/nrn2915
https://doi.org/10.1016/j.neuron.2014.07.033
https://doi.org/10.1093/cercor/bhw268
https://doi.org/10.1038/s41467-022-28950-0
https://doi.org/10.1016/S1053-8119(03)00003-X
https://doi.org/10.1111/jnc.16052
https://doi.org/10.1111/ejn.15390
https://doi.org/10.1371/journal.pone.0041514
https://doi.org/10.3389/fnins.2016.00361
https://doi.org/10.1523/JNEUROSCI.4051-14.2015
https://doi.org/10.1038/nrn3469
https://doi.org/10.1038/s41593-018-0243-9
https://doi.org/10.1016/j.neulet.2017.12.028
https://doi.org/10.1007/s00429-021-02405-6
https://doi.org/10.1523/ENEURO.0246-24.2025
https://doi.org/10.1002/cne.24644
https://doi.org/10.1007/s002210000523
https://doi.org/10.1073/pnas.91.8.3058
https://doi.org/10.3389/fnint.2011.00090
https://doi.org/10.1002/syn.20378
https://doi.org/10.1038/s41593-025-01902-9
https://doi.org/10.1016/j.heares.2016.07.020
https://doi.org/10.1016/j.tins.2004.06.006
https://doi.org/10.1002/hipo.10104
https://doi.org/10.1016/j.neuron.2018.10.049
https://doi.org/10.1016/j.heares.2005.06.007
https://doi.org/10.1186/s12929-021-00779-7
https://doi.org/10.1016/s0306-4522(98)00186-9
https://doi.org/10.1038/nature14225
https://doi.org/10.7554/eLife.33891
https://doi.org/10.1523/JNEUROSCI.3989-10.2010
https://doi.org/10.1038/nn745
https://doi.org/10.1073/pnas.261707398
https://doi.org/10.1038/s41598-017-00819-z
https://doi.org/10.1152/jn.00830.2013
https://doi.org/10.1016/j.cell.2014.02.023
https://doi.org/10.1038/nature12077

	Formation of an auditory sensory representation in posterior striatum emerges during a brief temporal window of associative learning in normal and hearing-impaired gerbils
	Introduction
	Experimental methods
	Animals
	Neuroanatomical tracing
	Developmental hearing loss
	Auditory discrimination paradigm
	In vivo electrophysiological recordings
	Neural analyses
	Corticostriatal brain slice preparation
	Cannula implantation and infusion
	In vitro whole cell current clamp recordings
	Statistical analyses

	Results
	Learning and behavioral performance did not differ between NH and HL groups
	Striatal population-level phase locking to auditory stimuli correlates with behavioral task acquisition
	Significant changes to neural activity and latency to peak firing rate accompany behavioral acquisition
	A transient reduction to neuronal population response to reward (hit) and no reward (false alarm) coincide with behavioral acquisition
	Transient shifts in E/I tone create a brief window of plasticity that supports long term potentiation

	Discussion
	The suppression of non-associative neural activity (noise) allows for the emergence of neural phase locking to the associative conditioning signal
	A brief window of plasticity allows cortical entrainment to potentiate corticostriatal pathways during associative learning
	A role for dopamine to open and close the brief window of learning plasticity


	References

