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Abstract

Background: Glucagon-like peptide-1 receptor (GLP1R) is a G-protein-coupled receptor recognized for its essential role in metabolic
homeostasis and insulin secretion. Emerging evidence suggests that central GLP-1 signaling also modulates sensory information process-
ing and cognitive functions. The thalamic reticular nucleus (TRN) serves as a critical inhibitory hub that filters and prioritizes sensory
transmission between the thalamus and the cerebral cortex. We have identified a distinct population of GLP1R-expressing neurons dis-
tributed within the TRN; however, their long-range structural connectivity remains largely uncharacterized. Methods: In this study
we used Glplr-Cre mice combined with viral-genetic tracing strategies to map the whole-brain inputs and outputs of GLP1R-linked
neurons. To identify direct monosynaptic inputs, a Cre-dependent retrograde rabies virus system was employed. To delineate the ef-
ferent axonal projections, a Cre-dependent synaptophysin-based tracing strategy was employed. Results: GLP1R neurons exhibited a
distinct rostrocaudal distribution, with most located in the middle region of the TRN. The starter neurons, identified by the colocalization
of adeno-associated virus (AAV)-double-floxed inverted orientation (DIO)-enhanced green fluorescent protein (EGFP)-tumor virus A
receptor (TVA), AAV-DIO-rabies virus glycoprotein from the CVS-N2c strain (N2¢G), and rabies virus (RV)-envelope protein A (EnvA)-
glycoprotein-deleted (AG)-mCherry, were primarily located in the TRN. Retrograde-labeled neurons were identified across numerous
brain regions. Dense clusters of input neurons were observed in the primary and secondary motor cortices (M1 and M2, respectively) and
the primary somatosensory cortex (S1). Substantial inputs were observed, including from the ventrolateral (VL), central lateral (CL), and
posterior (Po) thalamic nuclei. Additionally, notable presynaptic labeling was detected in subcortical regions such as the zona incerta
(Z1) and lateral hypothalamic area (LH), as well as midbrain structures including the substantia nigra pars reticulata (SNR) and the deep
mesencephalic nucleus (DpMe). Anterograde synaptophysin-based mapping revealed that TRNSLFIR neurons selectively project to the
ventral medial nucleus (VM), paracentral thalamic nucleus (PC), mediodorsal thalamus, lateral part (MDL), and lateral habenula (LHb)
nuclei. Conclusions: The results confirm the existence of complex long-range afferent and efferent circuits associated with TRN-P1®
neurons, providing a morphological basis for studying their role in integrating metabolic states with sensory gating.
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1. Introduction lations [7,8]. Recent single-cell transcriptomic and opto-
genetic studies have revealed that the TRN comprises mul-
tiple molecularly defined neuronal subpopulations, includ-

ing parvalbumin (PV), somatostatin (SST), and vasoactive

The mammalian thalamic reticular nucleus (TRN) is a
highly organized y-aminobutyric acid (GABA)ergic struc-

ture located between the cerebral cortex and the dorsal and
lateral thalamus, serving as a key interface for thalamocor-
tical communication [1,2,3,4]. Traditionally regarded as
local inhibitory pacemakers, TRN neurons regulate thala-
mic activity through feedforward and feedback inhibition
[5,6]. However, emerging evidence has demonstrated that
the TRN is not a single inhibitory structure but rather con-
tains molecularly and functionally distinct neuronal popu-

