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High-fat diet disrupts a septal control on
feeding to promote obesity in male mice
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% Check for updates The global epidemic of diet-induced obesity poses a significant health chal-

lenge. Among brain regions regulating energy homeostasis, the lateral septum
has emerged as a critical brake on feeding behavior to prevent overeating.
However, the neural adaptations within the septal area under high-fat diet
(HFD) and consequent contributions to obesity remain unknown. Utilizing
high-throughput single-nucleus RNA sequencing, slice electrophysiology and
in vivo calcium imaging, we identified HFD-induced alterations in the tran-
scriptional profiles and neural activity within the septal area of male mice. The
HFD suppresses septal neuronal activity by downregulating hyperpolarization-
activated cyclic nucleotide-gated channel 1 (Hcnl), and weakens inhibitory
control over downstream targets through reduced expression of glutamate
decarboxylase 2 (Gad2). Overexpression of Hcnl and Gad2 enhances septal
neuronal activity, restores GABA levels, and prevents HFD-driven overeating
and obesity. These findings illustrate how diet disrupts the brain’s feeding
suppression system, leading to overeating and obesity.

The lateral septum (LS), a brain region rich in GABAergic neurons,
has emerged as a critical regulator of feeding behavior®™, As an
inhibitory neurotransmitter, GABA and its receptors can modulate
food intake, energy homeostasis, and adiposity through complex
circuit-specific mechanisms that either promote or suppress feeding

The global obesity prevalence is rapidly increasing, causing serious
adverse effects on human health?. One major factor fueling this epi-
demic is the widespread accessibility of highly palatable, calorie-dense
foods®™. These foods can evoke cravings and engender pleasure,
processes regulated by the brain’s homeostatic and hedonic feeding

systems®’. Hypothalamic neural circuits play a pivotal role in regulat-
ing homeostatic feeding driven by hunger, while the brain’s reward
circuits control hedonic feeding driven by the palatability of food”’.
Previous studies identified diet-induced changes in the neuronal
excitability, neural inflammation, and transcriptional state of hypo-
thalamic neurons'®*2, However, how these neural adaptations con-
tribute to the progression of diet-induced obesity remains unknown.

depending on the context and target neurons®?. The LS receives
substantial inputs from the hippocampus and cortex, and projects to
the hypothalamus to generate appropriate behavioral responses,
including whether to eat or not**. Chemogenetic activation of
GABAergic neurons in the LS, hippocampal inputs to the LS, and septal
projections to the lateral hypothalamic area (LH), all suppress
feeding™". Activation of neurotensin-positive neurons in the LS
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suppressed overall feeding, whereas inactivation of these neurons
specifically promoted hedonic feeding”*?. Neurotensin-positive
neurons in the LS also mediate stress-induced anorexia by respond-
ing to stress and suppressing food intake. Activation of glucagon-like
peptide 1 receptor (GLP-IR) neurons in the LS suppress feeding and
mediate the anorectic effects of liraglutide'. Therefore, the LS acts as a
regulatory brake within the feeding network, helping to control over-
eating. Although the critical role of LS in regulating feeding behaviors
has been recognized, whether diet can induce molecular and physio-
logical adaptations within the LS and whether these adaptations con-
tribute to diet-induced obesity remains unexplored.

Obesity has a strong genetic underpinning, as evidenced by
genome-wide association studies (GWAS) identifying over 1000 loci
associated with body mass index (BMI)?. Most genes associated with
these loci are expressed in the brain, such as leptin receptor (LEPR),
melanocortin 4 receptor (MC4R) and SIM BHLH transcription factor 1
(SIM1), indicating obesity as a neurological and mental condition®.
Pathway-based analyses reveal that the genes are enriched in pathways
involved in long-term potentiation, synaptic function, and neuro-
transmitter signaling (e.g., glutamate and GABA)*.

By combining single-nucleus transcriptomics, electrophysiology,
and in vivo imaging, this study aims to decode high-fat diet (HFD)-
induced adaptations in the LS and to elucidate its mechanistic con-
tributions to obesity pathogenesis. We found that, a four-week HFD
induced significant transcriptional alterations in septal cells, with
GABAergic neurons in the LS (LS®*®*) showing most robust gene
expression changes and containing the highest concentration of
human obesity-associated genes. The HFD decreased the activity of
LS®*® neurons and promoted food intake through downregulation of
Hcnl channels. Overexpression of Henl channels restored neuronal
excitability, reduced HFD intake and prevented HFD-induced obesity.
The HFD also altered inhibitory transmission from LS®*®* neurons to
lateral hypothalamus and tuberal nucleus via downregulation of Gad2.
Overexpression of Gad2 in LS®*®A neurons enhanced GABA level and
prevented HFD-induced obesity. These results not only illustrate how
diet can disrupt the brain’s feeding suppression system in the LS and
its contribution to the progression of obesity, but also provide mole-
cular and cellular targets for intervening diet-induced obesity.

Results

HFD alters transcriptional profiles of the septal cells

To investigate how HFD-induced obesity modulates the transcriptional
profiles of cells within the septal region, adult mice were assigned to
either a HFD or control chow diet. Both groups had ad libitum access to
food. Mice on the HFD exhibited significantly higher energy intake
compared to those on the control diet, resulting in a significant
increase in bodyweight that surpassed that of control mice as early as
the first week (Fig. 1a, b). The caloric intake continued to increase,
leading to the development of an obesity phenotype (Fig. 1a, b). After a
4-week dietary regimen, septal tissues were harvested for single-
nucleus RNA sequencing (snRNA-seq) (Fig. 1c).

Following quality control (Supplementary Fig. 1a-c), we identified
a total of 15,543 cell nuclei from the control group and 19,432 from the
HFD group. Subsequently, we categorized 9 cell clusters based on
transcriptional profiles and previously reported cell-type markers®’>":
GABAergic neurons (Gadl, Gad2, and Slc32al), astrocytes (Gjal), oli-
godendrocytes (Mog), microglia (Selplg), oligodendrocyte precursor
cells (Pdgfra), ependymal cells (Fam216b), glutamatergic neurons
(Slc17a6), endothelial cells (FltI), and mural cells (Rgs5) (Fig. 1d and
Supplementary Fig. 1d-f). The distribution of cell types was consistent
across the control and HFD groups. (Supplementary Fig. 1g).

We then compared differentially expressed genes (DEGs) within
each cluster between the HFD and control groups. Notably, GABAergic
neurons showed the most significant changes in gene proportion and
number (Fig. 1e). We evaluated cell-type signature scores in relation to

human obesity-associated gene sets using signatures from DisGeNET*
and MSigDB* databases. Our analysis revealed that there was an
enrichment of obesity-related genes in GABAergic neurons (Fig. 1f),
with the DEGs of exhibited the most pronounced similarity coefficient
with the obesity gene-set (Supplementary Fig. 1h). In GABAergic neu-
rons, the HFD resulted in 2438 downregulated DEGs and 355 upregu-
lated DEGs (Fig. 1g). We next performed cluster analysis for neuronal
population and identified seven GABAergic and one glutamatergic
cluster (Supplementary Fig. 2a). GABAergic neuronal populations
exhibited more downregulated DEGs while the glutamatergic cluster
showed more upregulated DEGs (Supplementary Fig. 2b-e). Bioinfor-
matic validation using the Allen Brain Atlas in situ hybridization dataset
revealed significant enrichment of marker genes of neuronal popula-
tions (e.g., Capl, Matn2, Calb2) within the septal region (Supplemen-
tary Fig. 2f). In contrast, striatum-enriched genes (including PppIrib,
Calcr, Upbl) demonstrated minimal detection in our sequencing pro-
files (Supplementary Fig. 2g), thereby corroborating the anatomical
precision of our dataset. Collectively, these findings demonstrate that
HFD drives broad transcriptional adaptations across GABAergic neu-
ronal populations in the septal area.

Gene Ontology (GO) analysis revealed HFD-induced down-
regulation of synapse functions in GABAergic neurons, particularly
impacting synapse structure, synaptic transmission, neurotransmitter
secretion, and synaptic plasticity (Fig. 1h and Supplementary Fig. 3a).
Gene-concept network analysis focused on neural signaling-related
pathways identified 46 interconnected genes, including Hcnl and
Npas4, which are critical for neuronal excitability’**, and Grik2 and
Gabrg?2, essential for synaptic transmission®**” (Fig. 1i). Upregulated
genes were linked to long-term synaptic depression and lipid meta-
bolism (Supplementary Fig. 3b). These alterations suggest a decline in
synaptic transmission and neuronal activity among GABAergic neu-
rons in the septal area by consuming HFD for 4 weeks. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis showed
downregulated genes were associated with glucose metabolism
pathways (Fig. 1j), while upregulated genes were involved in lipid
metabolism pathways (Supplementary Fig. 3c), suggesting a suppres-
sion of glucose metabolism with activation of lipid metabolic
pathways.

