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Sleep disturbances and altered sensory processing are key features of neurodevelopmental and neuropsychiatric disorders (NDDs/
NPDs). Clinical assessments of brain function in these conditions reveal increased connectivity between the thalamus and cortical
areas, alongside changes in restorative sleep patterns that rely on thalamic function, like decreased sleep spindle density and slow-
wave oscillations. To assess the role of individual thalamic nuclei in such impairments, we activated thalamic nuclei within three
different thalamocortical circuits in rats using the chemogenetic receptor hM3Dq. Activation of the mediodorsal thalamic (MDT)
nuclei impaired restorative sleep by reducing spindle density and slow-wave oscillations, recapitulating phenotypes associated with
NDDs/NPDs. Conversely, activating ventral posterior thalamic (VPT) and ventromedial thalamic (VMT) nuclei increased wakefulness,
reducing sleep spindle density and alpha/beta band power during sleep. To examine downstream network effects, we used

perfusion-based pharmacological MRI; MDT activation significantly modulated neural activity in MDT and interconnected regions,
including prelimbic cortex and thalamic nuclei. Finally, we tested whether pharmacologically increasing inhibition in the thalamus
using the GABAAS agonist gaboxadol and positive allosteric modulator DS-2, could counter phenotypes driven by thalamic

hyperactivity. Gaboxadol partially normalized the balance between light and deep NREM sleep in the MDT-hM3Dq group, and in
VPT- and VMT-hM3Dgq animals, partially normalized resting-state oscillations but failed to rescue sleep physiology. DS-2 had

minimal effects across groups. Collectively, our findings reveal that thalamic nuclei-specific activation impacts restorative sleep, and

that this thalamocortical circuit model may provide valuable insights into the neural mechanisms underlying dysfunctions

associated with NDDs/NPDs and neuropsychiatric conditions.

Molecular Psychiatry; https://doi.org/10.1038/s41380-026-03537-z

INTRODUCTION

Sleep disturbances are prevalent in many neurodevelopmental
and neuropsychiatric disorders (NDDs/NPDs), including autism
spectrum disorder (ASD) and schizophrenia [1]. In children with
ASD, sleep disturbances represent a major unmet need, signifi-
cantly affecting both children and their families [1-3]. Such sleep
disturbances manifest as insomnia, characterized by difficulties in
falling asleep, sleep fragmentation, and maintaining sleep, leading
to prolonged sleep latency and reduced sleep efficiency [4, 5].
Moreover, polysomnography studies revealed reduced sleep
spindle density and diminished slow-wave activity during non-
rapid eye movement (NREM) sleep in ASD [6-9] and schizophrenia
[10, 11]. Research has consistently found correlations between
sleep disturbances and behavioral issues, suggesting that sleep
problems may be associated with an exacerbation of the core
symptoms of NDDs/NPDs [12-16].

Several lines of evidence suggest that the thalamus could play a
central role in linking sleep disturbances and other clinical
symptoms in NDDs/NPDs, as reviewed in Halassa et al, 2017
[17]. Indeed, the thalamus is well known for orchestrating the
processing and integration of sensory, motor, and emotional
inputs before conveying them to the cortex, and plays a critical

role in the regulation of sleep [18]. Functional MRI studies have
revealed increased resting-state functional connectivity within
thalamocortical networks across many NDDs/NPDs associated
with sleep disturbances, including in ASD [19-22] and schizo-
phrenia [23-25] and bipolar disorder [26], psychosis [27], insomnia
[28], attention deficit hyperactivity disorder [29], Tourette's
syndrome [30], major depressive disorder [31] and social anxiety
disorder [32]. Of note, in children with ASD, a positive correlation
between sleep disturbances and sensory over-responsivity has
been reported [22]. Complementing these findings, a recent study
showed that lower levels of the inhibitory neurotransmitter
gamma-aminobutyric acid (GABA) in the thalamus are associated
with sensory sensitivities and increased thalamic functional
connectivity with sensory cortices in NDDs/NPDs [33]. Together,
these lines of evidence suggest that abnormal thalamocortical
activity is a transdiagnostic hallmark of NDDs/NPDs associated
with sleep problems.

Despite the clinical evidence of thalamocortical dysfunction in
NDDs/NPDs and preclinical circuit dissection studies, the role of
many thalamic nuclei in regulating sleep physiology remains
poorly understood. In the current study, our working hypothesis
was that hyperactivity in specific thalamic nuclei would
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differentially impair sleep physiology in similar ways to those
reported for NDDs/NPDs with thalamocortical abnormalities. To
address this question, we used AAV-driven expression of hM3Dq
to chemogenetically activate three different thalamocortical
networks in rats. The hM3Dq receptor is a designer receptor that
has been genetically engineered to be exclusively activated by
specific ligans, such as clozapine-N-oxide (CNO) or deschloroclo-
zapine (DCZ), allowing for precise control over cell signaling. We
targeted the mediodorsal thalamic (MDT) nucleus within the
compact complex of the intralaminar and midline nuclei, the
ventral posteromedial thalamic nucleus and adjacent ventral
posterolateral thalamic (VPT) nucleus, and the ventromedial (VMT)
nucleus. The higher-order MDT nuclei project to the frontal cortex
and striatum, regions implicated in emotional processing [34]. VPT
are the first order thalamic nuclei directly providing sensory
information to the primary somatosensory cortex and may be
involved in sensory hypersensitivity in the context of ASD [35].
VMT was targeted as a second higher-order nucleus which has
already been shown to be involved in sleep regulation [35] and
projects to the motor cortex [36] and prefrontal cortex [37]. In
addition, we explored whether pharmacological enhancement of
GABAergic neurotransmission in the thalamus could counteract
chemogenetically-driven thalamocortical hyperactivation. This
approach is based on the principle that GABAergic neurotransmis-
sion acts as a key inhibitory mechanism within the thalamus, and
enhancing this inhibition may help restore balance in thalamo-
cortical circuits that are pathologically hyperactive. We used
gaboxadol (a full agonist) and DS-2 (a positive allosteric modulator
[PAM]), with high selectivity for a48- and a68-containing GABAA
receptors which are highly enriched in the thalamus and the
cerebellum, respectively [38, 39].

