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The neural circuit mechanism for auditory
responses in the mediodorsal thalamic
nucleus of awake mice
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The mediodorsal thalamic nucleus (MD) forms neural circuits with various brain regions, including the
prefrontal cortex (PFC), the reticular thalamic nucleus (TRN), and the midbrain reticular nucleus (MRN).
However, the specific roles and underlying mechanisms in auditory information processing remain
unclear. Here, we perform multi-channel electrophysiological recordings in awake mice to investigate
the response patterns of the MD to auditory stimuli, as well as the regulatory effects of PFC, MRN, and
TRN inputs. We identify two distinct types of sound-evoked responses. The Phasic-response features a
transient burst firing to the stimuluswith short latency, rapidly adapting to baseline and corresponding to
the onset fluctuation of the local field potential. The Sustained-response is marked by prolonged firing
with longer latency and is accompanied by persistent enhancement of oscillatory power following
stimulus offset. The response patterns of MD neurons remain consistent across different types of
auditory stimuli. Optogenetic inactivation of the MRN suppresses both response types in the MD. The
Sustained-response is attenuated by PFC inactivation but enhanced by TRN inactivation, while the
Phasic-response remains unaffected by inactivation of either the PFC or TRN. Our findings expand the
understanding of the MD’s role in sound information integration and auditory cognitive regulation.

Themediodorsal thalamic nucleus (MD) is located in themedial part of the
thalamus, between the internal medullary laminae and the periventricular
gray matter. MD primarily consists of excitatory glutamatergic neurons1,2.
As a higher-order thalamic nucleus, the MD forms extensive connections
with various cortical regions and subcortical nuclei, contributing to a
complex neural network involved in regulation of behavior and cognition.
For instance, the MD receives inhibitory inputs from the reticular thalamic
nucleus (TRN), which initiates and sustains spindle oscillations. These
oscillations in the MD then synchronize with the prefrontal cortex (PFC)
through the thalamo-cortical loop, contributing to memory consolidation
during sleep3,4. The MD also receives inputs from the brainstem, trans-
mitting them to the anterior cingulate cortex and motor cortex, where they
participate in the selection, planning, and execution of goal-directed
behaviors5,6. Additionally, the MD receives information from the basal
ganglia and limbic system, playing a critical role in regulating emotional
integration, reward processing, and cognitive flexibility7–9. Several pathol-
ogies have been associated with dysfunction of the MD. For instance,
patients with schizophrenia exhibit reduced MD volume, which impairs
working memory3,10. Patients with alcohol use disorder experience MD

atrophy and decreased integrity of projections to the PFC, resulting in the
impairments of motor control and planning ability11,12. Therefore, it is
crucial to elucidate the physiologicalmechanisms of information processing
within the neural network centered around the MD.

Previous studies have investigated the involvement of the MD in the
transmission of olfactory and nociceptive information8,13. Recent studies
have highlighted that the critical role of the MD in regulating auditory
functions, such as sound detection sensitivity and auditory attention. Evi-
dence suggests that the continuous interactionbetween theMDand thePFC
regulates the balance between signal and noise, thereby optimizing auditory
information processing in complex environment14. MD neurons are
responsive to auditory stimuli and regulate behavioral flexibility when
rodents perform choice-selection tasks15. Additionally, during auditory-
guided conditioned reflex formation, the MD exhibits delayed neuronal
activity following stimulation, suggesting its involvement in associating
conditioned stimuli with rewards16. Our previous study also demonstrated
robust auditory responses and gating effects in the MD17. Therefore, it is
essential to elucidate the detailed characteristics and regulatorymechanisms
underlying the auditory responses of the MD.
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As a critical hub of the thalamus, the MD receives both bottom-up
inputs from glutamatergic neurons in the midbrain reticular nucleus
(MRN)5 and top-down control from the PFC9,18. In addition, within the
intricate thalamic local network, theMDalso receivesGABAergic inhibitory
inputs from the TRN19,20. Therefore, in investigating the auditory response
characteristics and functional roles of the MD, it is essential to consider the
integrative interactions between MD neuronal activity and input from its
afferent regions, including the MRN, PFC, and TRN. We hypothesize that
bottom-up input from theMRNmay be responsible for triggering auditory
responses in the MD, top-down input from the PFC to the MD may help
sustain attention to auditory stimuli, and inhibitory input from the TRN
may serve to gate the MD’s capacity to process auditory information.

In this study,we appliedmulti-channel electrophysiological recordings
and optogenetic manipulation to investigate the neural circuits underlying
sound-evoked responses in the MD of awake mice. We identified two dis-
tinct response patterns: a Phasic-response characterized by transient burst
firing and short latency, and a Sustained-response marked by prolonged
firing and enhanced oscillatory power. These response patterns remained
consistent despite variations in basic acoustic parameter. Optogenetic
inhibition of the MRN attenuated both responses, while inhibition of the
PFC primarily diminished the Sustained-response, and inhibition of the
TRN enhanced it. Our findings, which reveal the sound-evoked response

patterns in MD neurons and their regulatory neural circuits, provide new
insights into theMD’s role in integrating sound information and regulating
auditory cognition.

Results
The MD receives projections from the MRN, PFC and TRN
We initially employed a retrograde viral tracing approach to investigate the
afferent connectivityof theMDby injectingAdeno-associated virus (AAV)-
retro-hSyn-mCherry into the MD of C57BL/6 mice (Fig. 1A). Figure 1B
displays the viral expression at the MD injection site. Quantitative analysis
revealeda relatively highdensity of retrogradely labeledmCherry+ cell in the
TRN, PFC, and MRN (Fig. 1C, D), indicating these regions have relatively
more direct neuronal projections to theMD. Immunofluorescence analysis
confirmed that the majority of neurons in the MD are glutamatergic, as
evidenced by Vglut2 staining, with a small proportion of GABAergic
(Gad67+) neurons (Fig. 1E–G).