intestinal peptide neurons [8,9,10,11,12,13,14]. Such cel-
lular diversity underscores the role of the TRN as a key
node for the top-down regulation of brain states. Although
the TRN has been studied for its role in sensory gating and
sleep—wake regulation [7,15,16,17,18,19,20,21], increasing
evidence suggests that it may also contribute to metabolic
control [22,23].
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The glucagon-like peptide-1 receptor (GLP1R) is a
key component of the GLP-1 signaling pathway and plays a
key role in the regulation of glucose homeostasis and energy
metabolism [24,25,26,27]. Beyond its classical metabolic
role, GLPIR has also been involved in sensory process-
ing [28,29,30,31]. It has an important role in taste process-
ing, particularly in the modulation of sweet taste sensitivity
[30,32], as well as in olfactory-related responses to food de-
tection [29]. GLP1R is also expressed in vagal afferent neu-
rons, where it contributes to gut-brain communication, gas-
trointestinal stretch, and nutrient sensing [31]. Addition-
ally, activation of GLP1R signaling in nociceptive circuits
has been shown to modulate pain hypersensitivity [28], sug-
gesting a role in nociceptive processing. GLPIR signaling
also affects cognitive functions such as hippocampal learn-
ing, memory, and neuroprotection [33,34,35]. Early evi-
dence showed that GLPI1R is expressed in the hippocampus
and that activation of central GLP1R signaling enhances
spatial learning while protecting neurons from excitotoxic
injury [35]. In models of Alzheimer’s disease, GLP1R ag-
onists such as exendin-4 and liraglutide have been reported
to improve memory performance [33,34]. Interestingly,
GLPIR neurons are also detected within the TRN [36],
raising the possibility that this subpopulation of TRN neu-
rons may contribute to sensory and sleep-wake regulation.
However, the projection patterns and circuit organization of
TRNCIPIR neurons have not yet been systematically char-
acterized.

Here, the aim was to obtain a comprehensive view of
the long-range connectivity of TRNSLPIR peurons. Previ-
ous anatomical studies of TRN circuits were largely per-
formed at the population level and therefore did not re-
solve the connectivity of genetically defined neuronal sub-
types. With the development of viral circuit-tracing tools
and imaging methods, it has become possible to map neural
circuits across the entire brain in a cell-type-specific man-
ner. Using these techniques, both the inputs and outputs of
TRNOSLPIR neurons were traced and quantitatively analyzed
for their distribution across the brain. The results obtained
provide an anatomical basis for future investigations into
the functional roles of this neuronal population.

2. Materials and Methods
2.1 Animals

Total 5 adult male GlpIr-Cre mice (2—4 months old)
were obtained by mating heterozygous Glplr-Cre mice
with C57BL/6 wild-type mice. The heterozygous Gip/r-
Cre mice (JAX Stock #029283, The Jackson Laboratory,
Bar Harbor, ME, USA) and Ai9 mice (JAX Stock #007909)
were originally purchased from the Jackson Laboratory.
Mice were maintained under controlled temperature at
22-24 °C and humidity at approximately 50% on a 12-h
light/dark cycle with food and water available ad libitum.

2.2 Monosynaptic Retrograde Tracing

To identify direct inputs to TRNSLPIR neurons, a Cre-
dependent rabies virus tracing strategy was used. Helper
adeno-associated virus (AAV) vectors carryingdouble-
floxed inverted orientation (DIO)-enhanced green fluo-
rescent protein (EGFP)-tumor virus A receptor (TVA)
(BC-0041, Brain Case, Wuhan, Hubei, China) and DIO-
rabies virus glycoprotein from the CVS-N2c¢ strain (N2¢G)
(BC-0442, Brain Case) were stereotaxically injected into
the TRN. After two weeks, envelope protein A (EnvA)-
pseudotyped, glycoprotein-deleted rabies virus (BC-RV-
CVS-EnvA471, Brain Case) expressing mCherry was de-
livered to the same location. Starter neurons were identified
by co-expression of EGFP and mCherry. Monosynaptically
connected presynaptic neurons were labeled with mCherry.

2.3 Anterograde Axon Tracing

To define output projections of TRNSPIR neyrons, a
Cre-dependent AAV vector expressing DIO-mRuby-thosea
asigna virus 2A peptide (T2A)-Synaptophysin-EGFP (BC-
1025, Brain Case) was injected into the TRN of Glp/r-Cre
mice. After three weeks of expression, whole-brain coro-
nal sections were analyzed to determine axonal distribution
patterns.