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (250-350g; Charles River Laboratories,
Lyon, France) were used for the experiments (45 rats were used for
electrophysiology experiments and 20 rats were used for MRI experi-
ments). Rats were group housed (4 rats per cage) in a 12 h light/dark cycle
at room temperature and provided with food and water ad libitum. After
surgery, rats were individually housed. All animal handling and experi-
mental protocols were carried out with the permission of the Swiss
Cantonal Veterinary Office and strictly adhered to Swiss federal regulations
on animal protection, as well as the rules of the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC).

Surgery

On the day preceding the surgery, rats received Carprofen (10 mg/kg)
diluted in their drinking water. Thirty minutes prior to the induction of
anesthesia, animals received Buprenorphine (0.2 mg/kg; s.c.) for analgesic
treatment. The rats were then deeply anesthetized with 4% isoflurane for
5min in an induction chamber, followed by the administration of
lidocaine-bupivacaine (0.1 ml, s.c.) at the incision site for localized pain
relief. Throughout the surgery, isoflurane levels were maintained at 2-3%
using an inhalation mask and core body temperature was kept at 37 °C by
a feedback-controlled heating pad.

Viral vector injection

A craniotomy was performed on the skull above the region of interest and
bilateral injections were performed into the MDT (AP: -2.6 mm, ML: +
0.6 mm, DV: -5.5 mm; 0.5 pl), VPT (AP : -3.3, ML: +3.0, DV: -5.7, 0.4 ul) and
VMT (AP: -2.6; ML: 1.4, DV: -6.8, 0.3 pl) with either AAV9-CaMKlla-
hM3D(Gg)_mCherry-WPRE-hGHp(A) [hM3Dq] or AAV9-CaMKlla-mCherry-
WPRE-hGHp(A) [mCherry]. Both viruses were packaged by the Viral Vector
Facility of the ETH Ziirich. The virus was injected at a rate of 100 nL/min
using Hamilton syringes (Hamilton Germany, Gréfelfing), and the syringe
was left in place for 10 min after infusion to avoid backflow. The no virus
control animals did not receive any injection. To investigate the
contribution of specific thalamic nuclei to sleep deficits, the animals
bilaterally expressed hM3Dq under the CaMKlla promoter to target
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excitatory principal neurons in MDT, VPT or VMT of rats. The following
groups were prepared for the electrophysiology study: MDT-hM3Dq
(N=13); VPT-hM3Dqg (N =10); VMT-hM3Dq (N =10); No virus control
(N =12). The following groups were prepared for the MRI study: MDT-
mCherry (N = 10); MDT-hM3Dq (N = 10). For our primary experiments, we
used a ‘no-virus’ control group to assess for off-target drug effects, a
strategy that significantly reduced the number of animals required in line
with the 3Rs principle. Conversely, a control virus group was employed for
the focused phMRI experiment, as this provided a more specific control
without increasing the overall animal count in that context.

Implantation of electrodes for electrophysiological recordings
Following viral injection, 45 rats were unilaterally implanted with an
Innovative Neurophysiology 16-channel movable probe in the correspond-
ing thalamic nuclei using the same stereotaxic coordinates. Additionally,
three stainless steel screw electrodes (1 x2 mm, Bossard, BN 650, ref.
1421611) were placed in the skull for EEG recordings (Frontal cortex: AP:
+2.5, ML: -1.2, 2 x Parietal cortex: AP: -4.0, ML: +3.0). Two additional screws
were placed as reference and ground above the cerebellum (AP: -10.0, ML:
+2.0). The implant was fixed to the skull with bone cement (Refobacin®
Bone Cement R, Zimmer Biomet, Warsaw, Indiana, USA) and further
secured with ultraviolet-curing resin (Luka-fix, Cat.#: D1351305; Lukadent
GmbH, Schwieberdingen, GER).

Postoperatively, all rats continued to receive Caprofen in their drinking
water for two days after surgery and were allowed to recover for at least
three weeks before chemogenetic manipulation to ensure sufficient
expression of the viral construct.

Drug Preparation

Water-soluble deschloroclozapine (DCZ, HB9126, Hello Bio, Princeton, USA)
was dissolved in 0.9% saline and stored in a -20 °C freezer before use. DS-2
(F. Hoffmann La Roche Ltd, Switzerland) and gaboxadol (Cat.#: T101,
Sigma-Aldrich, Darmstadt, Germany) were prepared in 0.3% Tween 20 v/v
0.9% saline solution (Cat.#: 11332465001, Sigma-Aldrich).

Electrophysiological recordings in freely moving rats
Experimental design and procedure. There were four experimental groups:
control (N=12), MDT-hM3Dqg (N =13), VPT-hM3Dq (N=10) and VMT-
hM3Dq (N = 10). Experiments were started at 10 am each day and were
conducted over a period of 22 h in each rat's home cage (Fig. 1A). To
record and store EEG data, a customized data logger was attached to the
implant (Neurologger, TSE Systems GmbH, Germany), which was equipped
with four channels for electrophysiological recordings and a 3D
accelerometer. The Neurologgers were retrieved the following day,
immediately after lights were turned on.

Treatment procedure. To activate hM3Dq receptors, DCZ was adminis-
tered intraperitoneally (i.p.) at a dose of 0.1 mg/kg at the beginning of each
recording period. To investigate the effects of DS-2 and gaboxadol, a
crossover design was used so that animals were pseudo-randomly
assigned to the different cross-over sequences. Each animal received
every treatment to allow within-subject comparison, with at least 48 h
between sessions. Gaboxadol (15mg/kg per os [p.0.]) or vehicle was
administered immediately prior to administration of DCZ and subsequent
start of the EEG recording. DS-2 (100 mg/kg, p.o.) or vehicle was
administered two hours prior to the injection of DCZ. Dose levels and
dosing routes were based on previous pharmacokinetic profiling and
modeling, achieving plasma exposures sufficient to achieve approximately
50% target occupancy at Cmax. Pre-treatment times were chosen
accordingly, to cover Cmax within the first hour of recording. Therefore,
although the recordings were long to monitor chemogenetic effects of
DCZ, the effects of gaboxadol and DS-2 are only expected to occur within
the first hour of the recording.