Characteristics of sound-evoked response in MD neurons
To investigate the auditory response patterns ofMDneurons in awakemice,
we implanted a single-shank, 16-channel linear probe into the unilateral
MD while presenting white noise stimuli (4-44 kHz, 80ms duration, 50 dB
intensity) to the contralateral side (Fig. 2A). Simultaneously, frontal

Fig. 1 | Projections of theMRN, PFCandTRN to theMD.AAschematicdiagramof
virus injections and retrograde tracing. Created by the authors.BRepresentative image of
the injection site of AAV-retro-hSyn-mCherry in theMD.CQuantification ofmCherry+

cells per mm² in various brain regions. Each point represents data from a single mouse.
N = 5 mice.D Representative images of mCherry+ cells in the TRN, PFC, and MRN.
E Immunofluorescence labeling showing Vglut2+ and DAPI staining in the MD.
F Immunofluorescence labeling showing Gad67+ and DAPI staining in the MD.
GQuantificationof theproportionofVglut2+ andGad67+ cells in theMD.N= 6miceper

group. **P < 0.01, Student’s t tests. OFC orbitofrontal cortex, PFC prefrontal cortex, ACC
anterior cingulate cortex, Mop primarymotor cortex, Ssp primary somatosensory cortex,
EC entorhinal cortex, Pir piriform cortex, RSP retrosplenial cortex, V1 primary visual
cortex, A1 primary auditory cortex, HPC hippocampus, CM centromedian thalamic
nucleus, ATN anterior thalamic nucleus, TRN reticular thalamic nucleus, GP globus
pallidus, SNr substantia nigra pars reticulata, AMY amygdala, VMH ventromedial
hypothalamus, VTA ventral tegmental area,MRNmidbrain reticular nucleus, IC inferior
colliculus, PnO pontine nucleus, PAG periaqueductal gray.
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Fig. 2 | Characteristics of sound-evoked responses inMDneurons. A Schematic of
the experimental setup showing a single-shank, 16-channel linear probe implanted
into the unilateral MD, while presenting white noise (WN) stimuli to the con-
tralateral side. Frontal EEG and neck EMG signals were simultaneously recorded
using microwire electrodes. SPL, sound pressure level. Created by the authors.
B Representative action potential (AP) waveforms of 636 units (from 12 mice)
recorded in the MD. C Scatter plot of MD units over the half-amplitude width and
the time from trough to peak. D Heatmap of the normalized peristimulus time
histogram (PSTH) of SUAs. The gray rectangle indicates the presentation of sound

stimulus. E Representative examples of SUAs recorded in the MD. From top to
bottom: peri-event raster plots and PSTHs of the SUAs, as well as the traces and
time-frequency spectrograms of simultaneously recorded LFP. F Individual (gray
lines) and averaged (black line) PSTHs of the SUAS. The vertical dotted line marks
the onset of the sound stimulus. G SUAs and PSTHs of three representative MD
units in response to different auditory stimuli.HA Sankey diagram representing the
changes in response patterns ofMD units across various sound stimuli. N = 35 units
from 6 mice.
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electroencephalography (EEG) and neck electromyography (EMG) signals
were recorded via microwire electrodes to monitor the level of arousal
(Fig. S1). Figure 2B shows the action potential (AP) waveforms recorded
from theMD. Based onmeasurements of half-amplitudewidth and trough-
to-peak time21, these APs were identified as regular-spiking (RS) units
(Fig. 2C). The peristimulus time histograms (PSTHs) of single units activity
(SUA) exhibiteddiverse patterns of sound-evoked response (Fig. 2D).Three
representative examples are provided in the top panel of Fig. 2E. Unit #153
displayed a transient response to the sound stimulus with short latency,
rapidly adapting to baseline, whereas Unit #585 exhibited a persistent
response with longer latency. Unit #324 demonstrated both rapid transient
and sustained responses. The waveforms and time-frequency spectrograms
of the local field potential (LFP) are shown in the bottom panel of Fig. 2E.
The LFP of Unit #153 showed a strong and rapid response at the pre-
sentation of sound stimulus, while the LFPs of Units #324 and #585 showed
a long-lasting increase in gamma band power that persisted up to 500ms
after stimulus onset. The individual and averaged PSTHs (Fig. 2F) revealed
two distinct peaks: one between 0 and 80ms following stimulus onset,
definedas thePhasic-response, andanotherbetween80and500ms, defined
as the Sustained-response. These response patterns remained largely con-
sistent despite variations in basic acoustic parameters, as demonstrated by
three representative units in Fig. 2G and the population data in Fig. 2H.

Characteristics of sound-evoked response in the PFC, MRN and
TRN neurons
We also recorded the auditory response of PFC neurons in awakemice by a
single-shank, 16-channel linear probe (Fig. 3A). Based on APmorphology,
480 recorded units were classified, including 342 RS units and 138 fast-
spiking (FS) units (Fig. 3B). Figure 3C shows the heatmaps of PSTHs for RS
and FS units in response to white noise stimuli. Both RS and FS populations
exhibited two distinct patterns: some units showed a Phasic-response fol-
lowed by a Sustained-response, while others predominantly displayed a
Sustained-response. The sound-evoked neuronal activity in the MRN is
shown in Fig. 3D–F, with 381 RS units and 141 FS units recorded. Both RS
and FS units exhibited a strong Phasic-response with minimal or no
Sustained-response. The results from the TRN are shown in Fig. 3G–I.
Given that previous studies have reported that the TRN is predominantly
composed of FS GABAergic neurons22,23, we included only 448 FS units for
analysis (Fig. 3H).ThePSTHheatmaps show that themajority ofTRNunits
exhibit a strong Phasic-response followed by a relatively weaker Sustained-
response (Fig. 3I). The individual and averagedPSTHs from thePFC,MRN,
andTRNarepresented inFig. 3J. The averagedPSTHfromthese three brain
regions also shows clear Phasic- and Sustained-responses occurring
between 0–80ms and 80–500ms after stimulus onset (Fig. 3K).