2.4 Brain Stereotaxic Injection

Glp1r-Cre mice were anesthetized with isoflurane (3—
5% for induction and 1.5% for maintenance, with a flow rate
of 2 L/min; R510, RWD, Shenzhen, Guangdong, China)
and fixed in a stereotaxic apparatus (HOYI-M, RWD). After
exposing the skull, a small craniotomy was made above the
TRN. A glass micropipette (GC-3.5, RWD) was positioned
at the TRN using stereotaxic coordinates relative to bregma
(anteroposterior (AP), —0.7 mm; mediolateral (ML), —1.1
mm; dorsoventral (DV), —3.8 mm; coordinates adjusted ac-
cording to the mouse brain atlas).

To enable monosynaptic retrograde tracing, two Cre-
dependent helper AAVs (AAV-EF10-DIO-EGFP-TVA and
AAV-EF10-DIO-N2c¢G, mixed at a 1:1 ratio) were first in-
jected into the TRN. A total volume of 100 nL viral solution
was delivered at a rate of 0.01 pL./min using a microsyringe
pump controller (R-480, RWD). After completion of the in-
jection, the micropipette was left in place for 10—15 min to
allow viral diffusion before being slowly withdrawn.

After viral infection for two weeks, 100 nL of RV-
EnvA-AG-mCherry was injected into the same location.
Mice were maintained for an additional seven days to allow
rabies virus propagation and labeling of presynaptic neu-
rons before being sacrificed for brain tissue collection and
histological analysis.

2.5 Histology

Mice were placed individually in a euthanasia cham-
ber, and 100% CO, from a compressed gas cylinder was
introduced at a flow rate of 50% displacement of the cham-
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Fig. 1. Spatial distribution of GLP1R neurons within the TRN. Representative coronal brain sections from a Glp/r-Cre;Ai9 reporter
mouse illustrating the distribution of tdTomato-labeled TRN®™"'R neurons throughout the rostrocaudal axis of the TRN. Sections are
arranged from anterior to posterior relative to the bregma. (A,C) Low-magnification images showing the overall distribution of GLP1R-
expressing neurons within the TRN at different sections. The white dashed boxes indicate the regions shown at higher magnification in
(B,D). (B,D) High-magnification views of the boxed areas in (A) and (C) show the morphology of TRN“PIR neurons. Scale bar in (A,C),
200 pum; scale bar in (B,D), 20 um. Irregular dashed outlines indicate the boundary of the TRN, and irregular solid outlines indicate the
adjacent internal capsule (ic). GLP1R, glucagon-like peptide-1 receptor; TRN, thalamic reticular nucleus; D3V, dorsal third ventricle.

ber volume per minute with CO,. The CO, was addedtothe  transcardially perfused with 0.1 mol/L phosphate-buffered
existing air in the chamber until respiration ceased. Mice saline (PBS, pH 7.4; B548117, Sangon Biotech, Shang-
remained in the chamber for an additional 5 min, and eu- hai, China) followed by freshly prepared 4% paraformalde-
thanasia was confirmed by the absence of respiration and  hyde (AG2161, ACMEC, Shanghai, China) dissolved in
reflexes before transcardial perfusion. The mice were then ~ PBS. After perfusion, brains were carefully removed and
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Fig. 2. Experimental procedures for retrograde monosynaptic tracing to identify direct inputs to TRNS'*'R neurons. (A)

Schematic illustration of the experimental strategy. Monosynaptic retrograde rabies virus tracing was used to map the presynaptic inputs

to GLP1R neurons in the TRN. (B) Diagram of the stereotaxic injection procedure showing delivery of AAV helper viruses (AAV-DIO-
EGFP-TVA and AAV-DIO-N2¢G) followed by RV-EnvA-AG-mCherry into the TRN of GlpIr-Cre mice. (C) Representative image from
the unilateral rabies tracing experiment showing starter cells (yellow). Nuclei were stained with DAPI. Scale bar, 250 um. (D) High-

magnification images of the TRN showed that viral expression was confined to the injection region. Starter neurons co-expressing EGFP

and mCherry are indicated by arrows in the enlarged view. Scale bar, 200 pum; scale bar in enlarged view of the TRN (right), 20 pm.