HFD reduced septal neuronal activity during feeding

Given the dominant distribution of GABAergic neurons in the LS**°
and the significant alterations of gene expression in the GABAergic
neurons following HFD, we sought to elucidate the impact of HFD on
the neural activity of GABAergic neurons in the LS (LS®*®*) at cellular
resolution in vivo. We injected a Cre-dependent AAV expressing a
genetically encoded Ca* indicator (GCaMP6s) and implanted a gra-
dient index (GRIN) lens into the LS of Gad2-Cre mice (Fig. 2a). Calcium
dynamics were subsequently imaged using a head-mounted miniature
microscope in free-moving mice 4-6 weeks post-injection. We first
characterized the encoding profiles of LS¢®* neurons to chow and HFD
through randomized food presentation during one imaging session
(Fig. 2b). Analysis revealed three distinct response profiles of LS8
neurons during food consumption: excitatory, inhibitory or non-
responsive (403 neurons from 4 mice). Notably, many responsive
neurons exhibited food-type selectivity, with 14.1% selective for chow
(7.2% excitatory, 6.9% inhibitory), 20.1% for HFD (11.9% excitatory, 8.2%
inhibitory), and 13.2% responding to both (8.7% excitatory, 4.5% inhi-
bitory) (Fig. 2c). Next, we performed a population decoding analysis
using a linear support vector machine (SVM) classifier to determine
whether chow versus HFD trials could be predicted from trial-by-trial
neuronal activities during consumption epochs. Activities from all
simultaneously imaged LS®*®* neurons were z-scored, and principal
component analysis (PCA) was applied to reduce dimensionality,
retaining the first two principal components (PCs) to represent
population activity per trial. A linear SVM was trained on a randomly
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selected 75% of trials from each food type and tested on the remaining
25%, with the process repeated 1000 times to compute average
decoding accuracy. Shuffled controls were generated by randomly
reassigning trial types. The classifier achieved significantly higher
accuracy for actual data compared to shuffled controls, demonstrating
that LS“*®* population activity encodes sufficient information to

distinguish food identities based on palatability or caloric con-
tent (Fig. 2d).

We next assessed how diet modulates LS®*®* neuronal activity
during the consumption of regular food pellet in chow-fed and HFD-
fed mice. Two experimental groups underwent 4-week dietary regi-
mens with imaging at day 1 and 30 (Fig. 2e). When the neural activity
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Fig. 1| The HFD alters the transcriptional profiles of septal area neurons. a Left:
quantification of daily energy intake for the normal food and high-fat diet groups
(diet: Fy 60 =157.2; p < 0.001; time: F4 0 =132.6, p < 0.001; interaction: F4 ¢0=9.5,
p < 0.001). Right: quantification of bodyweight between the Chow and HFD groups
(diet: F160=49.3; p<0.001; time: F4,60=196, p < 0.001; interaction: F4 ¢0=3.9,

p < 0.01). bRepresentative images of the body size of mice after 4 weeks of feeding
on chow vs. HFD. Scale bar, 5mm. ¢ Schematic of the snRNA-seq experimental
pipeline. d tSNE visualization of 9 transcriptionally-distinct clusters from the septal
area in the Chow and HFD groups. e Percentages of differentially expressed genes
(DEGs) and non-differentially expressed genes (non-DEGs) in each cell cluster; the
number of DEGs is indicated in the bar. f AUC scores for the activity of different cell
types from the gene set associated with human obesity (Fg 34966 = 24191, p < 0.001).

g Left: volcano plot of DEGs in LS®®* neurons. Right: proportion of HFD-induced
upregulated and downregulated DEGs in LS®®* neurons; the number of DEGs is
indicated in the bar. P values were adjusted using the Benjamini-Hochberg method
for multiple comparisons. h HFD-induced downregulated GO pathways in LS8
neurons. P values were adjusted using the Benjamini-Hochberg method for multi-
ple comparisons. i HFD-induced downregulated neural signaling gene-concept
networks in LS®*®* neurons. j HFD-induced downregulated KEGG pathways in LS*8A
neurons. Statistics: (a) two-way ANOVA followed by Sidak’s post hoc test, (f) one-
way ANOVA followed by Tukey’s post hoc test, (g, h) two-sided Mann-Whitney U-
test, with detailed statistics provided in Supplementary Data 1. Sample sizes are
indicated in the figures. *p < 0.05, ** p < 0.001. Data are presented as mean + SEM.
All tests are two-sided. Source data are provided as a Source Data file.

was aligned with the first bite, about one quarter of the neurons dis-
played an excitatory response, whereas another quarter exhibited an
inhibitory response (Fig. 2f and Supplementary Fig. 4a). The percen-
tage of neurons showing either excitatory or inhibitory response
remained unchanged between day 1 and day 30 for both groups
(Fig. 2g). The amplitude of both excitatory and inhibitory responses
remained unchanged between day 1 and day 30 for chow group
(Fig. 2h, i). However, after 4 weeks of HFD, the average amplitude of
the excitatory response was reduced, while that of the inhibitory
response remained unchanged (Fig. 2j, k). This selective dampening of
excitatory responses in HFD-fed mice suggests impaired activation of
LS®*® neurons that typically suppress feeding behavior.

HFD alters synaptic transmission and reduces septal neuronal
excitability

To investigate the effects of HFD on the synaptic transmission and
electrophysiological properties of LS®® neurons, we selectively
labeled these neurons with EGFP by injecting AAV-DIO-EGFP into the
LS of Gad2-Cre mice. Electrophysiological recordings in acute brain
slices revealed significant alterations in synaptic transmission (Fig. 3a).
Specifically, both the amplitude and frequency of spontaneous exci-
tatory post-synaptic currents (SEPSCs) in LS®®* neurons were sig-
nificantly reduced in the HFD group compared to the chow group
(Fig. 3b, c). Furthermore, the paired-pulse ratio (PPR) of electrical
stimulation-evoked EPSCs was elevated in the HFD-fed mice, indicating
decreased release probability of excitatory inputs (Fig. 3d, e). There
was also a small yet significantly lower frequency of spontaneous
inhibitory post-synaptic currents (sIPSCs) in the HFD group, although
there was no difference in amplitude (Fig. 3f, g). The reduction in the
amplitude and frequency of both sEPSCs and sIPSCs was consistent
across the LSd, LSi, and LSv subregions (Supplementary Fig. 4b-g).
These results indicate that prolonged HFD feeding reduces excitatory
inputs onto LS®*®* neurons.

We next examined the spontaneous activity and intrinsic excit-
ability of GABAergic neurons in the LS and found that mice in the HFD
group had significantly lower spontaneous action potential firing fre-
quency in LS®*®* neurons than mice in the chow group (Fig. 3h, i and
Supplementary Fig. 4h-k). Step current injections revealed a sig-
nificant reduction in intrinsic excitability, as shown by a downward
shift in the input-output curve (Fig. 3j), with the resting membrane
potential and membrane resistance have no change (Fig. 3k, I). Col-
lectively, 4 weeks of HFD decreased excitatory synaptic inputs and
reduced intrinsic excitability in LS®*®* neurons.

HFD induces downregulation of Henl channels in LS®A®A neurons
The reduction of neuronal excitability and spontaneous activity
induced by HFD indicates a change in the underlying ion channels that
govern firing patterns*. To explore potential mechanism, we per-
formed whole-cell patch clamp recordings in LS®*®* neurons. Stepwise
hyperpolarizing current injections (-200 - 0 pA) elicited a character-
istic depolarizing voltage ‘sag’ (Fig. 4a), a hallmark of
hyperpolarization-activated cyclic nucleotide-gated (HCN) cation

channel activity. HCN channels mediate inward currents upon activa-
tion that critically modulate neuronal excitability*~*>. Comparisons of
the voltage sags revealed a markedly smaller amplitude and lower
fraction of neurons exhibiting a substantial voltage sag (> 10% of peak
voltage) in the HFD group (Fig. 4a-c), suggesting a decrease in HCN
currents following HFD. Perfusion with the selective HCN blocker, ZD-
7288 (20 uM), completely blocked the voltage sag, confirming the
presence of HCN channels (Fig. 4d).

We then examined our snRNA-seq data, and found that, among
four Hen channel subunits, Hcnl exhibited the most pronounced
enrichment in septal neurons (Fig. 4e, f). Furthermore, the expression
level of Hcnl in the LS“®* neurons was significantly downregulated
after HFD, although the percentage of neurons with Hcnl expression
remained unchanged (Fig. 4g, h). To further confirm these findings at
the protein level, we performed Hcnl immunostaining. Compared to
mice maintained on a standard chow diet, 4 weeks of HFD indeed led
to significantly fewer Henl-immunopositive signals in LS®®* neurons,
while medial septum neurons showed no significant alteration (Fig. 4i, j
and Supplementary Fig. 5).

Downregulation of Hcnl contributes to hypoexcitability of
septal neurons and exacerbates HFD-induced obesity

To evaluate the impact of Hcnl downregulation on the neuronal
excitability of LS“*®* neurons and the contribution to HFD-induced
obesity, we used short hairpin RNA (shRNA)* to knockdown Hcnl in
LS®*BA neurons (Fig. 5a). Immunostaining confirmed effective reduc-
tion of Hcnl protein expression following shRNA expression (Fig. 5b).
Whole-cell recordings demonstrated that the Hcnl knockdown group
had a markedly smaller voltage sag amplitude and a lower proportion
of neurons with substantial voltage sag than the control group (>10%
of peak voltage), indicating a decrease in HCN currents (Fig. 5c-e). We
next applied depolarizing step currents to evoke action potential fir-
ing, and found significantly lower firing frequency in response to
40-120 pA current injections in the Hcnl knockdown group, reflecting
decreased neuronal excitability (Fig. 5f).