Contribution of MRN on the sound-evoked response in the MD
We then applied electrophysiological recordings combined with opto-
genetic manipulation to investigate the role of MRN neural activity in the
sound-evoked response of the MD. To determine whether MRN neurons
projecting to the MD are inhibited by local GABAergic neurons, we
injected AAV-retro-hSyn-cre-mCherry into the MD of VGAT-ChR2-
EYFP mice. Three weeks later, Cre-inducible AAV-DIO-ChrimsonR was
injected into the ipsilateral MRN, followed by implantation of an optical
fiber above the MRN (Fig. 4A). Histological analysis revealed that
mCherry+ MRN neurons projecting to the MD were surrounded by local
EYFP+ GABAergic fibers (Fig. 4B). Electrophysiological recordings
showed that the firing rate of local FS unit was not affected by 589-nm
laser stimulation of the MRN, whereas it was elevated by 473-nm laser
stimulation (Fig. 4C). In contrast, the firing rate of simultaneously
recorded RS unit was increased by 589-nm laser stimulation and
decreased by 473-nm laser stimulation (Fig. 4D). These results suggest
that activation of GABAergic neurons in the MRN can significantly
inhibit the activity of excitatory neurons projecting to the MD. Next, we
inhibited the activity of MRN by optogenetically stimulating GABAergic
neurons in the MRN of VGAT-ChR2-EYFP mice (MRN-silencing,

Fig. 4E). This approach has been shown in a previous study to produce
nearly uniform inhibition of adjacent excitatory neurons17. Figure 4F
presents the representative raster plots and PSTHs of MD units with
(laser on) and without (laser off) MRN-silencing. MRN-silencing sig-
nificantly suppressed the spontaneous firing rate of MD units (Fig. 4G).
To investigate the regulatory effect of MRN-silencing on sound-evoked
responses of MD units, we quantified the intensity of the Phasic- and
Sustained-responses by calculating the area under the curve (AUC) for
the PSTH peaks in the 0–80ms and 80–500ms windows following sti-
mulus onset, respectively. We observed that both the AUC of the Phasic-
(Fig. 4H) and Sustained-responses (Fig. 4I) were significantly reduced by
MRN-silencing. Simultaneously recorded LFPs and the corresponding
time-frequency spectrogram heatmaps are presented in Fig. 4J, K. We
calculated the normalized power spectral density (PSD) of the LFP in the
0–80ms (Fig. 4L) and 80–500ms (Fig. 4M) windows following sound
stimulation, and found that MRN-silencing significantly reduced oscil-
latory power across the delta, theta, alpha, beta, and gamma frequency
bands in both time windows (Fig. 4N, O). These results indicate that the
inputs from the MRN may serve as a source of the sound-evoked
response in the MD.

Contribution of PFC on the sound-evoked response in the MD
Similarly, we expressed ChrimsonR in PFC neurons projecting to the
MD in VGAT-ChR2-EYFP mice (Fig. 5A, B). 473-nm laser stimu-
lation was used to activate local FS units in the PFC (Fig. 5C), which
resulted in a significant decrease in the firing rate of RS units pro-
jecting to the MD (Fig. 5D). Then, we optogenetically stimulated
GABAergic neurons in the PFC of VGAT-ChR2-EYFP mice (PFC-
silencing) to investigate the role of PFC activity in the sound-evoked
response of MD (Fig. 5E). Representative raster plots and PSTHs of
MD units are shown in Fig. 5F. Statistical analysis revealed that PFC-
silencing significantly reduced the spontaneous firing rate (Fig. 5G)
and the Sustained-response of MD units (Fig. 5I), while the Phasic-
response remained unaffected (Fig. 5H). Simultaneously recorded
LFPs and corresponding time-frequency spectrogram heatmaps are
presented in Fig. 5J, K. Statistical analysis showed that PFC-silencing
had less effect on oscillatory power during the 0–80 ms window
(Fig. 5L, N), but significantly reduced power across all frequency
bands during the 80–500 ms window (Fig. 5M, O). These results
suggest that PFC neural activity primarily contributes to the slow
phase of the response in the MD, rather than the fast phase.

Modulation of TRN on the sound-evoked response in the MD
The TRN is a shell-like structure in the thalamus composed predominantly
of GABAergic neurons, which project inhibitory inputs to the MD19,20. To
investigate howTRNGABAergic inputsmodulate sound-evoked responses
in the MD, we optogenetically silenced TRN neurons by injecting AAV-
DIO-eNpHR3.0-mCherry into the TRN of GAD2-Cre mice (TRN-silen-
cing, Fig. 6A). Representative raster plots andPSTHsofMDunits are shown
in Fig. 6B. TRN-silencing significantly increased the spontaneous firing rate
(Fig. 6C) and sound-evokedSustained-response ofMDunits (Fig. 6E),while
the Phasic-response remained unchanged (Fig. 6D). Simultaneous LFP
analysis revealed that TRN-silencing had no significant effect on oscillatory
power during the 0–80ms post-stimulus window, but resulted in enhanced
power across the delta to gamma frequency bands during the 80–500ms
window (Fig. 6F–K). Therefore, these results suggest that TRN GABAergic
neurons negatively regulate the slow phase of sound-evoked response in
the MD.

Discussion
The present study aimed to investigate the response patterns of the
MD to auditory stimuli, as well as the contributions of upstream
brain region inputs to the generation of sound-evoked responses in
the MD. We identified two distinct response patterns in MD units: a
Phasic-response characterized by transient burst firing with short
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latency, and a Sustained-response marked by prolonged firing and
enhanced LFP oscillatory power. These response patterns remained
largely consistent despite variations in basic acoustic parameters. The
Phasic-response was predominantly observed in the MRN, whereas
the PFC exhibited a greater prevalence of the Sustained-response.
Optogenetic inactivation of the MRN suppressed both Phasic- and
Sustained-responses in the MD, while PFC inactivation selectively
reduced the Sustained-response. In contrast, inactivation of the TRN
enhanced the Sustained-response. Based on these findings, it can be
inferred that the auditory responses in the MD primarily originate
from three sources: the Phasic-response is primarily driven by
bottom-up input from the MRN; the Sustained-response is jointly

controlled by bottom-up input from the MRN and top-down input
from the PFC; and inhibitory input from the TRN negatively reg-
ulates the Sustained-response.