AAYV, adeno-associated virus; LV, lateral ventricle; DIO, double-floxed inverted orientation; EGFP, enhanced green fluorescent protein;

TVA, tumor virus A receptor; N2cG, rabies virus glycoprotein from the CVS-N2c strain; RV, rabies virus; EnvA, envelope protein A;

DAPI, 4',6-diamidino-2-phenylindole.

post-fixed in the same fixative at 4 °C for approximately
six hours. Subsequently, the tissues were transferred to a
30% sucrose solution in PBS and maintained at 4 °C for
about 48 h until the brains sank. Following cryoprotec-
tion, brains were embedded in optimal cutting tempera-
ture (OCT, Sakura Finetek USA, Inc., Torrance, CA, USA)
compound and sectioned coronally at a thickness of 30
um using a freezing cryostat (Leica Biosystems, Nussloch,
Baden-Wiirttemberg, Germany). Whole-brain mRNA ex-
pression data for Glplr were referenced from the Allen
Brain Atlas [37] in situ hybridization database, experiment
ID 74511737.

2.6 Image Acquisition and Data Analysis

Whole-brain coronal sections were imaged using an
inverted confocal microscope (FV3000, Olympus, Tokyo,
Japan). To ensure clear separation of fluorescent signals,
appropriate excitation lasers and emission filters were se-
lected during imaging. EGFP was excited at 488 nm

with emissions collected between 500-530 nm, whereas
mCherry was excited at 594 nm with emissions detected
within the 600-650 nm range. Image acquisition was per-
formed using the FLUOVIEW imaging software (FV31S-
SW, Olympus). Image acquisition parameters, includ-
ing brightness and contrast, were adjusted during imag-
ing to optimize signal detection. The boundaries of indi-
vidual brain nuclei were identified according to the mouse
brain atlas and manually outlined for subsequent analysis.
mCherry-positive neurons were manually counted from the
projected images of each section. Only animals with ac-
curately targeted injection sites were included in the anal-
ysis, and data from these mice were used for all quantita-
tive measurements and figures. These experiments repre-
sent biological replication. The representative fluorescence
images presented in this study were acquired from endoge-
nous fluorescent signals, including tdTomato expressed in
transgenic mice and EGFP or mCherry expressed by viral
vectors.

&% IMR Press


https://www.imrpress.com

500 um
—

Fig. 3. Brain regions receiving monosynaptic inputs to TRN®“*'® neurons. Representative images showing rabies virus—labeled

presynaptic neurons in selected brain regions. Images are arranged from cortical to subcortical and brainstem regions to illustrate the

inputs across the brain. (A,C) Low-magnification images showing the mCherry-positive neurons providing direct monosynaptic inputs
to GLPIR neurons in the TRN. The white dashed boxes indicate the regions shown at higher magnification in (B,D). (B,D) High-
magnification views of the boxed areas in (A) and (C). Scale bar in (A,C), 500 um; scale bar in (B,D), 50 pm. M1, primary motor

cortex; GP, globus pallidus; VL, ventrolateral thalamic nucleus; LH, lateral hypothalamus; ZI, zona incerta; MDL, mediodorsal thalamic

nucleus, lateral part; SNR, substantia nigra pars reticulata; DpMe, deep mesencephalic nucleus; PnO, pontine reticular nucleus, oral

part; Lat, lateral (dentate) cerebellar nucleus; M2, secondary motor cortex; VPM, ventral posteromedial nucleus of the thalamus; IPR,

interpeduncular nucleus, rostral part.

3. Results
3.1 Distribution of GLPIR Neurons in the TRN

To determine whether GLP1R-expressing neurons are
present in the TRN, tdTomato fluorescence was examined
in Glplr-Cre;Ai9 mice, in which GLP1R-expressing neu-
rons are genetically labeled. The tdTomato-positive neu-

&% IMR Press

rons were observed in multiple brain regions, including
TRN, showing a distinct population of GLP1R-expressing
neurons (Fig. 1). In addition, RNAscope in situ hybridiza-
tion further confirmed the presence of Glp/r mRNA in the
TRN (Supplementary Fig. 1), providing direct evidence
that GLP1R is expressed in this region.
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Fig. 4. Quantitative analysis of the whole-brain monosynaptic inputs to TRN®F'R neurons. Data are presented as the percentage of

retrogradely labeled neurons across 54 identified brain regions from 3 mice. These regions are categorized into eight major anatomical

structures: cortex, pallidum, amygdala, thalamus, hypothalamus, midbrain, pons, and cerebellum. Error bars represent mean =+ s.e.m.