Data analysis. The electrophysiological data were pre-processed as
described previously [40]. The Neurologger was equipped with a built-in
tri-axial accelerometer, which allowed for the measurement of head
movements in three dimensions to evaluate the activity state of the animals.
Together with the EEG signals, this allowed classification of different
vigilance states using a custom Python-based workflow as described
previously [41]: wakefulness, rapid eye movement (REM) sleep, and non-
rapid eye movement (NREM), which was further divided into deep and light
NREM sleep. A core strength and key feature of this workflow is its
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Fig. 1 Chemogenetic activation of distinct thalamic nuclei within three different thalamocortical circuits impairs sleep. A Schematic of
the experimental design and dosing scheme for the chemogenetic manipulation. B Example of the EEG signal in the frontal and parietal
cortex and the accelerometer vector in the different physiologic states (NREM; REM). (C) hM3Dq expression in CamKll cells on the MDT and the
respective quantification of the area of the virus expression. Time spent in each physiological state of MDT-hM3Dgq, (D) wake, (E) NREM light
sleep, (F) NREM deep sleep and (G) REM. H Number of wake/NREM transitions of MDT-hM3Dq rats. I-N plots for the VPT-hM3Dq animals. O-T
Plots for the VMT-hM3Dq animals. U-Y Plots for the no virus controls animals. Vehicle (blue), DCZ 0.1 mg/kg (red); N =12 MDT-hM3Dq rats;
N =9 VPT-hM3Dq rats; N = 10 VMT-hM3Dq rats; N = 12 no virus controls rats. Statistically significant clusters (p < 0.05) are indicated as bars on
top based on a paired cluster-based permutation test. The x-axis labels correspond to the end time of each one-hour bin (e.g. 12:00 AM time
bin (second time bin) refers to data collected between 11:00 AM and 12:00 AM); only a fraction of time bins are labeled to enhance readability.

unsupervised, data-driven approach, which provides an unbiased classifica- First, wakefulness was separated from inactive states based on the
tion of sleep states without relying on a training dataset or subjective, rule- accelerometer magnitude as described previously [41]. For subsequent
based manual scoring. Each recording session is processed independently, separation of sleep states, four-second epochs were used for feature
which eliminates potential biases from training datasets and reduces the extraction and classification. Accordingly, within the identified inactive/sleep
effects of inter-session variability. This pipeline was rigorously validated periods, NREM and REM sleep are classified using a Gaussian Mixture Model
against expert manual scoring in the original publication [41]. The that clusters epochs based on the log-scaled ratio of theta (5-9 Hz) to delta
performance was found to be comparable to or higher than the inter- (1-4 Hz) power from the parietal EEG. Following this, NREM sleep intervals
scorer agreement typically reported between human experts. were further classified into light vs deep sleep based on the frontal EEG by
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clustering based on five features extracted from the frontal EEG: delta
(1-3 Hz), theta (3-6 Hz), and alpha (6-18 Hz) power, maximum voltage range
in the 1-20 Hz band, and spectral entropy, as previously described [41]. The
cluster with the higher mean values of delta and alpha power was assigned
to deep sleep, and the other was labeled as light sleep. NREM light sleep is
analogous to human NREM stage 1, representing a transitional state.
Conversely, NREM deep sleep, characterized by high-power slow oscillations
and containing nearly all sleep spindles, is analogous to human N2 and N3
stages. Although the pipeline is fully automated, scoring results for every
animal were manually spot-checked to ensure accuracy.

For individual vigilance states, power spectral densities and imaginary
coherence between pairs of electrodes were computed using Morlet
wavelets centered in logarithmically spaced frequencies to average power
spectra over blocks of time as described in [40]. Spindle events were
detected in the frontal EEG during NREM sleep using a previously described
automated algorithm [41]. Specifically, putative spindle events were
identified in the bandpass-filtered signal (6-18hz) when the amplitude
exceeded 1.5 standard deviations of the total signal from start to end. Events
longer than 3seconds were rejected, and consecutive events within
0.3 seconds were merged. No animals were excluded a priori, but for MDT-
hM3Dq rat 9 and VPT-hM3Dq rat 7 analysis was not feasible due to
insufficient signal quality.

Pharmacological magnetic resonance imaging (phMRI)

To assess and confirm the effects of thalamic chemogenetic activation on
connected circuits and brain-wide physiology we utilized pharmacological MRI
(PhMRI) to assess the following groups: MDT-mCherry (N = 10); MDT-hM3Dq
(N = 10). Details on the procedure, analysis and statistical testing are outlined
in the “Supplementary Methods” section of the supplementary material.

Perfusion and histological verification

Rats were deeply anesthetized with pentobarbital (150 mg/kg, i.p.) and
intracardially perfused with phosphate-buffered saline (0.1 M PBS) and 4%
paraformaldehyde (PFA) solution. Subsequently, brains were removed
from the skull and post-fixed for 48 h at 4°C. Brains were sliced (50 um
thick coronal sections) using a vibratome (VT1000 S, Leica Microsystems,
Wetzlar, Germany).

Free-floating sections were washed in PBS and blocked with 1% bovine
serum albumin in PBS containing 0.25% Triton X-100 (PBS-T) at room
temperature for 2 h. Afterwards, sections were incubated with Chicken
anti-mCherry antibody (1:1000, Biotechne NBP2-25158, Novus Biologicals)
in a blocking solution for 24 h at 4°C followed by three washes in PBS.
Then, the slices were incubated with Cy3 conjugated donkey anti-chicken
secondary antibody (1:500, Jackson Immunoresearch 703-165-155) for 2 h
at room temperature.