The MD serves as a crucial hub, extensively interconnected with
multiple cortical and subcortical regions, playing a central role in the
transmission and integration of sensory information within the thalamo-
cortical pathway24–26. Previous electrophysiological studies in rodents and
primates have demonstrated that a subset of MD neurons responds to
auditory stimuli16,17,27. However, the detailed characteristics of sound-
evoked responses in MD neurons have yet to be fully investigated. In the
present study, we observed that auditory stimulation elicits two distinct
response components in MD neurons: a short-latency, rapidly adapting

Fig. 3 | Patterns of sound-evoked response in the PFC, MRN and TRN.
A Schematic of the experimental setup. A single-shank, 16-channel linear probe was
implanted into the PFC of awake mice, with WN stimuli presented to the con-
tralateral side and simultaneous EEG and EMG recordings. Created by the authors.
B Scatter plot of 480 PFC units (from 11 mice), based on half-amplitude width and
the time from trough to peak. Inset: AP waveforms of RS units (n = 342, red) and FS
units (n = 138, blue).CHeatmaps of PSTHs for RS and FS units in response to sound

stimuli. D–F Sound-evoked neuronal activity in the MRN. N = 381 and 141 for RS
and FS units, respectively, from a total of 12 mice. G–I Sound-evoked neuronal
activity in the TRN. N = 448 for FS units from 10 mice. J Individual (gray lines) and
averaged (black line) PSTHs from the PFC, MRN, and TRN. K Averaged PSTHs
across brain regions show distinct Phasic- and Sustained-responses occurring
between 0–80 ms and 80–500 ms following stimulus onset, respectively.
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Fig. 4 | Role of the MRN in generating sound-evoked responses in the MD.
A Schematic of the experimental design showing local optogenetic activation of
GABAergic neurons and simultaneous SUA recordings in the MRN of VGAT-
ChR2-EYFP mice received AAV-retro-hSyn-cre-mCherry injection into the MD
and AAV-DIO-ChrimsonR into the MRN. Created by the authors. B Histological
image of EYFP/mCherry/DAPI labeling in the MRN. Green fluorescence indicates
axonal fibers from EYFP-expressing local GABAergic neurons; red fluorescence
marksMRNneurons projecting to theMD; and blue fluorescence represents nuclear
staining (DAPI). Representative APwaveforms, raster plots, and PSTHs of a local FS
unit (C) and a RS unit projecting to theMD (D) in theMRNunder 589-nm and 473-
nm laser stimulation. E Schematic for optogenetic inactivation of MRN (MRN-
silencing), and simultaneous SUA and LFP recordings in the MD of VGAT-ChR2-

EYFPmice. Created by the authors. FRaster plots and PSTHs of three representative
MDneurons with andwithoutMRN-silencing. Quantification of spontaneous firing
rates (G) and AUC of sound-evoked Phasic- (H) and Sustained-responses (I) inMD
neurons under different conditions. N = 72 units from 8mice. Representative traces
of LFP (J) and corresponding time-frequency spectrograms (K) in response to sound
stimuli with or without MRN-silencing. Gray and blue rectangles indicate the pre-
sentation of sound and laser stimuli, respectively. Normalized PSD of LFPs in the
0–80 ms (L) and 80–500 ms (M) post-stimulus window. Gray shading indicates the
frequency bands of delta, theta, alpha, beta, and gamma. Statistical analysis of
normalized PSD across frequency bands in the 0–80 ms (N) and 80–500 ms window
(O). N = 16 recording sessions from 8 mice. **P < 0.01, as determined by a linear
mixed-effects model (LME).
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Fig. 5 | Role of PFC in modulating sound-evoked responses in the MD.
A Schematic of the experimental design showing local optogenetic activation of
GABAergic neurons and simultaneous SUA recordings in the PFC of VGAT-ChR2-
EYFP mice that received AAV-retro-hSyn-cre-mCherry injection into the MD and
AAV-DIO-ChrimsonR into the PFC. Created by the authors. B Histological image
showing EYFP/mCherry/DAPI labeling in the PFC. Representative AP waveforms,
raster plots, and PSTHs of a local FS unit (C) and a RS unit projecting to theMD (D)
in the PFC under 589-nm and 473-nm laser stimulation. E Schematic of optogenetic
inactivation of PFC (PFC-silencing) and simultaneous SUA and LFP recordings in
the MD of VGAT-ChR2-EYFP mice. Created by the authors. F Raster plots and

PSTHs of three representative MD neurons with and without PFC-silencing.
Quantification of spontaneous firing rates (G) and AUC of sound-evoked Phasic-
(H) and Sustained-responses (I) in MD neurons under different conditions. N = 83
units from 8 mice. Representative traces of LFP (J) and corresponding time-
frequency spectrograms (K) in response to sound stimuli with and without PFC-
silencing. Normalized PSD of LFPs in the 0–80 ms (L) and 80–500 ms (M) post-
stimulus window. Statistical analysis of normalized PSD across frequency bands in
the 0–80 ms (N) and 80–500 mswindow (O). N = 16 recording sessions from8mice.
**P < 0.01, as determined by an LME.
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spiking response accompanied by transient LFP fluctuations, and a long-
latency, slowly adapting spiking response associated with delayed gamma-
band oscillations. Analogous patterns of Phasic- and Sustained-responses
have been reported in MD neurons in response to nociceptive and visual
stimuli27–30. Phasic-response neurons are characterized by the presence of
fast-activating sodiumchannels, enabling rapid depolarization and the swift
generation of action potentials. Their responses typically diminish shortly
after stimulus onset due to rapid repolarization mediated by potassium
channels. These neurons often receive direct inputs from the brainstem and
first-order sensory thalamus, resulting in short latencies and brief response
durations. In contrast, Sustained-responses arise from continuous synaptic
input and recurrent excitatory activity within neural circuits. Sustained-
response neurons generally integrate input from multiple central regions,
with signals relayed through cortical and subcortical areas, leading to long
latencies and extended response durations. Transient neuronal responses to
sensory stimuli are thought to facilitate the rapid detection of external sig-
nals and initiate appropriate behavioral reactions31,32. Rapid adaptation
helps maintain sensitivity to novel stimuli while preventing sensory over-
load caused by redundant information33,34. Furthermore, sensory-evoked
gamma oscillations are believed to enhance information transmission and
inter-regional coordination, supporting efficient neural communication,
arousal, and attentional performance35–37. Together, our findings emphasize
the multidimensional role of theMD in sensory integration and attentional
regulation.