Representative coronal sections from bregma —0.59 to
—1.67 mm revealed that GLP1R-expressing neurons were
distributed along the rostrocaudal axis of the TRN. How-
ever, the TRNCPIR neurons had a different distribution pat-
tern from rostral to caudal TRN. In the rostral TRN (bregma
—0.59 mm), GLP1R-expressing neurons were sparse within
the nucleus (Fig. 1A,B). As the sections moved cau-
dally (bregma —0.71 to —0.83 mm), the number of GLP1R-
expressing neurons increased, and more densely distributed
within the TRN (Fig. 1A,B). Interestingly, the GLP1R-
expressing neurons were located closely against the tha-
lamus, forming a dense distribution in the ventral part of
the TRN. In the middle TRN (bregma —0.95 mm), GLP1R-
expressing neurons were particularly abundant within the
ventral part of the nucleus (Fig. 1A,B). In the caudal

TRN, GLP1R-expressing neurons became more sparsely
distributed, while still maintaining the typical longitudinal
pattern of the nucleus (Fig. 1C,D). These results demon-
strate that GLP1R-expressing neurons are well organized
in the TRN and show a defined rostrocaudal distribution
pattern, providing an anatomical basis for neural mapping
experiments.

To determine the subtypes of TRNSLPIR peurons, im-
munostaining for parvalbumin (PV) and somatostatin (SST)
in Glplr-Cre;Ai19 mice was performed (Supplementary
Fig. 2). Only a small population of GLP1R neurons colo-
calized with PV, whereas a much larger proportion colocal-
ized with SST. These results indicate that GLP1R is prefer-
entially expressed in the SST neurons rather than PV.
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Fig. 5. Schematic summary of major presynaptic inputs to TRN®""'® neurons. Brain regions providing monosynaptic inputs to

TRNCPIR neurons are illustrated on a sagittal brain diagram. The color gradient indicates the relative proportion of presynaptic neurons

contributed by each region, expressed as a percentage of the total labeled inputs. Darker colors represent regions with stronger inputs.

CL, central lateral thalamic nucleus; Po, posterior thalamic nuclear group; S1, primary somatosensory cortex.

3.2 Verification of Viral Injection Sites in the TRN

To investigate the long-range connectivity of
TRNSLPIR neurons, Cre-dependent viral tracing strategies
were employed in Glplr-Cre mice. The helper viruses
AAV- EF10-DIO-EGFP-TVA and AAV-EF1a-DIO-N2c¢G
were stereotaxically injected into the TRN, followed by
the injection of RV-EnvA-AG-mCherry into the same site
after a period of two weeks (Fig. 2A).

In this experiment, only animals with injection sites
restricted to the TRN were included in the further analysis.
The injection sites were verified by examining EGFP and
mCherry fluorescence in coronal brain sections (Fig. 2B).
Starter neurons were defined by the colocalization of EGFP
and mCherry. Of note, these starter cells were restricted to
the TRN and found in the middle part of TRN, approxi-
mately from bregma —0.83 to —1.07 mm (Fig. 2C,D and
Supplementary Fig. 3). These results confirm the anatom-
ical specificity of the viral tracing strategy, providng a reli-
able basis for circuit tracing.

3.3 Whole-Brain Distribution of Presynaptic Neurons
Projecting to TRN®'P'R Neurons

Rabies virus-mediated retrograde tracing revealed that
neurons projecting to TRNSLPIR neurons were widely dis-
tributed across multiple brain regions. Presynaptic neu-
rons were detected in the cerebral cortex, thalamus, hy-
pothalamus, midbrain, pons, and cerebellum, indicating
that TRNSLPIR neurons receive convergent inputs from di-
verse brain regions (Fig. 3).
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Within the cerebral cortex, retrogradely labeled neu-
rons were primarily located in the motor cortex (M1 and
M2), somatosensory cortex (S1), and medial prefrontal cor-
tex, including the cingulate and retrosplenial areas (Fig.
3A,B). These cortical neurons were predominantly dis-
tributed in layers V and VI, a pattern consistent with pre-
vious studies of cortical projections to the TRN [38,39].