Finally, the slices were washed three times in PBS and mounted onto
microscope slides with a mounting medium containing DAPI (Thermo-
Fisher) and stored at 4 °C. Immunolabelled sections were imaged with a
20x objective on a slide scanning microscope (TissueFaxs Confocal
Scanner,TissueGnostics, Austria). Brain structures were defined according
to the rat brain atlas and the location of viral transduction was verified. All
sections within an experiment were processed, stained, and imaged at the
same time using the same parameters and imaging settings. ImageJ (NIH)
was used for quantification of the area covered by the hM3Dq receptor.

Statistical analysis

Statistical analysis of electrophysiological and behavioral data was performed
with paired cluster-based permutation tests (CBPT) using custom-made scripts
in Python, as described previously [40]. This non-parametric approach was
chosen because it effectively controls for the multiple comparisons problem
inherent in analyzing continuous data (e.g., time series) without assuming a
normal distribution. For each analysis, we created a null distribution by
permuting the data N = 1000 times. The significance level for the identified
clusters was set to p<0.05. The black bars above the graphs indicate
significant clusters. In the results, statistics for clusters are reported as Cohen’s d
for effect size and p values for statistical significance.

RESULTS

Chemogenetic activation of distinct thalamic nuclei induces
sleep disturbances in rats

The efficiency of viral transduction and expression of hM3Dq in
each thalamic nucleus were confirmed by immunofluorescence
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staining for mCherry (Fig. 1C, | and O, Supplementary Fig. 1). The
targeted areas were well covered. In many experiments a
significant part of the adjacent nuclei was affected as well. In
particular, MDT injections covered a substantial part of the
intralaminar and midline nuclei, and the VPT injections covered
ventral posteromedial thalamic nucleus and adjacent ventral
posterolateral thalamic nucleus and to a smaller degree adjacent
nuclei. Although some spread of expression across the midline
from the MDT was unavoidable, this area can arguably be
considered part of the larger mediodorsal complex. Separately,
beyond-target expression was observed in a small subset of
animals. To assess the potential impact of this, we examined two
key metrics—time spent in vigilance states and oscillatory activity
during NREM sleep—across all subjects (Supplementary Fig. 2).
This analysis confirmed that data from animals with beyond-target
expression fell well within the range of normal variation seen in
animals with targeted expression, accordingly no animals were
excluded based on the expression pattern for further analyses.
We employed EEG recordings to evaluate sleep architecture
following chemogenetic activation of distinct thalamic nuclei
(Fig. 1A and B). To control for individual variability in sleep
patterns, the effects of DCZ were compared to saline control
within the same animal. In rats injected with hM3Dq in the MDT
(MDT-hM3Dq), DCZ treatment markedly reduced the time spent in
NREM deep sleep during the first 5 h (Fig. 1F, d =-2.06, p = 0.002),
and increased the number of active/NREM transitions, indicating
significant sleep fragmentation during the first 3h (Fig. TH,
d=1.26, p=0.002). In contrast, VPT and VMT-hM3Dq animals
showed a marked increase in wakefulness periods during the light
phase, 3 and 5h after DCZ treatment, respectively (Fig. 1J,
d =1.98, p<0.0001; Fig. 1P, d =2.97, p <0.0001), and a concomi-
tant reduction in both light and deep NREM sleep (Fig. 1L, d =-1.7,
p = 0.032; Fig. 1Q, d =-1.21, p = 0.022; Fig. 1R, d =-2.3, p = 0.001),
as well as a decrease in the number of transitions active/NREM
(Fig. 1N, d =-1.34, p=0.008; Fig.1T, d =-2.15, p = 0.002). Addi-
tionally, MDT, VPT and VMT-hM3Dq animals showed a decreased
amount of time spent in rapid eye movement (REM) for the first
hours post-DCZ administration (Fig. 1G, d=-1.76, p=0.001;
Fig. TM, d =-152, p=0.007; Fig. 1S, d =-1.94, p <0.0001). In
control experiments, DCZ did not impact sleep parameters in the
absence of hM3Dqg expression (Fig. 1U-Y). Collectively, these
findings demonstrate that hM3Dg-mediated activation of several
distinct thalamic nuclei strongly disrupts sleep physiology.

Thalamic activation reduces the power of slow oscillations
and sleep spindle density

To elucidate altered circuit functions underlying impaired sleep, we
examined the spontaneous oscillatory activity in resting-state EEG
recordings. This analysis focused on the first 5h after DCZ
administration for the MDT-hM3Dq and VMT-hM3Dq cohorts, and
the first 3 h for the VPT-hM3Dq cohort. This timeframe was selected
as it represents the period of the most pronounced DCZ-induced
behavioral effects, as shown in our vigilance state data (Fig. 1D-F,
J-M and P-S). Furthermore, to ensure our analysis accurately
reflected the specific thalamocortical circuits we targeted, we
strategically selected the EEG recording site for each cohort based
on established anatomical projections. For the MDT-hM3Dg and
VMT-hM3Dq animals, which target nuclei with dense projections to
the prefrontal and motor cortices respectively, we used the frontal
EEG for all spectral power analyses. In contrast, for the VPT-hM3Dq
animals, which primarily relay sensory information to the somato-
sensory cortex, we used the parietal EEG. A representative EEG
trace example for each circuit manipulation is shown for MDT
(Fig. 2A and B), VPT (Fig. 2F and G) and VMT (Fig. 2K and L). Within
the first 5 h after administration of DCZ, MDT-hM3Dq rats exhibited
a marked reduction of the power of slow frequency oscillations
across delta to beta frequencies (1-30Hz) during NREM sleep
(Fig. 2D, d =-2.13, p < 0.0001) and alpha to beta (8-30 Hz) during
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wakefulness (Fig. 2C, d =-1.08, p = 0.02). VPT-hM3Dq animals also
showed decreased slow wave oscillations for the first 3 h after DCZ
administration during NREM sleep (Fig. 2H, alpha to beta: d =-0.78,
p =0.001, gamma: d = 0.79, p = 0.034; Fig. 2I, high delta to beta:
d =-1.42, p = 0.007). Activation of VMT neurons specifically reduced
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Frequency [Hz]