To investigate the role of Henl in feeding behavior, we bilaterally
injected AAV-DIO-shRNA (shScr or shHcnl) into the LS of Gad2-Cre mice.
Following a three-week period for viral expression, we assessed feeding
behaviors using a motorized lick spout with capacitive lick detection,
delivering a fixed 10 uL volume of foods with varying palatability
(standard liquid food, sucrose solution, or palatable Ensure) (Fig. 5g). In
ad libitum-fed mice, Hcnl knockdown did not affect consumption of
standard liquid food but significantly increased lick frequency and total
intake of palatable sucrose solution and Ensure (Fig. Sh-j)

To explore the role of Henl in HFD-induced obesity, we subjected
a distinct cohort of Gad2-Cre mice with Hcnl knockdown in LS®*®
neurons to a four-week HFD or chow diet, starting three weeks after
viral injection (Fig. 5k). The caloric intake of mice with Hcnl knock-
down in LS®*®* neurons was significantly higher than control mice, and
bodyweight gain on the HFD was greater than control mice, whereas
Hcenl knockdown had no effect on the chow-fed mice (Fig. 51, and
Supplementary Fig. 6a). Furthermore, qPCR analysis revealed that,
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Fig. 2 | The HFD reduces the activity of LS°*** neurons during feeding.

a Representative image of the viral expression and position of the GRIN lens in the
LS. Scale bar, 500 um. This representative result was confirmed in 9 independent
mice. b Heatmaps of the LS®*® neurons responses to Chow or HFD. Each row
represents the mean activities of one neuron. ¢ Sankey diagram showing the
response ratio of LS®*® neurons to chow and HFD. d Left: example support vector
machine (SVM) decoding using neuronal population activities in response to Chow
and HFD. Right: performance of decoding using actual neuronal responses to chow
and HFD or using neuronal responses shuffled across trial types (p < 0.05).

e Schedule of the miniscope imaging before (Day 1) and after (Day 30) 4 weeks
chow (Group I: Chow) or HFD (Group II: HFD) feeding. f Heatmaps showing calcium
signals at Day 1 and Day 30. The black vertical dashed lines indicate the initiation of

feeding behavior. g Average traces (left) and quantification of peak (right) of the
activated neurons at Day 1 in Group I: Chow and Group II: HFD. h, i Average traces
(left) and quantification of peak (right) of the activated (h) and inhibited (i) neurons
at Day 1 and Day 30 in Group I: Chow (activated neurons: p = 0.45; inhibited neu-
rons: p=0.78). j, k Average traces (left) and quantification of peak (right) of the
activated (j) and inhibited (k) neurons at Day 1 and Day 30 in Group II: HFD (acti-
vated neurons: p < 0.001; inhibited neurons: p = 0.75). Statistics: (d) two-tailed
paired t-test, (h-k) two-sided Mann-Whitney U-test, with detailed statistics provided
in Supplementary Data 1. Sample sizes are indicated in the figures. ns, no significant
difference, * p <0.05, **p < 0.001. Data are presented as mean + SEM. All tests are
two-sided. Source data are provided as a Source Data file.

after four weeks of HFD feeding, the HFD+shHcnl group exhibited
significantly reduced Hcnl expression compared to the HFD+shScr
group (Fig.5m). These findings suggest that Hcnl knockdown in LS8
neurons promotes HFD consumption and exacerbates HFD-induced
obesity.

Overexpression of Henl restores LS neuronal excitability and
prevents HFD-induced obesity

Next, we examine the effect of Hcnl overexpression on the neuronal
excitability of LS®*® neurons and HFD-induced obesity by utilizing

adeno-associated virus vectors (Fig. 6a). Immunofluorescence
confirmed successful Hcnl overexpression following this viral
strategy (Fig. 6b). Overexpression of Hcnl led to a significantly
higher voltage sag amplitude and enhanced excitability of LSABA
neurons (Fig. 6¢-f). In the liquid food intake assays, overexpression
of Henl did not affect the standard liquid food intake, but sig-
nificantly decreased the lick numbers and total intake of palatable
sucrose solution and Ensure (Fig. 6g-j). A separate cohort of naive
Gad2-Cre mice were used to test whether Hcnl overexpression in
LS®4BA neurons could prevent HFD-induced overeating and obesity.
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We found mice with Hcnl overexpression resisted excessive energy
intake on an HFD, maintaining bodyweights similar to chow-fed
groups and significantly lower than HFD-fed EGFP groups (Fig. 6k, I).
Crucially, this metabolic protection was diet-dependent. Over-
expression of Hcnl did not alter food intake or body weight in mice
maintained on a standard chow diet (Fig, 6k, | and Supplementary

100 120

’ 0‘\0« of°

0‘(\0« \,\(,0

Fig. 6b). qPCR analysis confirmed that Hcnl expression was sig-
nificantly higher in the overexpression group after 4 weeks of HFD
feeding compared to the Chow+GFP control group (Fig. 6m). These
results demonstrate that enhancing Hcnl channel activity specifi-
cally in LS®®* neurons is sufficient to counteract HFD-driven over-
eating and obesity development.
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Fig. 3 | The HFD decreases synaptic transmission in the LS and attenuates the
excitability of LS®*®* neurons. a Schematic of the patch clamp experimental
pipeline. b Representative traces of sEPSCs in LS®*® neurons from the Chow and
HFD groups. ¢ Quantifications of amplitude (left) and frequency (right) of sSEPSCs in
LS%B neurons from the Chow and HFD groups (amplitude: p < 0.001; frequency:
p<0.001).d, e Representative traces (d) and quantification (e) of paired-pulse ratio
of electrical stimulation-evoked EPSCs recorded from the Chow and HFD groups
(p <0.001). f Representative traces of sIPSCs in LS“*** neurons from the Chow and
HFD groups. g Quantifications of amplitude (left) and frequency (right) of sIPSCs in
LS®*®A neurons from the Chow and HFD groups (amplitude: p = 0.15; frequency:

p <0.05). h Representative traces of the spontaneous action potential in LSABA
neurons from the Chow and HFD groups. i Quantification of action potential firing

frequency for the Chow and HFD groups (p < 0.05). j Left: representative traces at
40 pA current injection in LS®*®* neurons from the Chow and HFD groups. Right:
quantification of the input-output curves in LS®*®* neurons for the Chow and HFD
groups (diet: Fy 2, =41.1; p<0.001; current injection: Fs130=3.3, p < 0.01; interac-
tion: Fs110=0.98, p = 0.43). k, | Quantifications of the resting membrane potential
(k) and input resistance (I) of LS®*®* neurons from the Chow and HFD groups
(membrane potential: p = 0.77; input resistance: p = 0.74). Statistics: (c, e, g, i, k, I)
two-sided Mann-Whitney U-test, j two-way ANOVA followed by Sidak’s post hoc
test, with detailed statistics provided in Supplementary Data 1. Sample sizes are
indicated in the figures. ns, no significant difference, *p <0.05, *p < 0.01,

***p < 0.001. Data are presented as mean + SEM. All tests are two-sided. Source data
are provided as a Source Data file.

Downregulation of Gad2 in the LS contributes to HFD-induced
obesity

Beyond the observed reductions in neuronal excitability, our snRNA-
seq data also revealed downregulation of synaptic transmission and
neurotransmitter secretion in LS®*®* neurons following HFD exposure,
suggesting potential alterations in the GABA synthesis or releasing. To
investigate this hypothesis, we checked our snRNA-seq results and
found significantly downregulation of glutamate decarboxylase 2
(Gad?) following 4-weeks of the HFD compared to the standard chow
diet (Fig. 7a, b). This observation was further validated by quantitative
reverse transcription PCR (qPCR) (Fig. 7c). The Gad2 gene encodes a
rate-limiting enzyme that catalyzes GABA synthesis*. Reduced Gad2
expression suggests a compromised GABA synthesis capacity. Con-
sistent with this, liquid chromatograph mass spectrometry (LC-MS)
analysis showed significantly lower GABA levels in the LS of HFD mice
compared to controls (Fig. 7d).

This reduction of GABA levels in the LS may weaken inhibitory
control over downstream brain regions. Using SynaptoTag AAV*®, we
mapped the projections of LS®*®* neurons (Supplementary Fig. 7a—c)
and identified significant synaptic connections to several brain
regions, including the preoptic area (POA), the tuberal nucleus (TN),
the lateral hypothalamic area (LH), the supramammillary nucleus
(SUM), and the ventral tegmental area (VTA) (Supplementary Fig. 7d).
Notably, the hypothalamus is widely recognized as a key feeding
center. The LH is known to play a crucial role in regulating food
intake”*’, whilst the inhibitory GABAergic pathway from the LS to the
LH has been shown to suppress feeding behavior'™*. The TN is impli-
cated in hedonic feeding, and our previous studies have reported that
activation of the LS>TN pathway specifically enhances the consump-
tion of palatable foods without affecting standard chow intake".