In the subcortical regions, the thalamus emerged as
the most prominent source of input. Labeled neurons were
widely distributed across various thalamic nuclei, such as
the ventrolateral (VL), posterior (Po), and mediodorsal
(MD) nuclei (Fig. 3A,B). Moderate labeling was also ob-
served in the hypothalamus, specifically within the zona in-
certa (ZI) and lateral hypothalamus (LH), as well as in the
basal ganglia, including the globus pallidus (GP) and ven-
tral pallidum (Fig. 3A,B).

For the midbrain and brainstem, the inputs were also
observed in the substantia nigra pars reticulata (SNR), deep
mesencephalic nucleus (DpMe) and pontine reticular nu-
cleus (PnO) (Fig. 3C,D). Additionally, presynaptic neu-
rons were identified in the cerebellar nuclei (Fig. 3C,D),
while the TRNCIPIR neyrons received bilateral inputs, most
of these presynaptic neurons were located in the ipsilateral
region relative to the injection site.

The whole-brain distribution of presynaptic inputs to
TRNGLPIR peyrons was quantified by counting mCherry-
labeled neurons in each brain region (Figs. 4,5). To com-
pare input strength across nuclei, the number of labeled neu-
rons in each brain region was normalized to the total num-
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Fig. 6. Strategy for mapping the efferent projections of TRN®"*'R neurons. (A) Schematic diagram of the Cre-dependent AAV-

EF10a-DIO-mRuby-Synaptophysin-EGFP used to label TRN®"'R neurons and their presynaptic terminals. mRuby labels infected neu-

ronal somata and axons, whereas synaptophysin-EGFP is expressed in presynaptic boutons, allowing to map downstream targets. (B)

Experimental scheme showing injection of the AAV into the TRN of GlpIr-Cre mice to trace the downstream projections of TRNGLPIR

neurons. (C) Representative image showing expression of mRuby (red) and synaptophysin-EGFP (green) in the TRN. Scale bar, 200

pm. (D) High-magnification images of TRNYP'R neurons from C. Scale bar, 30 pm. LV, lateral ventricle; EF la, elongation factor 1

alpha; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element; LoxP, locus of X-over P1.

ber of mCherry-labeled neurons in the corresponding brain.
Using this criterion, 54 nuclei were identified that each con-
tributed, on average, more than 0.2% of the total monosy-
naptic inputs (Fig. 4). Among these regions, the greatest
number of inputs to TRNCSIPIR neurons came from the M1,
which accounted for 17.19% + 3.02% of the total inputs.
Substantial inputs were also observed from the M2 (7.14%
+ 0.39%) and the VL (3.25% =+ 0.40%). Overall, this brain-
wide quantification of presynaptic neurons revealed the in-
put architecture for TRNSLPIR neurons and indicated sev-
eral candidate regions for further functional study (Figs.
4,5).

3.4 Axonal Projections From TRNC’'R Neurons

To examine the efferent projections of TRNGPIR pey-

rons, AAV-DIO-mRuby-T2A-Synaptophysin-EGFP was
injected into the TRN of Glp/r-Cre mice to label the axonal
terminals of these neurons (Fig. 6A,B). The cell bodies of
TRNOLPIR neyrons were labeled by mRuby and EGFP (Fig.
6C,D). Meanwhile, the synaptophysin-EGFP targets presy-
naptic terminals and maps downstream targets of TRNSLPIR
neurons. The results showed EGFP-positive axonal fibers
were observed in a few downstream targets (Fig. 7 and Sup-

plementary Fig. 4), including the ventral medial nucleus
(VM), paracentral thalamic nucleus (PC) and mediodorsal
thalamic nucleus (MDL), suggesting that TRNGLPIR pey-
rons exert inhibitory effects on thalamic relay neurons.