Time of the day

the power within the alpha to beta frequency bands (Fig. 2N,
d=1.26, p=0.011) during NREM. During wakefulness, power in
alpha (8-12 Hz) and gamma frequencies (31-100 Hz) was enhanced
after VMT activation (Fig. 2M, alpha: d =0.57, p =0.033, gamma:
d=17, p=0.003). Similar changes in spectral power were
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Fig. 2 Chemogenetic activation of thalamus alters spontaneous oscillatory activity. Example of the EEG signal during (A) wake and (B)
NREM of MDT-hM3Dq rats. Spindle events are highlighted in blue. Spectral power density plots are depicted for MDT-hM3Dq rats during ZTO
to ZT5 (C) wake and (D) NREM states measured in the frontal EEG. E Spindle density over the entire recording of MDT-hM3Dq rats. The x-axis
labels correspond to the end time of each one-hour bin (e.g. 12:00 AM time bin (second time bin) refers to data collected between 11:00 AM
and 12:00 AM); only a fraction of time bins are labeled to enhance readability. F-J Plots for the VPT-hM3Dq animals measured in the parietal
EEG during ZTO to ZT3. K-O Plots for the VMT-hM3Dq animals measured in the frontal EEG during ZTO to ZT5. P-T Plots for the no virus
controls animals measured in the frontal EEG during ZT0 to ZT5. Vehicle (blue), DCZ 0.1 mg/kg (red); N =12 MDT-hM3Dq rats; N =9 VPT-
hM3Dq rats; N = 10 VMT-hM3Dq rats; N = 12 no virus controls rats. Statistically significant clusters (p < 0.05) are indicated as bars on top based

on a paired cluster-based permutation test.

observed in recordings from the respective thalamic nuclei
(Supplementary Fig. 3).

In addition to changes in specific oscillatory frequency bands,
we detected a dramatic reduction in NREM spindle density
following the activation of all tested thalamic nuclei (Fig. 2E, J, O).
To further characterize the nature of the observed decrease in
spindle density, we analyzed additional spindle properties,
including duration, amplitude, and intra-spindle frequency (Sup-
plementary Fig. 4). While the overall spindle density was
dramatically reduced across all thalamic nuclei upon DCZ
administration, the remaining spindle events maintained relatively
stable characteristics. No significant alterations were observed in
spindle duration or frequency across most groups, suggesting that
while the initiation of spindle events was impaired by thalamic
hyperactivity, the fundamental physiological properties of the
spindles that did occur remained largely intact. Importantly, DCZ
on its own neither altered the EEG power spectra nor the spindle
density in the no virus control animals (Fig. 2P-T). Taken together,
these results demonstrate that chemogenetic activation of MDT,
VPT and VMT disrupts crucial features of restorative sleep in rats,
including sleep spindles and slow wave oscillations.

Thalamic nuclei- and brain state-specific changes of functional
brain region coupling after chemogenetic activation

Next, we studied alterations in the functional coupling of brain
areas by calculating the imaginary coherence between pairs of
electrodes. Coherence analysis revealed altered functional cou-
pling between brain areas of MDT and VMT-hM3Dq rats. In detail,
MDT-hM3Dq rats displayed significantly altered coherence
between the frontal and parietal cortex (Fig. 3E, alpha: d =-1.92,
p = 0.005, beta: d =1.26, p =0.009, gamma: d =-0.53, p =0.05),
MDT and frontal cortex, particularly within the gamma band
(Fig. 3F, d =-1.08, p =0.001), and MDT and parietal cortex in the
alpha band (Fig. 3G, d =-1.43, p=0.001) during NREM sleep.
During wakefulness, coherence was not significantly altered
(Fig. 3B-D). In contrast, VMT-hM3Dq rats displayed significantly
increased coherence within the theta to beta bands, more
pronounced during wakefulness, between all electrode pairs
(Fig. 3P-R; average d =2.13, p <0.0001). Only small coherence
changes were observed between the frontal and parietal cortex in
the VPT-hM3Dq group, including a rise in theta coherence during
wake (Fig. 31, d =0.78, p<0.008) and a decrease in alpha
coherence during NREM (Fig. 3L, d=-0.8, p=0.05). Control
animals treated with DCZ only showed a slight increase in theta
coherence between the frontal and parietal cortex, confined to
the wake state (Fig. 3W, d = 0.8, p = 0.035).

To provide more translationally and clinically relevant insights
into activation of connected brain areas on a whole-brain scale,
we utilized perfusion-based phMRI. This method assesses local
changes in blood perfusion, serving as a proxy for neuronal
activity, and facilitates the identification of modulated down-
stream circuits. As a proof-of-concept, we focused this investiga-
tion on the chemogenetic activation of the MDT. As expected,
DCZ administration induced a significant perfusion increase in
the MDT, the site of hM3Dq expression (Supplementary
Fig. 5C,D). Moreover, the full spatial phMRI patterns revealed
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significant perfusion increases in several brain regions con-
nected to the MDT, such as the prefrontal (prelimbic) cortex, its
primary projection target, as well as a broader network including
the cingulate cortex, periaqueductal gray, hippocampus, and
intralaminar/midline thalamic nuclei. Of note, interaction con-
trasts (hM3Dq vs. mCherry) confirmed that DCZ-dependent
modulation of these areas in hM3Dg-expressing rats was also
significantly differentiated from that in control rats (MDT-
mCherry). Importantly, DCZ administered to control animals
elicited very limited phMRI changes, which were unrelated to
thalamocortical networks (Supplementary Fig. 5B). As a proof-of-
concept we also performed correlation analysis of BOLD signal
fluctuations in the MDT and PFC as an MRI-based metric for
functional connectivity. No significant changes of BOLD signal
coupling were observed upon chemogenetic activation of the
MDT (Supplementary Fig. 6).

GABA,S receptor activation partially normalizes aberrant
oscillatory activity

We hypothesized that enhancing thalamic GABAergic neurotrans-
mission may counteract thalamic hyperactivation induced by
chemogenetic activation of specific thalamic nuclei. To test this
hypothesis, we targeted GABAAS receptors, which are notably
enriched in the thalamus, using the full agonist gaboxadol (15 mg/
kg p.o.) or the PAM DS-2 (100 mg/kg p.o.) in MDT-, VPT- and VMT-
hM3Dq rats. Dose levels, dosing routes and pretreatment times
were selected to achieve plasma exposures sufficient to obtain
around 50% target occupancy according to previous pharmaco-
kinetic modeling (data not shown).