To assess the impact of the HFD on GABA transmission from the
LS to the LH and TN, we expressed channelrhodopsin-2 (ChR2) in the
LS®*® neurons and conducted patch-clamp recordings on LH or TN
neurons after 4 weeks HFD or chow feeding (Fig. 7e, f, and Supple-
mentary Fig. 7h—j). Optogenetic stimulation of LS“®** axonal terminals
in the LH or TN elicited robust IPSCs, which were blocked by picro-
toxin, confirming GABAergic transmission (Fig. 7g). Mice in the HFD
group had significantly lower light-evoked IPSC amplitudes (Fig. 7h, i),
suggesting reduced GABAergic transmission between the LS and the
LH or TN. Furthermore, the PPR of light-evoked IPSC was elevated in
HFD-fed mice, indicating decreased presynaptic GABA release prob-
ability (Fig. 7j-1). We also found that LS®*®** axonal terminals form
apparent contacts with distinct neuronal populations in the LH and TN.
These putative postsynaptic targets include orexin (ORX)-, melanin-
concentrating hormone (MCH)-, and neurotensin (NTS)-postive neu-
rons in the LH and somatostatin (Sst)-postive neurons in the TN
(Supplementary Fig. 8). Together, these results demonstrate that
GABAergic transmission from LS®*®* neurons to the LH and TN, which
typically function as a brake to suppress feeding behavior, was wea-
kened following exposure to HFD.

To determine whether reduced GABA release from the LS pro-
motes feeding and weight gain, we employed tetanus neurotoxin

(TeNT) to block neurotransmitter release from LS®*®A neurons

(Fig. 7m). Expression of TeNT effectively blocked GABAergic trans-
mission from the LS to the LH (Supplementary Fig. 9a-d), leading to
significantly higher food intake and weight gain on the HFD, but not on
the standard chow diet (Fig. 7n and Supplementary Fig. 9e). This
indicates that blocking GABA release from LS%®* neurons is sufficient
to enhance hyperphagia and accelerate obesity progression under
HFD conditions.

To explore whether restoring GABA levels in the LS could rescue
HFD-induced obesity, AAV-DIO-Gad2-EGFP was bilaterally injected into
LS of Gad2-Cre mice for LS®*® neurons Gad2 overexpression (Fig. 8a).
Western blot and LC-MS analyses showed a significant increase in Gad2
and GABA protein in LS (Fig. 8b, c). In the liquid food intake assays,
similar to overexpression of Hecnl, overexpression of Gad2 in LS®®
neurons did not affect the standard liquid food intake, but significantly
decreased the lick numbers and total intake of sucrose solution and
Ensure (Fig. 8d-g). In a distinct cohort of mice, 3 weeks after virus
injection, the mice were switched to a 4-week HFD or chow diet. The
results demonstrated that Gad2 overexpression in LS significantly
reduced HFD intake and prevented obesity (Fig. 8h, i and Supple-
mentary Fig. 10a). Overexpression of Gad2 did not affect chow intake
or weight gain (Fig. 8i). qPCR analysis confirmed that Gad2 expression
was significantly higher in the overexpression group after 4 weeks of
HFD feeding compared to the Chow+GFP control group (Fig. 8j).
Importantly, neither silencing of LS®** neurons, Gad2 overexpression,
nor 4-week high-fat diet affected locomotor activity or anxiety-like
behaviors (Supplementary Fig. 10b-g). These results indicate that
upregulating Gad2 expression in LS®*®* neurons is sufficient to prevent
overeating and obesity in a HFD context.

Discussion

Overeating and obesity are significant challenges in contemporary
health discourse*®, While previous studies have highlighted the critical
role of the LS in regulating feeding behavior, particularly in relation to
hedonic feeding and the inhibition of eating>>'718234° there remains a
considerable gap in our understanding of how dietary factors induce
neural adaptations within LS cells and how these adaptations con-
tribute to obesity progression. By integrating high-throughput snRNA-
seq, electrophysiological recording, and in vivo calcium imaging, our
study sheds light on the intricate role of the LS in diet-induced obesity.
Specifically, we underscore how HFD triggers transcriptional and
functional changes in LS®®A neurons, potentially exacerbating hyper-
phagia and weight gain (Fig. 1). Our research reveals critical molecular
mechanisms underlying the hypoexcitability of LS®*** neurons in
response to a HFD, revealing potential therapeutic targets for obesity
intervention.

Our findings demonstrate that a HFD leads to significant tran-
scriptional alterations in the septal region, particularly in GABAergic
neurons that are enriched with obesity-related genes. Our results
suggest that HFD-induced transcriptional alterations within the
GABAergic neurons of the septal area may also contribute to human
obesity. The downregulation of genes critical for synaptic function and
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Fig. 4 | The HFD downregulates Hcnl channels in LS€A®A neurons.

a Representative traces of voltage sag in LS®*®* neurons from the Chow and HFD
groups. b Quantification of voltage sag in LS®*® neurons induced by the step
current in LS®*** neurons from the Chow and HFD groups (diet: F; ,, =12.0; p < 0.01;
current injection: Fip 20 =45.7, p < 0.001; interaction: Fig20=4.9, p < 0.001).

¢ Percentage of LS®*®* neurons exhibiting significant voltage sag (>10% of peak
voltage) in response to -160 pA current injection in the Chow and HFD groups.

d Left: representative traces of voltage sag in LS®*® neurons with or without the
HCN blocker ZD7288 (20 uM). Right: quantification of voltage sag before and after
ZD7288 application (p < 0.001). e snRNA-seq data showing the Hcnl-4 expression
in septal neurons. f Hcnl expression ratio in Gad2-positive and Gad2-negative
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neurons in the septal area. g Normalized expression of Hcnl in LS®*® neurons from
the Chow and HFD groups in our snRNA-seq data (p < 0.001). h Co-expression of
Hcnl and Gad2 in septal neurons from the Chow and HFD groups. i Timeline for
LS®4®* neurons Henl protein quantifying following 4 weeks chow or HFD feeding.
j Left: representative images of Henl expression in LS®®* neurons from the Chow
and HFD mice. Scale bars, 10 pm. Right: quantification of Henl protein levels for the
Chow and HFD groups (p < 0.01). Statistics: (b) two-way ANOVA followed by
Sidak’s post hoc test, (d) two-tailed paired t-test, (g, j) two-sided Mann-Whitney U-
test, with detailed statistics provided in Supplementary Data 1. Sample sizes are
indicated in the figures. *p < 0.05, *p < 0.01, **p < 0.001. Data are presented as
mean + SEM. All tests are two-sided. Source data are provided as a Source Data file.
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neuronal excitability, such as Gad2 and Hcnl, suggests a disruption in
the ability of the LS to regulate feeding behavior (Fig. 1). These tran-
scriptional changes correlate with functional deficits, as evidenced by
reduced synaptic transmission and decreased excitability of LSABA
neurons (Figs. 2, 3). Such alterations undermine the ability of the LS to
act as a regulatory brake on food intake, particularly under hedonic

feeding conditions driven by palatable diets. This emphasizes the
notion that, while the brain orchestrates feeding behavior, consumed
foods can significantly reshape the brain’s feeding network.

A critical highlight of our study is the role of the gene Gad2, a
candidate gene for human obesity**", which our results show is sig-
nificantly affected by the HFD. The diet diminishes GABA synthesis in
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Fig. 5 | Knockdown of Hcnl in the LS promotes HFD-induced obesity. a Viral
strategy for Hcnl knockdown in LS®*® neurons. b Left: representative images of
Hcnl expression in LS®*®* neurons from the control (shScr) and Henl-knockdown
(shHcnl) groups. Right: quantification of Henl protein levels (p < 0.01). Scale bars,
10 pm. ¢ Representative voltage sag traces in LS neurons in response to
hyperpolarizing steps. d Quantification of sag amplitude (virus: F; ;5= 65.2;

p <0.001; current injection: Fig150 =48.8, p < 0.001; interaction: Fig 150 = 24.6,

p < 0.001). e Percentage of LS®*® neurons showing significant sag (> 10% of peak).
f Left: representative traces at 60 pA current injection. Right: Input-output curves
for LS®®* neurons (virus: Fy;5=20.3; p < 0.001; current injection: Fsgo=2.1,

p = 0.07; interaction: Fs 9o =17, p = 0.14). g Schematic of the experimental design.
h-j Liquid food intake in shScr vs. shHcnl mice. Left: licking behavior; middle:
cumulative licks; right: total intake of standard liquid food (h), sucrose solution (i)
and Ensure (j) (standard liquid food: p = 0.78; sucrose solution: p < 0.001; Ensure:

p < 0.001). k Timeline for HFD/chow study with Henl knockdown. 1 Energy intake
(left) and body weight (right) across groups [Energy intake (virus: Fy ;6 =404.8,

p < 0.001; diet: Fy 16 =43.2; p<0.001; time: F 7684420 =89.1, p < 0.001). Body
weight (virus: Fy16=10.4, p < 0.01; diet: Fy;6=145.2; p < 0.001; time:
F1.87229.95=2095, p < 0.001)]. m Hcnl expression level (virus: F1¢=52.8,

p < 0.001; diet: Fy 16 =18.9; p <0.001; interaction: F; 36 =3.1, p = 0.1). Statistics:

(b, h-j) Mann-Whitney U-test, (d, f) two-way ANOVA followed by Sidak’s post hoc
test, (m) two-way ANOVA followed by post hoc test using two-stage step-up
method of Benjamini, Krieger and Yekutieli, (I) three-way ANOVA followed by post
hoc test using two-stage step-up method of Benjamini, Krieger and Yekutieli, with
detailed statistics provided in Supplementary Data 1. Sample sizes are indicated in
the figures. ns, no significant difference, *p < 0.05, **p < 0.01, **p < 0.001. Data are
presented as mean + SEM. All tests are two-sided. Source data are provided as a
Source Data file.

the LS by downregulating Gad2, weakening inhibitory control exerted
by LS®*® neurons on the LH and TN (Fig. 7)°>**. This finding suggests
that dietary composition can have profound biological effects on
neural circuits critical for feeding regulation.