In addition to thalamic targets, moderate projections
were also observed in LHb (Fig. 7B), a key hub for process-
ing aversive emotions and reward behaviors. These projec-
tions are consistent with the known GABAergic output of
TRN neurons. This result indicates that TRNSPIR neurons
may potentially integrate sensory-motor information from
the thalamus with the limbic system’s processing of nega-
tive valence and metabolic states.

4. Discussion

The existence of GLP1R-expressing neurons in the
TRN is supported by several lines of evidence. Previous
studies by Cork and colleagues [36], as well as observations
from Graham and colleagues [40], have suggested GLP1R
expression in or near the TRN. In the present study, we
confirmed the GLP1R-expressing neurons in the TRN by
RNAscope analysis, which is consistent with the in situ hy-
bridization data from the Allen Brain Atlas [37]. We further
examined the distribution pattern of GLP1R neurons in the
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PC/MDL LHb

100 um
—

Fig. 7. The axonal projections from TRN®“"'® peurons in downstream target. (A) Representative coronal brain sections show the

distribution of axonal projections from TRN“"'? neurons. Axonal terminals were labeled by synaptophysin-EGFP following injection

of the Cre-dependent AAV reporter into the TRN of GpIr-Cre mice. Images illustrate the projection of TRN®""'® neurons. Scale bar,
1 mm. (B-D) Higher-magnification images showing dense projection in LHb, PC/MDL and VM. Scale bar in (B-D), 100 um. VM,
ventromedial thalamic nucleus; LHb, lateral habenular nucleus; PC, paracentral thalamic nucleus.

TRN. Together, these findings confirm that GLPIR is ex-
pressed in the TRN and preferentially colocalizes with SST.

In the current study, the long-range afferent and effer-
ent connectivity of TRNCLPIR neurons was systematically
characterized using cell-type-specific viral tracing strate-
gies. By combining retrograde monosynaptic rabies trac-
ing with Cre-dependent anterograde labeling, a whole-brain
connectivity map of TRNSPIR neurons was generated. It
should be noted that the starter cells labeled by rabies were
mainly restricted to the middle portion of the TRN rather
than the whole TRN. Therefore, the tracing results represent
the connectivity of a restricted group of TRNYPIR neurons.
Future studies will be needed to determine whether more
rostral or caudal TRNSLPIR neurons show distinct connec-
tivity patterns.

Results reveal that TRNSPIR neyrons receive exten-
sive inputs from cortical, thalamic, and midbrain regions
and send projections primarily to thalamic relay nuclei and
LHb. These findings provide an anatomical framework for
understanding how GLP1R neurons in the TRN may inte-
grate metabolic and arousal-related signals with thalamo-
cortical activity.

One of the largest sources of input to TRNCLPIR pey-
rons came from the cerebral cortex, with especially dense
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labeling in the motor cortex (including M1 and M2) and
S1 [38,41]. These retrogradely labeled cortical neurons
were mainly located in the deep layers of the cortex, corre-
sponding to layer V and part of layer VI, which are known
to provide corticothalamic projections [38,42,43,44]. Pre-
vious studies have shown that corticothalamic projections
from these layers are essential for modulating thalamic ex-
citability and shaping both sensory and motor processing
[45,46,47,48,49]. The dense distribution of labeled neu-
rons across M1, M2, and S1 suggests that TRNSPIR pey-
rons are potentially positioned to integrate top-down motor
information with bottom-up sensory feedback. Therefore,
cortical projections to TRNYLPIR neurons may participate in
the higher-order cortical control of thalamic inhibitory gat-
ing, potentially regulating attention, sensation, sleep, and
motor-related thalamic oscillations [50,51,52,53,54].