Above, we described the impact of DCZ administration on the
sleep phenotype of hM3Dq animals. Pretreatment with gaboxadol
partially normalized the time spent in NREM light sleep within the
first two hours upon DCZ in MDT-hM3Dq animals (Fig. 4B; d =-
1.33, p=0.006). Conversely, no restoration of NREM sleep was
observed with gaboxadol in VPT- and VMT-hM3Dqg animals
(Fig. 4H-1 and N-O). Pretreatment with DS-2 did not normalize
NREM phenotypes in any of the animals (Fig. 4B, H and N). No
significant alterations were observed in spindle density in any of
the groups (Fig. 4D, J and P).

Regarding oscillatory power, we found that pretreatment with
gaboxadol significantly augmented particularly slower oscillations
(<8 Hz) but extending up to the beta band in wake and NREM
sleep during the first two hours post-dosing in MDT-hM3Dq
(Fig. 4F, wake: d = 2.07, p <0.0001; NREM: d = 1.71, p < 0.0001),
VPT-hM3Dq (Fig. 4L, wake: d =-3.46, p =0.001; NREM: d = 2.35,
p <0.0001), and VMT-hM3Dq (Fig. 4R, wake: d =2.39, p = 0.001)
animals, counteracting the effects of DCZ. In contrast, DS-2 did
only show small but statistically significant effects, e.g. a rise in
alpha to beta power towards the control condition was evident in
the VPT- (Fig. 4L, d =0.56, p =0.002) and VMT-hM3Dq groups
(Fig. 4R, d = 0.57, p = 0.006). Administration of DS-2 alone showed
a decrease mainly in slower frequency oscillations during the
wake state (Supplementary Fig. 7A-B). Administration of gabox-
adol without DCZ significantly augmented both slower and high-
frequency oscillations during the wake state (Supplementary
Fig. 7C, D).
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Fig.3 Chemogenetic activation of thalamus alters oscillatory coherence. A, H, O, V Examples of the EEG signal during wake and NREM after
injection of vehicle or DCZ of MDT-hM3Dq, VPT-hM3Dqg, WMT-hM3Dq and control rats, respectively. Imaginary coherence-frequency plots for
pairs of brain areas (frontal cortex, parietal cortex, MDT, VPT and VMT): B-G Plots for MDT-hM3Dq animals (ZTO to ZT5), (I-N) plots for VPT-
hM3Dgq animals (ZTO to ZT3), (P-U) plots for VMT-hM3Dq animals (ZTO to ZT5), and (W, X) plots for no virus control animals (ZTO - ZT5). Vehicle
(blue), DCZ 0.1 mg/kg (red); N=12 MDT-hM3Dq rats; N=9 VPT-hM3Dq rats; N=10 VMT-hM3Dq rats; N=12 no virus controls rats.
Statistically significant clusters (p < 0.05) are indicated as bars on top based on a paired cluster-based permutation test.
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Fig. 4 Effects of pharmacological activation of GABA,S receptors on sleep physiology and oscillatory activity. A Schematic of the
experimental design and dosing scheme for the pharmacologic manipulation. Data for the MDT-hM3Dq rats showing the effect of gaboxadol
(15 mg/kg p.o.) and DS-2 (100 mg/kg p.o.) on sleep physiology (B) time spent in NREM light sleep, (C) NREM deep sleep and (D) spindle density.
(E) Example of the EEG signal in the frontal and parietal cortex injection during NREM upon injection of vehicle, DCZ, gaboxadol + DCZ and
DS-2 + DCZ. F Power spectral density plots during wake and NREM. G Imaginary coherence between frontal and parietal cortex during wake
and NREM. H-M Respective plots for the VPT-hM3Dq animals and (N-S) for the VMT-hM3Dq animals. Vehicle (blue), DCZ 0.1 mg/kg (red);
gaboxadol (15 mg/kg) + DCZ (orange); DS-2 (100 mg/kg) + DCZ (cyan). N =12 MDT-hM3Dq rats; N =9 VPT-hM3Dq rats; N = 10 VMT-hM3Dq
rats. Statistically significant clusters (p < 0.05) are indicated as bars on top based on a paired cluster-based permutation test (black: vehicle vs.

DCZ; orange: DCZ vs. Gaboxadol + DCZ; teal: DCZ vs. DS-2 + DCZ).
<

We also assessed the effects of pharmacological manipulation
of GABAS receptors on coherence alterations between the frontal
and parietal cortex upon chemogenetic activation. Notably,
pretreating the animals with gaboxadol, but not with DS-2,
completely normalized the DCZ-driven rise in theta to alpha
coherence for the first two hours after DCZ application in the VMT-
hM3Dq animals (Fig. 4S, d =-1.85, p < 0.0001). Conversely, in MDT-
and VPT-hM3Dq animals where no alpha-beta coherence pheno-
type was present, gaboxadol strongly decreased coherence in the
same frequency band (Fig. 4G, d =-1.66, p =0.003; and Fig. 4M,
d=-1.62, p=0.002).

In summary, the main effects of gaboxadol encompassed i.) a
partial restoration of light/deep NREM balance and of slow
oscillatory activity in MDT-hM3Dq animals, and ii.) a normalization
of theta-alpha coherence during the wakeful state in VMT-hM3Dq
animals. In contrast, DS-2 showed only marginal effects, limited to
a partial normalization of alpha-beta power in wakeful VPT and
VMT-hM3Dq animals.