The downregulation of Henl channels appears pivotal in mediat-
ing the reduced excitability and activity of LS®*®* neurons. This aligns
with previous studies illustrating the role of HCN channels in main-
taining neuronal excitability and rhythmic firing***. Our data indicate
that Hcnl knockdown exacerbates caloric intake and weight gain
under HFD conditions, while Hcnl overexpression restores neuronal
excitability and mitigates these effects (Figs. 4-6). This underscores
the potential of targeting ion channel pathways to modulate neuronal
activity and counteract HFD-induced obesity. The diminished excit-
ability, synergized with decreased GABA synthesis, results in weaken-
ing the ‘feed-brake’ from the LS onto downstream regions,
including LH.

Our results corroborate previous findings that highlight the
pivotal role of the LS in regulating hedonic feeding”. Specifically,
synaptic silencing, overexpression of Gad2 or Hcnl, and Henl knock-
down exert effects selectively in the context of palatable foods, such as
the HFD, sucrose and Ensure, but not the standard chow. Prior litera-
tures have shown that somatostatin neurons in the tuberal nucleus
(TN*Y) enable environmental contexts to drive hedonic feeding".
Furthermore, LS®®* neurons serve as upstream regulators of TN*
neurons”*, This connectivity suggests that HFD-induced diminished
inhibition from LS®*® neurons may disinhibit TN** neuron, thereby
promoting hedonic feeding. The lack of effect on chow intake is con-
sistent with the dominant role of hypothalamic circuits (e.g., the arc-
uate nucleus) in governing homeostatic feeding. Collectively, these
insights underscore the LS as a key nodal point in motivational neural
circuits, offering targets for interventions in disorders of over-
consumption like obesity.

Furthermore, a noteworthy finding of our study is the identifi-
cation of three distinct subpopulations of LS®BA neurons exhibiting
divergent responses to feeding—namely, excitation, inhibition, or no
response (Fig. 2)—with many responsive neurons showing food-type
selectivity for chow versus HFD (Fig. 2c, d). This functional diversity
highlights specialized encoding of food palatability in LS®®* neu-
rons, with implications for distinguishing hedonic (palatable food-
driven) from homeostatic feeding. Under HFD conditions, dam-
pened excitatory responses likely contribute to hyperphagia by
weakening inhibitory control over downstream circuits such as the
LH and TN.

Previous studies have established the hippocampus and hypo-
thalamus as major sources of excitatory inputs to LS“*®A neurons,
whose activation reduces feeding”*°. We employed rabies virus (RV)-
mediated, cell-type-specific transsynaptic tracing and confirmed the
existence of these specific circuit connections (Supplementary Fig. 7e-
g). These findings align with our observation of weakened excitatory
inputs to LS®®* neurons after HFD (decreased sEPSC frequency and

amplitude, increased PPR), suggesting that such inputs may originate
from the hippocampus, hypothalamus or other related structures.
Whether HFD leads to decreased excitability of hippocampal or
hypothalamic glutamatergic neurons and its impact on LS“® neurons
warrant further investigation.

Studies have demonstrated significant sex differences in the
responses of mice and humans to HFD, with females generally exhi-
biting greater resistance to diet-induced obesity compared to
males™*%, Given that some LS neurons express estrogen receptors**°—
which could modulate neuronal excitability in a sex-dependent man-
ner—future research should therefore investigate potential sex differ-
ences in diet-induced neural adaptations in the LS and their
contribution to sex-dependent obesity.

In conclusion, our study not only advances the understanding of
how a HFD can disrupt brain’s feeding suppression system, but also
identifies potential molecular targets for therapy. By elucidating the
roles of Gad2 and Hcnl in LS®*®* neurons, we pave the way for novel
interventions in treating eating disorders and obesity, emphasizing the
therapeutic potential of modulating brain circuits to address these
widespread health challenges.

Methods

Animals

In this study, adult male C57BL/6) mice were obtained from the
Guangdong Medical Laboratory Animal Center, Guangzhou, China.
Additionally, the experimental cohorts included Gad2-Cre (male, Jax
No. 010802) mice. All mice were housed in a temperature (22-25°C)
and humidity (55-65%) controlled environment, with ad libitum access
to food and water, except during experimental sessions. A 12-hour
light-dark cycle was maintained (lights on from 7:00 am to 7:00 pm).
All efforts were made to minimize animal suffering and the number of
animals used. A total of 338 mice were used in the different experi-
ments. All experiments were conducted in accordance with relevant
guidelines and regulations, and approved by the IACUC (Institutional
Animal Care and Use Committee) of SIAT, Chinese Academy of Sci-
ences (CAS, SIAT-IACUC-230927).

Diets

The high-fat diet pellet (60% fat, 15% protein, 25% carbohydrate) was
purchased from Shenzhen Ready Biological Medicine Co., Ltd
(Shenzhen, China, Cat# D12492). The standard chow diet (9% fat, 15%
protein, and 76% carbohydrate) was purchased from Beijing Keao Xieli
Feed Co., Ltd (Beijing, China, Cat# 2252). Diet was provided ad libitum
in each group.

Stereotaxic surgeries

Stereotaxic injections were carried out on mice under anesthesia with
isoflurane (3% induction, maintained at 1-1.5%) using a stereotaxic
device (RWD Life Science Co., LTD., China). Ophthalmic ointment was
placed on the eyes, and topical anesthetic (lidocaine) was applied to
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the incision site. A pulled glass capillary attached to a pressure
nanoinjector (Drummond Scientific Company) was used to inject
200 nl of AAV virus solution into the LS (AP: +0.5 mm, ML: +0.45 mm,
DV: -2.8 mm) at a slow rate (60 nl/min). The injection needle was left in
place for 10 min after the injection was completed.

For calcium imaging, unilateral injections of AAV2/9-hEF1a-DIO-
GCaMPés (Taitool Bioscience, S0351-9) were performed. A GRIN lens
was inserted 100 um above the injection site and secured to the skull
with dental cement.
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Fig. 6 | Overexpression of Henl in the LS reduces HFD-induced obesity. a Viral
strategy for Henl overexpression in LS neurons. b Left: representative images of
Hcnl protein levels from the LS®*®* neurons in the EGFP (Control) and Henl (Henl-
overexpression) groups. Scale bars, 10 um. Right: quantification of Hcnl protein
levels (p < 0.001). c Representative voltage sag traces in response to hyperpolar-
izing steps. d Quantification of sag amplitude (virus: F;;5=14.9; p <0.01; current
injection: F1,180 =117, p < 0.001; interaction: F;q,150 = 8.6, p < 0.001). e Percentage
of LS®®A neurons showing significant sag (>10% of peak). f Left: representative
traces at 100 pA current injection. Right: Input-output curves for LS®® neurons
(virus: F118=19.2; p<0.001; current injection: Fs90=39.1, p < 0.001; interaction:
Fso0=14,p = 0.22). g Schematic of the experimental design. h-j Liquid food intake
in EGFP vs. Hcnl-overexpressing mice. Left: licking behavior; middle: cumulative
licks; right: total intake of standard liquid food (h), sucrose solution (i) and Ensure
(§) (standard liquid food: p = 0.94; sucrose solution: p < 0.001; Ensure: p < 0.001).

k Timeline for HFD/chow study with Hcnl overexpression. 1 Energy intake (left) and
body weight (right) across groups [Energy intake (virus: Fy16=3.4, p = 0.08; diet:
F116=48.8; p<0.001; time: Fg7¢ 46.02 = 142.9, p < 0.001). Body weight (virus:
Fii6= 4.8, p < 0.05; diet: Flrlé =48.9; p< 0.001; time: F1'335'29'36 =447.7,p < 0.001)].
m Hcnl expression level. Data were natural log-transformed to satisfy parametric
assumptions (virus: F;16=5.2, p < 0.05; diet: F; 16 =575; p <0.001; interaction:
F116=2.2, p = 0.16). Statistics: (b, h-j) Mann-Whitney U-test, (d, f) two-way ANOVA
followed by Sidak’s post hoc test, (I) three-way ANOVA followed by post hoc test
using the two-stage step-up method of Benjamini, Krieger and Yekutieli, (m) two-
way ANOVA followed by post hoc test using the two-stage step-up method of
Benjamini, Krieger and Yekutieli, with detailed statistics provided in Supplementary
Data 1. Sample sizes are indicated in the figures. ns, no significant difference,
*p<0.05, *p <0.01, **p < 0.001. Data are presented as mean + SEM. All tests are
two-sided. Source data are provided as a Source Data file.

For optogenetics activation of LS®®* neurons, unilateral injec-

tions of AAV2/9-hEF1a-DIO-hChR2(H134R)-EGFP (Taitool Bioscience,
S0858-9) were administered.