Anatomical studies have shown that the MD receives input from the
MRN, akey component of the brainstem’s ascendingprojection system5,38,39.
Auditory inputs to theMRNprimarily originate from the central and dorsal
nuclei of the inferior colliculus40. Additionally, the auditory responsiveness
of theMRNismodulatedbydopaminergic inputs fromthepontine reticular
formation and the ventral tegmental area41. Previous research has demon-
strated that auditory stimuli can elicit a transient increase in SUA in the
MRN5. Consistently, our current findings revealed that the vast majority of
MRN neurons displayed a Phasic-response pattern, similar to the early
components of sound-evoked activity observed in MD neurons.

The presence of direct neural projections from the PFC to theMD has
beenwell-established4,42. Previous electrophysiological studies inbothawake
and anesthetized mice have demonstrated that PFC neurons exhibit a
continuous increase in SUA in response to broadband noise stimuli, lasting
for approximately 500ms following stimulus offset43,44. In current study, we
also observed that the majority of PFC neurons displayed a prolonged,
sound-evoked enhancement in SUA, corresponding to the Sustained-
response in MD neurons.

Optogenetic inactivation of MRN neuronal activity suppressed both
the Phasic- and Sustained-response in MD neurons. Optogenetic inacti-
vation of PFC neuronal activity significantly suppressed the Sustained-
response, while having minimal impact on the Phasic-response. Based on
these observations, we hypothesize that the attenuation of the MD Phasic-
response following MRN-silencing is due to the blockade of phasic input

Fig. 6 | Role of TRN in modulating sound-evoked responses in the MD.
A Schematic for optogenetic inactivation of TRN (TRN-silencing), and simulta-
neous SUA and LFP recordings inMD of GAD2-Cre mice that received AAV-DIO-
eNpHR3.0-mCherry injection in the TRN. Created by the authors. B Raster plots
and PSTHs of three representative MD neurons with and without TRN-silencing.
Quantification of spontaneous firing rates (C) and AUC of sound-evoked Phasic-
(D) and Sustained-responses (E) in MD neurons under different conditions. N = 69

units from 8 mice. Representative traces of LFP (F) and corresponding time-
frequency spectrograms (G) in response to sound stimuli with and without TRN-
silencing. Normalized PSD of LFPs in the 0–80 ms (H) and 80–500 ms (I) post-
stimulus window. Statistical analysis of normalized PSD across frequency bands in
the 0–80 ms (J) and 80–500 ms window (K). N = 16 recording sessions from 8mice.
**P < 0.01, as determined by an LME.
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from theMRN. On the other hand, the Phasic-response in theMD triggers
sustained neural reverberation within theMD-PFC loop, which leads to the
formation of the Sustained-response in the MD. Therefore, both MRN-
silencing and PFC-silencing can result in the attenuation of the Sustained-
response in the MD. These results imply that the auditory responses of the
MD may originate from the MRN. Prior behavioral experiments have
suggested that ascending auditory projections from theMRN to theMDare
involved in the transition from sleep to wakefulness39 as well as in triggering
behavioral responses to auditory stimuli5. Therefore, the MRN-MD path-
way may contribute to the detection and transmission of auditory signals.
Additionally, persistent top-down input from the PFC also serves as a key
contributor to the Sustained-response in MD neurons. Previous studies in
rodents have shown that sustained SUA and gamma-band oscillation in the
PFC, evoked by visual and nociceptive cues, are closely associated with
perceptual attention, facilitating the suppression of irrelevant information
and the selective focus attention on stimuli of interest45,46. By analogy, the
Sustained-responses in the MD driven by PFC-MD pathway may also
contribute to auditory attention functions.

The TRN, located at the periphery of the thalamus, is characterized by a
substantial population of GABAergic neurons47,48. As a keymodulator within
the thalamo-cortical network, the TRN regulates the transmission of sensory
information, including auditory and visual cues, and exerts a sensory gating
function49–51. A previous study reported that TRN neurons respond to audi-
tory stimulation with two distinct peaks in neuronal discharge: a fast peak,
characterized by significant neuronal activity but short duration, and a slow
peak, characterized by relatively weaker neuronal activity but longer
duration52. In line with these findings, our study also identified a mixture of
Phasic- andSustained-responses inTRNneurons.Optogenetic inactivationof
TRN neuronal activity selectively enhanced the Sustained-response in MD
neurons, accompanied by an increase in oscillatory power across delta to
gammaband frequencies. In contrast, thePhasic-response in theMD—largely
driven by bottom-up input from the MRN—remained unaffected. These
findings suggest that the TRN primarily exerts a suppressive effect on the
Sustained-response in the MD, potentially contributing to auditory gating by
limiting continuous attention to irrelevant auditory stimuli.

In conclusion, theMRN-MDbottom-uppathway,which transmits the
Phasic-response, may contribute to the detection and transmission of
auditory signals. The PFC-MD top-down pathway, contributing to the
Sustained-responses, may be involved in auditory attention functions.
Inhibitory regulation from the TRN may exert gating effects on the PFC-
MD top-down input, helping to modulate attention to irrelevant stimuli.
Ourfindings elucidate thepotential neural circuitrymechanismsunderlying
auditory responses in the MD and offer new insights into its role in inte-
grating sound information and regulating auditory cognition.