DISCUSSION

In the current study we evaluated the potential contributions of
thalamic nuclei, within three different thalamocortical circuits, to
impairments of sleep physiology. While activation of all three
thalamic nuclei disrupted sleep physiology, each produced a
distinct pattern. MDT activation led to a shift from deep to light
NREM sleep, with reduced oscillatory power across slow and beta
frequencies and increased wake transitions. VPT and VMT
activation both increased wakefulness and reduced NREM sleep
and sleep spindle density, but only VMT produced enhanced
coherence during wakefulness and NREM. These differences likely
reflect the unique anatomical and functional roles of each nucleus
within their respective thalamocortical circuits. While a large body
of literature has established the role of the thalamus in arousal
and sleep regulation, the specific and distinct contributions of
these three thalamocortical nuclei (MDT, VPT and VMT) have not
been systematically compared within a single study. Our findings
provide new insight into the nuanced and circuit-specific
mechanisms through which thalamic activity can disrupt sleep
and vigilance states.

Only a few studies have investigated the role of the MDT
nucleus in sleep regulation. These studies indicated that direct
activation of the MDT nucleus, either by L-glutamate injection or
optogenetic stimulation, induced wakefulness [42, 43]. Similarly,
tonic optogenetic activation of the centro-medial thalamus (CMT),
another midline thalamic nucleus close to the MDT nucleus,
induces NREM to wake transition [44]. Interestingly, optogenetic
burst activation did not impair sleep, but was shown to enhance
synchrony of cortical slow-waves during sleep [44]. In agreement
with a wakefulness-promoting role of midline thalamic nuclei,
chemogenetic silencing of the paraventricular nucleus (PVT) was
shown to enhance NREM and REM sleep [45]. Our results from
activation of the MDT nuclei - which in our study includes both the
CMT and PVT - are in line with these previous results. Importantly,
our refined analysis of NREM segmentation allowed us to expand
previous findings, by showing that MDT activation shifts the NREM
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composition to lighter NREM sleep stages. The lighter NREM was
characterized by reduced oscillatory power in frequencies <20 Hz,
disrupted cortico-cortical and thalamocortical coherence at
around 15 Hz, and reduced sleep spindle density, while other
spindle characteristics such as duration, amplitude and intra-
spindle frequency remained largely stable. Light NREM was more
fragile, as we observed a strongly increased probability of
transitioning to the wake state. Optogenetic VMT activation has
previously been shown to promote wakefulness [35]. In the
present study, NREM sleep, sleep spindles as well as wake-sleep
transitions were strongly decreased after chemogenetic activation
of VMT. In addition, VMT activation was the only condition that
resulted in heavily augmented oscillatory coherence at theta and
alpha frequencies between cortico-cortical and thalamocortical
networks during both wakefulness and NREM sleep. Interestingly,
the EEG power spectra of NREM sleep appeared to be minimally
affected, indicating the lack of effect on the prominent slow
oscillatory activity during NREM sleep. Therefore, our results
demonstrate the specific wakefulness-promoting effect of the
VMT. Chemogenetic VPT activation also induced wakefulness and
reduced NREM as well as sleep spindle density, without affecting
other sleep spindle characteristics. These effects were much
milder and more transient compared to VMT activation. Never-
theless, there appeared to be a clear effect on the NREM EEG
power spectrum with reduced oscillatory power in frequencies
<20 Hz, qualitatively similar to MDT activation. These observations
contrast with the lack of effect of optogenetic stimulation of the
ventral posteromedial nucleus [35]. There may be several
explanations for this discrepancy. One explanation could be
species differences, as our study used rats and Honjoh et al. used
mice. Another factor may be the use of different circuit
modulation techniques. Optogenetic activation used by Honjoh
et al. only lasted for a couple of seconds, while our activation
lasted for hours. A third factor may be that the viral transfection in
our study often included thalamic regions adjacent to the ventral
posteromedial nucleus including the ventral posterolateral tha-
lamic nucleus, which is involved in pain perception. Given these
differences, the present results agree with a minor role of the
ventral posteromedial nucleus in sleep regulation compared to
other thalamic nuclei. Of note, while the interpretation of our
findings must consider the beyond-target expression observed in
some animals, our analysis suggests this anatomical variability had
no substantial functional impact which would weaken the main
conclusions of the present study. In fact, the phenotypic
similarities between the ‘targeted’ and ‘beyond-target’ groups
strongly suggest that the MDT, VPT, and VMT accordingly are the
principal drivers of the reported phenotypes.

Previous studies have shown that EEG sigma power (10.5 to
16 Hz) exhibits infra-low oscillations between 0.01 and 0.1 Hz
during NREM sleep [46-48]. Although these infraslow rhythms are
of increasing interest, we were unable to examine this aspect
because our Neurologger setup’s 0.1-400Hz frequency filter
prevented a reliable assessment of these oscillations.

The differential effects on sleep by chemogenetic manipulation
of the tested thalamic nuclei are likely the result of their distinct
anatomical and physiological roles within the thalamocortical
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circuits. While the ventral posteromedial nucleus and ventral
posterolateral thalamic nucleus are first-order thalamic nuclei that
relay somatosensory information primarily to layer 4 of the
somatosensory cortex [49], both the MDT and the VMT constitute
higher-order nuclei with wide-spread axonal projections to large
parts of the cortex [50]. Higher-order nuclei have traditionally been
implicated in the arousal system. Early electrophysiological studies
implicated neurons in higher-order thalamic nuclei in sleep
regulation by demonstrating sustained hyperpolarization in neu-
rons in midline and intralaminar thalamus during “synchronized”
sleep (reviewed in [51]). More recently, these nuclei have been
shown to relay short-latency sensory information to the telence-
phalon, bypassing the classical first order thalamic nuclei to primary
sensory cortical area circuits [42, 52, 53]. Specific differences
between the effects of MDT versus VMT stimulation may arise from
the primary targeted cortical areas, with MDT densely innervating
the limbic cortex, including the prefrontal cortex, and the VMT
projecting mainly to the motor cortex [54], as well as the specific
neuronal cell types targeted in layers 1, 2/3 and 5 within these
cortical areas. Therefore, our results underscore the important role
played by higher-order thalamic nuclei in sleep regulation.