For Henl and Gad2 overexpression, AAV2/9-hSyn-DIO-EGFP (Tai-
tool Bioscience, S0746-9), AAV2/9-hEFla-DIO-Hcnl  (Taitool
Bioscience, = WY4046), or  AAV2/9-hSyn-DIO-EGFP-P2A-GAD2
(BrainVTA, PT-5664) was bilaterally injected into the LS of Gad2-Cre
mice. For Henl knockdown, AAV-hSyn-DIO-mClover3-shRNA (Scram-
ble) (Brain Case, BC-2315) or AAV-hSyn-DIO-mClover3-shRNA (mHcnl)
(Brain Case, BC-2314) was bilaterally injected into LS.

For pathway tracing, AAV2/9-hSyn-FLEX-tdTomato-T2A-synapto-
physin-EGFP (Taitool Bioscience, S0161-9) was infused into the LS.
Histological examinations were carried out three weeks post-
administration.

For synaptic inactivation, AAV2/9-hEF1a-DIO-mCherry (Taitool
Bioscience, S0197-9) or AAV2/9-hEF1a-DIO-mCherry-P2A-TetTox (Tai-
tool Bioscience, S0506-9) was bilateral injected into the LS.

Mice were monitored daily and allowed to recover for at least one
week before any food manipulation and at least three weeks prior to
any manipulations to allow for viral infection.

Single-nuclei RNA seq and data analysis

The mice were anesthetized with isoflurane, and the brain tissue from
the septal area was extracted. All tissue harvested were transferred to
-80°C freezer for storage. Subsequently, the samples were further
processed and subjected to single-nuclei RNA sequencing by OE Bio-
tech Co., Ltd. (Shanghai, China) in a process carried out, with some
adjustments, to previously established methods®®. Mouse brain nuclei
were processed using a droplet-based 3’ end protocol with the Chro-
mium Next GEM Single Cell 3’ Reagent Kits v3.1 from 10x Genomics.
The library was prepared with the Chromium Single Cell 3'/5’ Library
Construction Kit, following the manufacturer’s precise instructions.
Sequencing was performed on the Illlumina Nova 6000 system. And we
obtained at least 100 GB of raw data per library. Data analysis was
conducted using the Cell Ranger software suite version 3.1.0 from 10x
Genomics, which demultiplexed the barcodes, aligned reads to the
reference genome and transcriptome with the STAR aligner, and nor-
malized the data. This resulted in a detailed matrix correlating gene
expression levels to individual cells.

The raw data was processed and analyzed using Seurat (version
5.0)°.. The data was filtered, with cells having fewer than 200 genes,
UMI less than 500, or more than 5% mitochondrial gene transcripts
being removed. The ‘DoubletFinder’ tool facilitated the removal of
doublets®”. Sample integration was accomplished through canonical
correlation analysis reduction, with the 2000 most variably expressed
genes in each sample, identified via a variance-stabilizing transforma-
tion, serving as anchor features®. For cell type clustering, the inte-
grated expression matrices underwent scaling and centering,
succeeded by principal component analysis (PCA) for dimensionality
reduction. The initial fifteen principal components (PC1-PC15) were

then utilized to construct nearest-neighbor graphs. To delineate dis-
crete cell populations, Louvain clustering was implemented, with a
resolution parameter set at 0.1. The visualization of these clusters was
facilitated through t-stochastic neighbor embedding (tSNE). Cluster-
specific marker identification was performed using the ‘FindAllMar-
kers’ function. To investigate HFD-induced transcriptional alterations,
differential expression analysis was conducted using the ‘FindMarkers’
function. P values were adjusted using the Benjamini-Hochberg cor-
rection method for multiple testing correction. Functional enrichment
analysis, including GO and KEGG pathway assessments, was system-
atically performed using the ‘clusterProfiler’ package®*.

To calculate obesity signature score. The obesity gene set was
defined based on pathways associated with human obesity and being
overweight, as cataloged in DisGeNET* (C0028754, C1561826,
C4237343, and C0497406) and MSigDB** (HP_ABDOMINAL_OBESITY,
HP_ABNORMALITY OF BODY MASS INDEX) datasets. We employed
the R package AUCell® to calculate the signature score for the obesity-
related gene set, which is ranking-based, and independent of the gene
expression units and the normalization procedure. Initially, we con-
structed a ranked expression matrix utilizing the ‘AUCell_buildRank-
ings’ function, followed by the calculation of the area under the curve
(AUC) value through the ‘AUCell_calcAUC’ function.

Electrophysiological recordings

Procedures for preparing acute brain slices were similar to those
described previously®®. Mice were anesthetized with isoflurane. Under
sterile conditions, we perfused the mice with 4 °C slicing solution
containing (in mM) 110 choline chloride, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 1.3
NaH,PO,4, 1.3 Na-ascorbate, 0.6 Na-pyruvate, 25 glucose, and 25
NaHCOs), then placed the tissue in 4 °C slicing solution saturated with
95% 0, and 5% CO,. Coronal slices (250-300 pm) containing the LS, LH
or TN were prepared using a vibratome (Leica, VT-1000S). Slices were
incubated in 37 °C oxygenated artificial cerebrospinal fluid (in mM: 125
NaCl, 2.5 KCl, 2 CaCl,, 1.3 MgCl,, 1.3NaH,POQy,, 1.3 Na-ascorbate, 0.6 Na-
pyruvate, 25 glucose, and 25 NaHCO) for at least 30 min for recovery.
Then the slices were transferred to a recording chamber and super-
fused with 2 ml min™ artificial cerebrospinal fluid. Recording was per-
formed at room temperature (23 °C) with a Multiclamp 700B amplifier
and a Digidata 1550B acquisition system (Molecular Devices). Data
were sampled at 10 kHz and analyzed with Clampfit (Molecular Devi-
ces) or MATLAB (MathWorks).

For whole-cell voltage-clamp recordings, patch pipettes (3-5 MQ)
pulled from borosilicate glass (BF 150-86-101.50 mm 0.86 mm 250 px
250, Sutter) were filled with a Cs-based low CI" internal solution con-
taining (in mM) 135 CsMeSOs, 10 HEPES, 1 EGTA, 3.3 QX-314, 4 Mg-ATP,
0.3 Na-GTP, 8 Na,-phosphocreatine, 290 mOsm kg™, adjusted to pH
7.3 with CsOH. For current-clamp recordings, the internal solution
contained (in mM) 130 K-gluconate, 10 KCI, 10 HEPES, 1 EGTA, 2 Mg-
ATP, 0.3 Na-GTP, 2 MgCl,, 290 mOsm kg-1, adjusted to pH 7.3 with
KOH. Action potential firing was examined by applying a series of long
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depolarizing sweeps (500 ms) at 20 pA steps (20 pA-120 pA). Voltage
sag was induced by executing a polarization protocol (-200 pA-0 pA,
step = 20 pA, duration = 500 ms). To record spontaneous excitatory
postsynaptic currents (SEPSCs), picrotoxin was added to ACSF to block
GABA receptors. ACSF without any supplements was used for excita-
tory PPRs recording. PPRs were evoked by electrical stimulation of the

LS (0.2-ms current pulses) at a holding potential of =70 mV, and cal-
culated as the ratio of the second electrical stimulation-evoked EPSC to
the first electrical stimulation-evoked EPSC, with an interstimulus
interval of 50 ms. To record spontaneous inhibitory postsynaptic
currents (SIPSCs). CNQX (10 uM) and APV (50 pM) were added to ACSF
to block AMPA and NMDA receptors, respectively. To record light-
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Fig. 7 | The HFD diminishes LS®®* neuron-mediated inhibition in downstream
hypothalamic regions. a Schematic of septal tissue dissection after 4-week chow/
HFD feeding. b-d Gad2 mRNA and GABA protein levels in LS were decreased after
HFD, as shown by snRNA-seq (b, p <0.001), qPCR (¢, p<0.01), and LC-MS

(d, p<0.05). e Representative images of ChR2 expression in LS and axonal term-
inals in hypothalamus. Scale bars, 500 pm. This pattern of expression and projec-
tion was consistently observed across 6 mice. f Experimental setup for recording
postsynaptic currents in LH or TN upon optogenetic stimulation of LS®*** axons.
g Representative light-evoked IPSCs in slices from the Chow and HFD groups, which
can be blocked by picrotoxin (PTX). h, i Quantifications of light-evoked IPSCs in LH
(h) and TN (i) [LH (diet: F;,;5=28.3, p < 0.001; light power: F; 549788 =79.7;
p<0.001; interaction: F354=6.7, p < 0.001). TN (diet: F1 5, =14.4, p < 0.001; light
power: F; 46 = 57.6; p < 0.001; interaction: F3 ¢¢ = 3.6, p < 0.05)]. j Representative

paired-pulse ratio (PPR) traces. k, I Quantifications of the PPR of light-evoked IPSCs
in LH (k) and TN (I) from the Chow and HFD groups (LH: p < 0.001; TN: p < 0.001).
m Viral strategy and timeline for silencing LS®*®* neurons. n Energy intake (left) and
body weight (right) in control (EGFP) vs. TeNT groups under Chow/HFD [Energy
intake (virus: F;,5=11.2, p < 0.01; diet: F; 5 =91.7; p < 0.001; time: F3 51,054 =718,
p < 0.001). Body weight (virus: F1,5=17.7, p < 0.001; diet: F; 5 =96.6; p < 0.001;
time: F,07,57.0 =475, p < 0.001)]. Statistics: (b-d, k, I) Mann-Whitney U-test, (h, i)
two-way ANOVA followed by Sidak’s post hoc test, (n) three-way ANOVA followed
by post hoc test using two-stage step-up method of Benjamini, Krieger and Yeku-
tieli, with detailed statistics provided in Supplementary Data 1. Sample sizes are
indicated in the figures. ns, no significant difference, *p < 0.05, **p < 0.01,