Several limitations should be acknowledged in the present study. First,
we did not utilize naturalistic sounds to elucidate the MD’s involvement in
higher-order auditory processing. Second, we did not selectively optogen-
etically manipulate the projections from the PFC, MRN, and TRN to the
MD, and therefore, cannot determine whether the observed effects are due
to direct connections or indirect network effects. These limitations need to
be addressed in future research.

Materials and methods
Animals
C57BL/6 mice were obtained from Vital River Laboratory (Beijing, China).
VGAT-ChR2-EYFP and GAD2-Cre mice were obtained from The Jackson
Laboratory (stock numbers: 014548 and 010802, respectively). Experiments
were conducted on adult mice of both sexes, aged 6–8 weeks and weighing
18–25 g. Animals were housed at a constant temperature of 22 ± 1 °C and
humidity (30–50%)under a 12-h light / 12-hdark cycle,with food andwater
available ad libitum. All experiments were conducted in a blinded manner,
with the investigators responsible for data collection and analysis remaining
blinded to the experimental conditions. All procedures were performed in
compliance with the National Institutes of Health guide for the Care and
Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). All

experimental protocols were approved by the Animal Ethics Committee of
China Medical University (No. CMU2019126).

Surgical procedures and electrode implantation
Mice were initially anesthetized in an induction chamber with 3% iso-
flurane and then fixed in a stereotaxic apparatus (#68001, RWD Life
Science, Shenzhen, China), with continuous administration of 1.5%
isoflurane to maintain anesthesia. Body temperature was maintained at
37 °C throughout the surgery using a heating pad. A local analgesic
composed of a 1:1 mixture of lidocaine (4%) and bupivacaine (0.25%)
was administered subcutaneously below the scalp prior to the surgical
procedure. After shaving the hair and disinfecting the incision site with
medical alcohol, the scalp was incised, and the underlying connective
tissue was gently removed. The skull surface was cleaned with a 5%
hydrogen peroxide solution and dried using an air puffer. The skull was
positioned such that bregma and lambda landmarks were aligned along
the anteroposterior (AP), mediolateral (ML) and dorsoventral (DV) axes.
For EEG and EMG recordings to assess brain arousal states, a stainless-
steel screw was implanted into the surface of the PFC (AP =+1.94mm,
ML = –0.50mm, DV = –2.70mm) based on the standardized mouse
brain atlas (The Mouse Brain in Stereotaxic Coordinates, 3rd edition).
The screw was connected using Teflon-coated silver microwires
(#785500, A-M Systems, WA, USA). Two stainless-steel wires (#793200,
A-M Systems, WA, USA) were inserted into the neck musculature. For
acute recording with a multichannel silicon probe, the locations of the
MD (AP = –1.55mm, ML =+0.50mm, DV = –3.00mm), TRN
(AP = –0.82mm, ML =+1.50mm, DV = –3.20mm), PFC and MRN
(AP = –4.04mm, ML =+1.20mm, DV = –3.10 mm) in the left hemi-
sphere were marked on the skull surface with ink. A ~ 1mm craniotomy
was performed over the cerebellum, and two stainless-screws were
inserted and connected using Teflon-coated silver microwires, serving as
the ground and reference. The opposite ends of the microwires were
soldered to a pin connector, which was secured to the cranium of the
right hemisphere with dental cement. A custom-designed head post was
affixed to the occipital and nasal bones. Following surgery, mice were
returned to single-housed cages, and antibiotics (enrofloxacin, 10mg/kg)
and analgesic (carprofen, 5 mg/kg) were added to their drinking water.
Animals were allowed to recover for at least 2 weeks before undergoing
any further procedures.

Viral injections and optic fiber implantation
Viral injections were performed using a stereotactic frame under isoflurane
anesthesia, as previously described. A small craniotomy (~1mm in diameter)
was drilled under a microscope, and AAV vectors were delivered through a
beveled glass micropipette (tip diameter: 30–40 μm) attached to a micro-
syringe pump (Pump 11 Elite, Harvard Apparatus, Holliston, USA) at a rate
of 20 nl/min. After the injection, the pipette was left in place for an additional
10min before being slowly retracted. For retrograde monosynaptic labeling
of neurons projecting to the MD, AAV-retro-hSyn-mCherry (300 nl,
BrainVTA, Wuhan, China) was injected unilaterally into the MD (coordi-
nates as described above). For optogenetic labeling of MRN/PFC neurons
projecting to the MD, AAV-retro-cre-hSyn-mCherry (300 nl, BrainVTA,
Wuhan, China) was injected unilaterally into the MD. Three weeks later,
AAV-DIO-ChrimsonR (300 nl, BrainVTA, Wuhan, China) was injected
into the ipsilateral MRN or PFC. For optogenetic inactivation of excitatory
neurons in theMRNor PFC, an optical fiber (200 μmcore diameter and 0.39
numerical aperture, Newdoon Technology, Hangzhou, China) was
implanted into the MRN or PFC of VGAT-ChR2-EYFP mice. For inacti-
vation of GABAergic TRN inputs to the MD, GAD2-Cre mice were injected
unilaterally with AAV-DIO-eNpHR3.0-mCherry into the TRN, with an
optic fiber inserted at a ~ 30° angle targeting the ipsilateral MD. The optical
fibers were secured to the skull using dental cement and skull screws. An
unexpected adverse event occurred when two animals exhibited signs of
infection at the surgical site following implantation of the optogenetic fiber.
These animals were excluded from further analysis, and appropriate
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veterinary care was provided. The infection was promptly treated, and no
further complications were observed in the remaining animals.

Acoustic and optogenetic stimulation
Waves of broadband white noise (4-44 kHz), pure-tone (2, 6 and 12 kHz),
upward and downward frequency-modulated sound (FM, 128Hz-16 kHz)
were generated using customMATLAB scripts. Each sound stimulus had a
duration of 80ms. The signal was transferred via an A/D converter board
(PCI-6052E, National Instruments, Austin, Texas, USA), and played
through a free-field speaker (K701, AKG, Vienna, Austria) positioned
adjacent to the ear contralateral to the recording site. Sound intensitywas set
to 50 dB sound pressure level (SPL) and measured at the position of the
animal’s ear using a sound level meter (Bruel & Kjaer type 2238, Naerum,
Denmark). During sessions to record sound-evoked responses in the target
brain regions, a total of 120 trials of stimuli were delivered with randomly
varied interstimulus intervals ranging from 6 to 9 s.