The majority of clinical studies examining the dysfunction of
specific brain circuits in NDDs/NPDs, used functional MRI. A
consistent finding across diverse NDDs/NPDs is ‘thalamocortical
hyper-/hypoconnectivity’ (see Introduction), which has been
associated with sleep disturbances in ASD [22]. Given the
extensive evidence for thalamocortical dysfunction and sleep
disturbances particularly in schizophrenia and ASD, our findings
could be most relevant to these conditions. In the current study,
we showed that chemogenetic activation of the MDT induced
increased blood flow in output areas of the MDT such as the
prefrontal cortex. The same manipulation was shown to induce a
lighter NREM and to reduce EEG power in slow frequencies below
20 Hz. It is noteworthy that a recent study demonstrated that
inhibition of the prefrontal cortex can increase resting-state fMRI
(rs-fMRI) functional connectivity between thalamus and somato-
sensory cortex [55]. Concomitantly, chemogenetic inhibition of the
PFC enhanced low frequency (0.1-4 Hz) oscillatory power and
increased slow and & band coherence between thalamic and
somatosensory cortex. Conversely, in our study there was no
change of thalamocortical coherence in frequencies below 4 Hz.
However, it is important to note that our EEG-based coherence
measures operate on a much faster timescale than the rs-fMRI
used in clinical studies, and therefore the two can only be
compared indirectly. If increased slow and & band coherence
between thalamic and cortical areas is indeed required for
increased rs-fMRI functional connectivity, our results would
indicate that direct activation of thalamic nuclei, at least with
the chemogenetic approach used here, may fail to induce
enhanced rs-fMRI functional connectivity. In fact, BOLD signal
correlation between the MDT and PFC did not reveal any
significant change upon chemogenetic modulation. This observa-
tion, which contrasts with robust evidence for thalamocortical
hyperconnectivity in conditions like ASD and schizophrenia,
suggests that chemogenetically driving thalamic hyperactivity in
this model does not result in fMRI-based hyperconnectivity.
However, the influence of anesthesia in the rodent MRI setup is a
significant caveat complicating this conclusion. Thus, it remains
unknown if thalamic hyperactivity or other factors may be the
cause of thalamocortical hyperconnectivity identified by func-
tional MRI in patients with NDDs/NPDs.

A recent clinical study in patients with ASD [33] and studies in
preclinical rodent models relevant for neurodevelopmental dis-
orders [56-59] have implicated reduced GABAergic inhibition in the
thalamus as a cause for sensory and sleep abnormalities. Therefore,
we tested whether enhancing thalamic inhibition with the well-
described GABAAS receptor activators gaboxadol and DS-2 may
reverse chemogenetically-induced sleep disturbances. We used
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doses that led to plasma exposures which were predicted to
achieve ~50% target occupancy. Both compounds act on GABA,
046 receptors, which are highly enriched at thalamic input
synapses, e.g. from reticular thalamic nucleus projections [60], but
also present in the neocortex [61]. Gaboxadol acts as a direct
agonist to reduce cellular excitability through augmenting tonic
inhibition [62, 63], and DS-2 acts as a PAM enhancing spillover
inhibition [64, 65] in the thalamus. Previous studies showed that
gaboxadol can prolong slow-wave sleep in rodents [66-69] and in
humans [62, 70, 71]. DS-2 increased slow-wave oscillations and
spindle density during local infusion in the mouse thalamus [72].
The present study showed that gaboxadol only partially restored
the time spent in NREM light sleep during MDT activation, while no
significant effects were observed for VPT and VMT activation
conditions. In agreement with previous studies, gaboxadol
increased slow oscillations [72], which partially normalized the
MDT activation phenotype. Moreover, gaboxadol restored coher-
ence abnormalities in the theta to alpha bands with VMT activation,
but also reduced coherence in the MDT and VPT activation
conditions which do not show major abnormalities in this frequency
band. Conversely, DS-2 failed to normalize any phenotypes caused
by chemogenetic activation of the thalamic nuclei. The lack of more
substantial effects of either compound may be attributed to a
possibly overwhelming impact of chemogenetic activation out-
weighing any level of local inhibition that may be achieved by either
gaboxadol or DS-2 at the used doses.

In conclusion, this study establishes a critical role for higher-order
thalamic nuclei in the regulation of sleep physiology. Chemogenetic
activation of MDT, VPT, and VMT disrupted core electrophysiological
features of restorative sleep—specifically, reductions in slow
oscillatory power and sleep spindle density—closely mirroring
alterations observed in NDDs/NPDs. These parallels underscore the
translational value of thalamocortical circuit models for probing
disease-relevant sleep disturbances. Notably, pharmacological
enhancement of thalamic GABAergic inhibition only partially
mitigated the effects of thalamic hyperactivity, suggesting that
such interventions may be insufficient to fully reverse network-level
dysfunctions elicited by persistent thalamic drive. Together, our
findings deepen mechanistic insight into thalamocortical contribu-
tions to sleep architecture and highlight the complexity of
developing targeted interventions for sleep pathologies arising
from circuit-level dysregulation. Future work should investigate
alternative neuromodulatory strategies, including temporally pre-
cise or cell-type-specific approaches, to more effectively restore
physiological sleep dynamics.

LIMITATIONS OF THE STUDY

In our study, we induced thalamic hyperactivation in rats using
chemogenetics. This model recapitulates features associated with
NDDs/NPDs, such as sleep physiology abnormalities, but comes
with the limitation that the intense, non-physiological activation
may have masked the full therapeutic potential of our pharma-
cological agents. Future studies could explore dose-titration of
DCZ or reduced AAV expression to more closely approximate a
sub-maximal or pathological state, which might yield more
relevant insights into pharmacological rescue. Thus, while our
study sheds light on the complex interactions of the thalamus and
sleep disturbances, extrapolation to human physiology should be
done with caution. Based on our data, thalamic hyperactivity may
indeed be a candidate mechanism in humans to drive sleep
deficits, but this can only be corroborated with additional clinical
experiments.

Another limitation is that we only used male rats in the current
study. This choice was made to reduce the potentially confound-
ing effects of hormonal fluctuations in females, thereby minimiz-
ing experimental variability and enabling a clearer investigation of
the primary effects of thalamic chemogenetic activation.
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Considering that AAV efficacy between sexes in mice has been
documented in the literature to be different [73, 74], our findings
should not be generalized to female rats.
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