***p < 0.001. Data are presented as mean + SEM. All tests are two-sided. Source data
are provided as a Source Data file.

evoked IPSCs, TTX (1uM), 4-AP (100 uM), CNQX (10 uM) were added
to ACSF. Within the optogenetic stimulation protocol, a blue light
pulse (470 nm, 2 ms, 1-4 mW) was delivered through an optical fiber to
illuminate the entire field of view. The light-emitting diode (470 nm,
Thorlabs) was controlled by digital commands from the Digidata
1550B. Next, the PPR of light-evoked IPSCs was recorded at a holding
potential of 0 mV. IPSCs were induced by blue light stimulation (2-ms
light pulses) targeting the region containing the recorded cells, and the
PPR was calculated as the ratio of the second light-evoked IPSC to the
first light-evoked IPSC, with an interstimulus interval of 100 ms. To
block IPSCs, picrotoxin (100 pM) was added into recording chamber
through a perfusion system and incubated for at least 5 min.

Single-cell calcium imaging

After 4-6 weeks of GCaMPé6s injection, a baseplate that matched the
miniscope (UCLA Miniscope V4, Open Ephys)®’ was fixed to each
mouse’s skull with dental cement. Before imaging sessions, mice
received 10-minute adaptive training for at least 3 days. During the
imaging session, we randomly placed a food pellet for each freely
moving mouse in turn, and simultaneously recorded video of the
process whereby the mouse ate the food. There were at least 10 food
intake periods during the whole imaging session. Imaging data were
acquired at a 30-Hz frame rate and collected using UCLA Miniscope-
DAQ-DT-Software.

Calcium signal processing was performed using CNMF-E software
to extract motion-corrected GCaMPé6s fluorescence dynamics from
individual neurons®®®’, Neuronal activity traces were quantified as
Z-scores or AF/F values, with baselines defined as the mean fluores-
cence during the first 2 seconds of each trial. To classify neuronal
response types, we compared trial-specific fluorescence peaks/
troughs against baseline signals. Significant responses were identified
using Wilcoxon signed-rank tests (P<0.05): neurons with positive
peaks were classified as “activated”, those with negative peaks as
“inhibited”, and non-significant responses (P> 0.05) as “no response”.

For population-level analysis of LS GABAergic neuronal encoding
to chow versus HFD, we employed population vector analysis’™. In
brief, this approach constructs n-dimensional activity vectors (n =
neuron count) representing ensemble responses at each timepoint
through Z score normalized signals. PCA was subsequently applied for
dimensionality reduction, projecting high-dimensional vectors onto a
2D visualization space.

Decoding analysis. Population decoding analysis was performed
using a linear support vector machine (SVM) classifier in MATLAB (via
the ‘fitcsvm’ function) to assess whether trial types (chow vs. HFD
consumption) could be predicted from trial-by-trial population activ-
ities of LS®®A neurons during consumption epochs. For each imaging
session per mouse, we included the calcium activity traces from all
simultaneously imaged neurons. First, neuronal activities were
z-scored across trials to normalize the data. Principal component

analysis (PCA) was then applied to the matrix of z-scored trial-by-trial
activities, and the first two principal components (PCs) were retained
to represent low-dimensional population activity patterns for each
trial. Next, the dataset was split such that a randomly selected subset
comprising 75% of trials from each food type (chow and HFD) served as
the training set, while the remaining 25% constituted the test set. Using
the low-dimensional PC data from the training set, a linear-kernel SVM
classifier (‘linear’) was trained for two-class decoding (chow vs. HFD
trials). The trained classifier was then validated using the ‘predict’
function to classify the trial-by-trial activities in the test set, yielding a
classification accuracy for thatiteration. For control purposes, shuffled
datasets were generated by randomly reassigning trial-type labels
(chow or HFD) to the neuronal activities while preserving the original
data structure. The same PCA, training/testing split, and classification
procedures were applied to these shuffled data. To ensure robustness,
the entire classification process—including random train/test splitting,
classifier training, testing, and shuffling—was repeated 1000 times for
both the actual and shuffled datasets. The final decoding accuracy was
computed as the average classification rate across these 1000 itera-
tions, with significance evaluated by comparing actual accuracies
against the shuffled distribution.

qPCR

The septal area tissues were harvested after 4 weeks of either standard
chow or HFD and were immediately frozen in liquid nitrogen and
stored at -80 °C. The total RNA was extracted using the RNAprep Pure
Tissue Kit (TIANGEN, DP431) and reverse-transcribed into cDNA
libraries using the PrimeScript™ RT reagent Kit (Perfect Real Time)
(Takara, RRO37A) according to the manufacturer’s instructions. The
gPCR was performed using SYBR Premix Ex Tagll (Takara, RR820A).
The signals were detected using Quant Studio3 (Applied Biosystems)
under the following conditions: 50 °C for 2 min, 95 °C for 10 min, 40
cycles of 95°C for 15sec and 60°C for 1min, followed by a
dissociation stage.

The specific primer sequences used for detection of target genes
are listed below:

Gad2:

Forward: 5-GGCTCTGGCGATGGAATCTT,

Reverse: 5-ATGGAATCATTTTCCCTCTCTCG.

18sRNA:

Forward: 5-CGCCGCTAGAGGTGAAATTCT-3,

Reverse: 5-CGAACCTCCGACTTTCGTTCT-3".

Hcenl:

Forward: 5-CACTTCGTATCGTGAGGTTTACA’,

Reverse: 5-GGGCAGCTGCATATTTACTCTC-3".

The expression of Gad2 in HFD group relative to the control group
was calculated by the AACT method using 18sRNA as the reference
gene. Data were natural log-transformed to satisfy parametric
assumptions in Hcnl and Gad2 overexpression experiments
(Figs. 6m, 8j)".
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Fig. 8 | Downregulation of Gad2 in LS°*** neurons contributes to HFD-induced
obesity. a Representative image of AAV-DIO-Gad2 expression in the LS. Scale bar,
500 pum. This pattern of expression and projection was consistently observed
across 3 independent biological replicates. b Left: western blot analysis of Gad2
expression in the EGFP (Control) and Gad2 (Gad2 overexpression) groups (B-actin
was an internal reference). Right: quantification of Gad2 signal intensity for the
EGFP and Gad2 groups (p < 0.05). ¢ Quantification of GABA expression levels for
the EGFP and Gad2 groups (p < 0.01). d Schematic of the experimental design.
e-g Liquid food intake in EGFP vs. Gad2-overexpressing mice. Left: licking behavior;
middle: cumulative licks; right: total intake of standard liquid food (e), sucrose
solution (f) and Ensure (g) (standard liquid food: p = 0.94; sucrose solution:

p < 0.00L; Ensure: p < 0.001). h Viral strategy and timeline for overexpression
Gad2 in LS®*® neurons. i Quantification of energy intake (left) and body weight

(right) for the Chow+EGFP, Chow+Gad2, HFD + EGFP, and HFD+Gad2 groups
[Energy intake (virus: F;,5=18.1, p < 0.001; diet: F;,5=29.8; p<0.001; time:
F3.088625=33.3, p < 0.001). Body weight (virus: F;,5=10.1, p < 0.01; diet:
F1,28=10.5; p < 0.0L; time: Fy 8455175 =219.9, p < 0.001)]. j Quantification of Gad2
expression level (virus: F; 57 =6.2, p < 0.05; diet: F; 57 =1895; p < 0.001; interaction:
F127=7.9, p < 0.01). Statistics: (b, ¢, e-g) Mann-Whitney U-test, (i) three-way
ANOVA followed by post hoc test using two-stage step-up method of Benjamini,
Krieger and Yekutieli, (j) two-way ANOVA followed by post hoc test using two-stage
step-up method of Benjamini, Krieger and Yekutieli, with detailed statistics pro-
vided in Supplementary Data 1. Sample sizes are indicated in the figures. ns, no
significant difference, *p <0.05, **p < 0.01, **p < 0.001. Data are presented as
mean + SEM. All tests are two-sided. Source data are provided as a Source Data file.
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LC-MS

Mice were anesthetized with isoflurane, and septal area were rapidly
dissected at a 4 °C environment. For the LC-MS analytical procedure,
samples (8-13 mg) were pulverized in a glass container following the
addition of 200 ul of ice-cold methanol containing 0.1% formic acid
and 100 ug/ml of vitamin C (VC) in methanol. After vortexing the
mixture for 15 min, it was subjected to centrifugation at 12,000 x g for
15 min at 4 °C. Post-centrifugation, the clear liquid above the sediment
was carefully decanted and then dried using a nitrogen gas flow. From
this solution, a 10 ul sample was taken and introduced into a LC-MS
system (Shimadzu LCMS-8060, Kyoto, Japan) for analysis. The
separation of the analytes was achieved using a BEH C18 column
(21mmx100 mm, 1.7 um, Waters, Milford, USA). GABA levels were
quantified utilizing the external standard method”.