Optogenetic stimulation was used to precisely control the activity of
ChR2/eNpHR3.0-expressing neurons and investigate their role in neural
circuit regulation. In this study, optogenetic stimuli were generated via a
pulse stimulator (Newdoon Inc., Hangzhou, China) and delivered to the
brain through an optic fiber cable (1m length, 200-μm core diameter,
Newdoon Inc., Hangzhou, China). The laser intensity was measured by an
optical power meter (Newdoon Inc., Hangzhou, China) and calibrated to
0.83–3.33mW/mm2 at the fiber tip. During the pre-experimental phase, we
systematically determined the optimal optogenetic stimulation intensity by
testing a range of light intensities (5-20mW) in a stepwise manner. The
optimal intensity was defined as the level at which more than 50% of
recorded units exhibited changes in firing rate exceeding the mean
±2 standard deviations (SD) of their baseline spontaneous activity within a
single recording session. To ensure the specificity of regional manipulation
and avoid thermal interference, the maximum laser intensity was limited to
20mW. We observed that 473-nm laser activation of GABAergic neurons
effectively suppressed the activity of local RS units; however, upon cessation
of the laser, RS units exhibited a pronounced rebound firing (Figs. 4D, 5D).
To prevent this rebound activity from confounding sound-evoked
responses, which could obscure the interpretation of MD neuronal firing
patterns, we applied a continuous 1000ms laser pulse beginning 250ms
prior to the onset of the broadband noise, thereby fully encompassing the
sound stimulus duration. In VGAT-ChR2-EYFP mice injected with opto-
genetic virus, 589-nm laser stimulation was applied to the PFC or MRN to
identifyneuronsprojecting to theMD.473-nmlaser stimulationwasused to
activate local GABAergic neurons in the PFC or MRN. Additionally, 589-
nm laser stimulation was applied to the MD of GAD2-Cre mice to selec-
tively inactivate the inhibitory inputs from the TRN to the MD.

Electrophysiological recordings
All recordings were conducted in a custom-built acoustic isolation booth.
Prior to the recording experiments, mice were acclimated to the environ-
ment by spending 3 h per day in the recording room for 4 consecutive days.
During this period, the animals were affixed atop a free-spinning treadmill
via a custom-designed head post secured to the skull. On the 5th day, the
mice were placed in the recording booth and anesthetized with 3% iso-
flurane. A craniotomy of approximately 2mm in diameter was performed
above the targeted brain areas, previously marked with ink. A recording
chamber was constructed around the craniotomy using UV-cured cement.
Themicewere allowed sufficient time to recover from anesthesia. Neuronal
activity in the MD, PFC, MRN and TRN was recorded separately using a
single-shank, 16-channel silicon probe (A1×16-3.8mm-50-177, Neuro-
Nexus, MI, USA). Recording sites were linearly arranged along the shank,
with an inter-site spacing of 50 μm. The distance from the probe tip to the
first recording site was 25 μm. The probe was mounted on a remotely
controlled micromanipulator (MO-1, Narishige, Tokyo, Japan) and gra-
dually lowered into the target areas, guided by electrophysiological signals
and anatomical landmarks based on the mouse brain atlas. Once the SUA
stabilized, the recording session commenced. The recording order was

randomized daily, with each animal recorded at a different time each test
day. Signals from the probe were routed to a multichannel preamplifier
(RA16PA, Tucker-Davis Technologies, TDT; Alachua, FL, USA) and sub-
sequently to a digital signal processing module (RZ-2; TDT). Raw electro-
physiological data were bandpass-filtered at 0.5–300Hz for LFPs and
300–5000Hz for SUAs. The neural waveforms were digitized by the
OpenEx software of TDT and SUAs were detected using principal com-
ponent analysis (PCA)17. After each session, the chamber was cleaned, filled
with ointment, and sealed with UV-cured cement. Before each subsequent
recording session, the chamber was reopened and reconstructed under
isoflurane anesthesia. Typically, 2–5 recording sessions were performed per
animal over a 2 week period. Following the final recording session, animals
were euthanized, and probe placement was verified via histological brain
sectioning.

Analysis of the electrophysiological data
To identify the arousal state of mice during the recordings, we simulta-
neously recorded frontal EEG and neck EMG data. Using a heuristic
automated approach combined with independent visual inspection, we
categorized EEG data into wake, non-rapid eye movement (NREM), and
rapid eyemovement (REM) episodes (Supplementary Fig. 1). Spectrograms
were first computed from the recorded EEG signals, and PCA was con-
ducted to each spectrogram. The first principal component (PC1) primarily
reflected low-frequency power, with the weights of frequencies <25Hz
being opposite in sign to those of frequencies in the gamma range. By
analyzing the bimodal distribution of PC1 magnitudes, a threshold was
determined at the trough between the two peaks, enabling the classification
of each second as NREM (high PC1 power) or “other” (low PC1 power).
Subsequently, the “other” epochs were further classified based on a narrow-
band theta power ratio (5–10Hz/2–16Hz) and EMG measures. The ori-
ginal EMG signals were rectified and smoothed. Typical EMG segments
were selected from both the high muscle tone awake state and the atonic
sleep state, with five 1 s segments chosen from each condition. The average
amplitude for each statewas calculated, and themidpoint of these valueswas
used as the threshold for classification.Toavoid suddenmovement artifacts,
a high muscle tone state was only considered when the EMG amplitude
remained above the threshold for more than 1 s. Conversely, a low muscle
tone state was defined when the EMG amplitude remained below the
threshold for more than 1 s. Epochs exhibiting high theta power and low
muscle tone were designated as REM. The remaining epochs were cate-
gorized aswake episodes. Amousewas considered to be in the awake state if
the proportion of wake epochs exceeded 80% during a given recording
session. Based on this criterion, 88.23% of MD sessions (75/85), 85.48% of
PFC sessions (53/62), 78.46% of TRN sessions (51/65), and 83.1% of MRN
sessions (59/71) were included in the subsequent analyses.