In addition to cortical inputs, the thalamus is another
important brain region that projects to TRNSPIR neurons.
TRNCLPIR peurons received many projections from several
thalamic regions, including the VL, Po, and MD. This ro-
bust thalamic input suggests the thalamus-TRN pathway is
key to the fine regulation of thalamic output and oscillatory
activity.
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The hypothalamus also showed a moderate affer-
ent distribution from TRNOLPIR neurons, particularly
within the ZI and LH, which are well-known regula-
tors of feeding behavior, arousal, and energy homeosta-
sis [55,56,57,58,59,60]. Nevertheless, considering the es-
tablished functions of the TRN in cognition and arousal,
TRNCMPIR neyrons may contain a previously unrecognized
cell population through which GLP-1 signaling influences
thalamocortical dynamics and behavioral state. Future
studies will be required to determine whether these neu-
rons are involved in sensory regulation, attention process-
ing, arousal, and cognition.

This study also revealed inputs from midbrain and
brainstem nuclei, notably the SNR and DpMe. The projec-
tion from the SNR, a major output station of the basal gan-
glia [61], suggests that TRNOIPIR pneyrons may serve as a
key node in the basal ganglia-thalamic pathway, potentially
gating motor-related information. The DpMe is known to
participate in REM sleep regulation [62], here the DpMe
projection to TRNSPIR neurons may also regulate the sen-
sory role of the thalamus, with the pathway from DpMe
projection toTRNCLPIR also potentially participating in the
dynamic suppression of sensory processing during sleep.

In contrast to the widespread inputs of TRNCLPIR pey-
rons, these neurons exhibit limited downstream targets, in-
cluding the VM, PC/MDL, and LHb. Given that the VM is
a critical hub for basal ganglia-thalamocortical loops and
the MDL is involved in cognitive processes [63,64,65],
the obvious projection to the VM and MDL nucleus from
TRNOSLPIR neurons underscores the role of these neurons in
the control of motor-related behaviors and executive func-
tions. The LHb is a well-established center for processing
negative valence, aversion, and stress [66,67]. By target-
ing the LHb, TRNCLPIR neurons may provide a pathway
through which metabolic signals directly influence moti-
vational states and emotional behaviors [11]. While they
cannot be excluded, the possibility of sparse projections to
other brain regions, the VM, MDL, and LHb, is still rec-
ognized as the primary downstream targets of TRNGLPIR
neurons.

A potential limitation of the present study is the speci-
ficity of Cre labeling in the Glpr-Cre line, as recent work
has suggested that Cre activity in some GLP1R reporter sys-
tems may partially reflect transient developmental expres-
sion rather than adult Glp1r expression [68]. In this study,
however, RNAscope analysis confirmed the presence of
GlpIr mRNA in the TRN. This observation is further sup-
ported by in situ hybridization data from the Allen Mouse
Brain Atlas, which also indicates Glplr expression in this
region of the adult mouse brain. These data strengthen
the interpretation that the labeled population here repre-
sents a neuronal subpopulation with endogenous Glplr ex-
pression in the TRN. Colocalization of TRNSLPIR neurons
with GABAergic subtype markers, such as PV and SST,
suggests that these neurons exhibit cellular heterogeneity.
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Nevertheless, future studies are still needed to more pre-
cisely define the heterogeneity of TRNSPIR neurons. An-
other limitation is that these data do not directly estab-
lish the functional roles of the TRNSLPIR neyrons in sleep-
wake regulation, sensory gating, or cognition, although
we provide a brain-wide map of the inputs and outputs of
TRNOLPIR peurons. Therefore, further functional studies
will be needed to determine the roles of TRNSIPIR circuits.
Taken together, these data indicate that TRNGLPIR
neurons represent a key intersection of brain network
signals from the cortex, thalamus, hypothalamus, and
brainstem. This connectivity architecture suggests that
TRNCLPIR neurons may play a role in coordinating sensory
signals with thalamocortical activity and behavioral state.

5. Conclusions

The present study provides anatomical evidence for
the brain-wide connectivity of TRNSLPIR neurons. It
showed that TRNSLPIR neurons receive widespread inputs
from cortical and thalamic regions and project to limited
downstream nuclei, suggesting that they may participate in
the integration of sensory and arousal-related information
within thalamic networks. These findings identify several
previously unrecognized neural circuits of TRNSPIR pey-
rons and provide another neuronal type for understanding
how sensory signals may influence thalamocortical func-
tion. The functional roles of these pathways remain to be
determined.
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