Western Blot
The mice were anesthetized with isoflurane and the septal area was
extracted on ice. The tissue was digested and homogenized in chilled
N-PER lysis buffer (Thermo Fisher Scientific, 87792) consisting of
phosphatase inhibitor (Roche, 04906837001) and proteinase inhibitor
(MCE, K0010). The samples were centrifuged at 12,000 x g at 4 °C for
15 min, and the supernatants were collected. We determined the pro-
tein concentration of the samples using a BCA protein assay kit (Invi-
trogen, 23227), and adjusted the protein concentration of each sample
to 3 pg/pL. Then we mixed the supernatants with the SDS-PAGE Sam-
ple Loading Buffer (biosharp, BL502B), vortex thoroughly, and dena-
tured by boiling. Supernatants (15 pL) were loaded into a 10% SDS-
PAGE gel at 80V for 30 min, followed by 120V for 100 min. The
separated proteins were then transferred onto PVDF membranes
(Merck-Millipore, IPVHO0010), blocked with 5% skimmed milk for 2 hr
at room temperature, and incubated in primary antibody overnight at
4°C. After washing, membranes were subsequently incubated with
secondary antibody for 2 hr at room temperature. We then briefly
incubated the membranes with a chemiluminescence reagent (Perki-
nElmer, NEL104001EA) and detected the signals using ChemiDoc (Bio-
Rad). Relative protein expression was estimated by normalizing with
the B-actin. The band densities were analyzed using Image]J software.
The primary antibodies used were rabbit anti-Gadé65 (1:3000,
Proteintech, Cat# 20746-1-AP) and mouse anit-B-actin (1:3000, Pro-
teintech, Cat# 66009), The secondary antibodies used were goat anti-
rabbit (1:2000, ThermoFisher, Cat# 32460) or goat anti-mouse
(1:2000, ThermokFisher, Cat# 62-6520).

Histology and immunohistochemistry

Tissue preparation. Mice were deeply anesthetized with pentobarbital
sodium and perfused transcardially with 1x PBS at room temperature,
followed by 4% paraformaldehyde (PFA) in 1x PBS. Brains were
removed and postfixed in 4% PFA overnight at 4 °C, then cryopro-
tected in 15% and 30% sucrose solutions until they sank. Coronal brain
sections (50 pm or 20 um) were cut on a cryostat (Leica).

Virus-mediated neural tracing. To trace the downstream projections
of LS®*®* neurons, AAV2/9-hSyn-FLEX-tdTomato-T2A-synaptophysin-
EGFP-WPRE-pA was injected into the LS. Brain sections from these
mice were obtained following the procedures described above. For
immunostaining, brain sections were rinsed with PBS (3 x 10 min) and
then blocked with 10% normal goat serum and 0.3% TritonX-100 in PBS
for 2 hr at room temperature. Next, sections were incubated with pri-
mary antibody (Rabbit anti-GFP, 1:1000, ThermoFisher, Cat# A-11122)
diluted in 10% normal goat serum and 0.3% TritonX-100 in PBS for
24-48 hr at 4 °C. After washing with PBS (3 x 10 min), sections were
incubated with secondary antibody (Goat anti-Rabbit 488, 1:1000,
ThermoFisher, Cat# A-11008) diluted in 10% normal goat serum and
0.3% Triton X-100 in PBS at room temperature for 2hr and then
counterstained with DAPI (1:3000).

Hcn1immunohistochemistry. For verification of Hcn expression level,
immunofluorescent staining for Hcnl were performed. After the
feeding procedure, brain sections (50 pm) from these mice were
obtained. Then the brain sections were incubated with primary anti-
body (Rabbit anti-Hcnl, Proteinech, Cat# 55222-1-AP, 1:100) overnight
at 4 °C. Then the brain sections were also washed and incubated with
secondary antibodies (Goat anti-Rabbit 555, ThermoFisher, Cat#
A32727, 1:1000,) and DAPI, following the previously described
procedures®.

To determine the proportion of ORX, MCH, Nts, Sst, Vglut2, and
Vgat expressing neurons among those projecting from the LS to the LH
or TN. Rabbit anti-Orexin (1:200, Cell Signaling, #16743) and Rabbit
anti-MCH (1:1000, abcam, #ab274415) were used as primary antibodies
for the immunofluorescent labeling of orexin and MCH producing
neurons. Commercially available and validated RNAscope probes from
Advanced Cell Diagnostics were used to target the following mRNAs:
Nts (Cat# 420441), Sst (Cat# 404631), Vgat (Cat# 319191-C3), and
Vglut2 (Cat# 319171-C2). Tissue sections (20 pm) were processed using
the RNAscope Multiplex Fluorescent V2 Assay (Cat# 323100), inte-
grated with an immunofluorescence co-detection workflow, according
to the manufacturer’s instructions. For GFP immunofluorescence, a
rabbit anti-GFP primary antibody (1:200, Thermo Fisher, A-11122) and
an Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody
(1:500, Thermo Fisher, Cat# A-11008) were diluted in a dedicated co-
detection antibody diluent (Cat# 323160) for incubation. The images
were acquired with a slide scanner (Olympus Virtual Slide Microscope,
VS120-S6-W) and then cell counting was performed with custom-
written MATLAB code.

Behavioral tests

Mice were housed in groups (3-5 per cage) for at least 3 weeks fol-
lowing virus injection or fiber implantation before behavioral tests.
Mice were handled daily at least 3 days before behavioral tests. The
experimenters were blind to the treatment conditions and rated all
behaviors. All behavioral experiments were carried out at least three
times in the laboratory.

Food intake and bodyweight measurements. Mice were housed
individually for at least three days before food intake tests. Feeding
behavior trials involved daily replacement of food (standard chow or
high-fat pellet, ~20 g) and cage changes to prevent food debris from
accumulating at the bottom. Food intake was manually calculated in
the home cage during the early dark phase (8:00 p.m. - 10:00 p.m.) by
quickly removing the food from the cages and weighing it. To avoid the
potential effects of stress caused by diet change, mice were acclimated
to the new diet for at least three days before experiments.

For bodyweight measurement, after virus injections, mice were
housed in groups (3-5 animals per cage) fed with the standard chow.
After 3 weeks, bodyweight was measured once per week. Next, mice
were fed either standard chow or high-fat diet. For liquid food intake
assays, lick-triggered delivery experiments were conducted using three
liquid foods: (1) a standard liquid diet formulated based on the AIN-
93M formula (Shenzhen Ready Biological Medicine Co., Ltd.); (2) a 15%
(w/v) sucrose solution; and (3) a 25% (w/v) milk powder solution
(Ensure). Prior to testing, mice had ad libitum access to solid food and
water. During experiments, mice were individually housed in an oper-
ant conditioning chamber (22 x16 x 15 cm; AniLab). Liquids were dis-
pensed via a syringe pump, with licks detected by a custom lickometer
incorporating a capacitive touch sensor (SparkFun MPR121) and an
Arduino microcontroller. Each detected lick triggered the delivery of a
10-pL droplet. For each food type, mice underwent 2 days of training
(30 min/session), followed by a 30-min consumption test on day 3.

Open-field test. Mice were habituated to the experimental room for
3hours prior to the commencement of behavioral assays. The
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apparatus was cleaned between each mouse with a 20% ethanol solu-
tion to nullify potential residual olfactory cues. Mice were subse-
quently introduced to a square open-field arena (each side 40 cm).
Mouse trajectories were captured by an overhead camera at 30 Hz for
5min using a MATLAB-based tracking algorithm. For analytical pur-
poses, the chamber was conceptually bifurcated into two zones: a
central quadrant (20 cm x 20 cm) and a peripheral domain. Parameters
recorded for analysis included overall locomotor activity and the
proportion of time spent within the central area.

Statistics

Data were processed and analyzed using MATLAB, R and GraphPad
Prism 9.1.0. Three-way ANOVA followed by post hoc test using the two-
stage step-up method of Benjamini, Krieger and Yekutieli to compare
more than two experimental groups with time, diet and virus variables.
Two-way ANOVA followed by the post hoc Sidak’s test was used to
compare more than two experimental groups with time variables. One-
way ANOVA followed by post hoc Tukey’s test was used to compare
more than two experimental groups without time variables. Mann-
Whitney test or two-tailed unpaired t-test was used to compare two
groups without time variables. Data were presented as mean + SEM.
Statistical significance levels are indicated as follows: *p<0.05,
*p < 0.0, **p < 0.001.

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

Data availability

The raw sequence data generated in this study have been deposited in
the Genome Sequence Archive” in National Genomics Data Center’*,
China National Center for Bioinformation / Beijing Institute of Geno-
mics, Chinese Academy of Sciences (GSA: CRA020474) that are pub-
licly accessible at https://ngdc.cncb.ac.cn/gsa. Source data are
provided with this paper.

Code availability
The code used in the snRNA-seq analysis is available online on GitHub
(https://github.com/ZhuLab-SZ/Jiang_et_al 2025).
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