An 800ms peristimulus epoch (–200 to 600ms relative acoustic sti-
mulus onset) of SUAs was extracted across all trials within each recording
session. Sessions in which more than 50% of trials were contaminated by
gross artifacts or data were acquired from damaged electrodes were dis-
carded. Units with a signal-to-noise ratio greater than 3:1 and a peak-to-
trough amplitude variation of less than 20% were included. Units showing
significant drift or instability were excluded to ensure the reliability and
consistency of theneuronal data. PSTHswere constructed by calculating the
instantaneous firing rate (1-ms bin) for each epoch from SUA, followed by
smoothing with a 5-ms Gaussian sliding window. PSTHs were averaged
across trials to obtain the mean PSTH per unit. The spontaneous firing rate
was measured during the pre-stimulus baseline period (–200 to 0ms). A
Phasic-response was defined as a response in which the maximum firing
ratewithin the 0–80mspost-stimuluswindow exceeded themean+2 SDof
the pre-stimulus spontaneous firing rate. A Sustained-response was defined
as a response in which themaximum firing rate within the 80–500ms post-
stimulus window exceeded the mean +2 SD of the pre-stimulus sponta-
neous firing rate and persisted for more than 100ms. The intensity of
Phasic- and Sustained-responses was quantified by calculating the AUC of
the mean PSTH within the 0–80ms and 80–500ms windows, respectively.
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LFP signals were downsampled to 1 kHz. Trial-based spectral analysis
of LFPs were performed using a wavelet-based algorithm implemented in
the EEGLAB toolbox (http://sccn.ucsd.edu/eeglab/index.php). Spectral-
temporal powerwas averaged across all trials within each recording session.
For each session, LFP power was computed to generate a spectral-temporal
representation using the multitaper method provided by EEGLAB. Results
were presented as a relative estimation of the ratio between the values
following acoustic stimulus onset and the baseline value. Frequency bands
were defined as follows: δ (0.5–4.0 Hz), θ (4.1–8.0 Hz), α (8.1–12.0 Hz), β
(12.1–30.0 Hz) and γ (30.1–80.0 Hz). PSD was estimated using Welch’s
method. Specifically, LFP data were divided into several segments with 50%
overlap. Each segment was windowed by a Hamming window, and the
periodogram of each windowed segment was obtained using a Fast Fourier
Transform. All periodogram were averaged to obtain the final Welch PSD
values for each participant. Average power within the five predefined fre-
quency bands was used for further analysis.

Histology
After completion of all experiments, each mouse was anesthetized with
pentobarbital (100mg/kg) and perfused transcardially with 20ml
phosphate-buffered saline (PBS), followed by 20ml of 4% paraformalde-
hyde. Brains were extracted and placed in a fixative solution at 4 °C for 48 h.
Brain sections were cut at 30 μm thickness via a freezing microtome
(CM1950; Leica,Wetzlar,Germany). The sliceswere thenwashed 3 times in
PBS, mounted onto glass slides, and coverslipped with 4′,6-diamidino-2-
phenylindole (DAPI, Cat# 0100-20, Southern Biotech, Birmingham, AL,
USA). For immunofluorescence analysis, brain slices were first treated with
a blocking buffer containing 10% donkey serum in PBS for 1 h at room
temperature tominimize nonspecific antibodybinding.The sliceswere then
incubated at 4 °C for 24 h with one of the following primary antibodies
diluted in blocking solution: anti-vesicular glutamate transporter 2 (Vglut2,
1:200 dilution, ab216463,Abcam,USA) or anti-glutamic acid decarboxylase
67 (Gad67, 1:500 dilution, A2938, ABclonal, China). After 3 rinses in PBS,
slices were incubated with species-appropriate, fluorophore-conjugated
secondary antibodies (1:200 dilution; Proteintech, China) for 2 h at room
temperature. Finally, slices were mounted with a DAPI-containing
mounting medium for nuclear visualization. The recording probe track,
virus injection site, and retrogradely labeled neurons were verified under a
fluorescence microscope (BX53, Olympus, Tokyo, Japan) according to the
Paxinos and Franklin mouse brain atlas.

Statistics and reproducibility
Statistical analysis was performed using GraphPad Prism 9.0
(graphpad.com) and MATLAB. The normality of the data was
assessed using the Shapiro-Wilk test. Comparisons of the proportions
of Vglut2+ and Gad 67+ cells in the MD were analyzed using Stu-
dent’s t test. Fisher’s exact test was used to analyze the impact of
different auditory stimulus types on the response patterns of MD
neurons, with Holm-Bonferroni correction applied to control for the
false positive rate associated with multiple comparisons. A linear
mixed-effects model (LME) was employed to analyze the sponta-
neous firing rate, the AUC of Phasic- and Sustained-response, and
the normalized PSD of LFPs across different optogenetic conditions,
accounting for variability among individual mice. All values are
reported as mean ± standard error of the mean (SEM), unless
otherwise stated. Statistical significance was defined as P < 0.05.

To ensure reproducibility, each experiment was independently
repeated at least three times under identical conditions. Biological repli-
cates were defined as independent experimental trials performed using
distinct biological samples. For in vivo experiments, each replicate was
conducted using a separate group of animals to minimize individual
variability. Sample sizes were determined based on prior literature and,
where applicable, guided by power analyses to ensure sufficient statistical
power. Experiments without formal statistical testing were still repeated
across multiple biological replicates to confirm reproducibility. The exact

number of sample sizes for each experiment are provided in the corre-
sponding figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from Supple-
mentaryData 1.Additional information is available from the corresponding
author upon reasonable request.

Code availability
The customcodesused for analyzingdata are available at http://github.com/
Aaronwong1219/PSTH.
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