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Sex-specific differences in mediobasal
hypothalamus in response to
nutritional states
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The arcuate nucleus of the hypothalamus plays a central role in sensing and
integrating nutritional, hormonal, and neural signals that regulate feeding,
energy homeostasis, growth, and reproduction, all of which show pronounced
sex differences. However, the cellular mechanisms underlying these responses
remain poorly understood. We performed snRNA-seq of the mediobasal
hypothalamus, focusing on the arcuate nucleus, in female and male mice
under different nutritional states. Analysis of 42 cell types revealed that Agrp
neurons were most sensitive to nutritional changes, dopaminergic neurons
showed strong sex-specific differences, and KNDy neurons were highly
responsive to both sex and nutrition. Pomc neurons displayed moderate
nutritional sensitivity. Most glial populations were stable, although microglia
and oligodendrocytes showed moderate variation. Cell-cell communication
analysis identified neurotrophic factor signaling as a key pathway regulated by
sex and nutrition. This study represents a major effort to comprehensively
characterize sex-specific differences in arcuate nucleus response across
nutritional conditions.

Worldwide obesity has been steadily increasing since the mid 1970s Sex differences are evident in metabolic homeostasis. Historically,
with more than 13% of adults categorized as obese in 2016 In the females experienced higher rates of obesity than males, although this
United States obesity has become an epidemic with greater than 40%  difference may be diminishing in the Western world"* Adipose tissue
of adults categorized as obese in 20207 Obesity increases the risk for  distribution varies between the sexes: females store more sub-
many negative health outcomes, including type 2 diabetes, cardio- cutaneous fat, while males store more visceral fat. Excessive visceral fat
vascular disease, and nonalcoholic fatty liver disease'>. is associated with worse health outcomes*”, and females are protected
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from these before menopause®. Interestingly, deletion of estrogen
receptor-a (encoded by the Esrl gene) from the ventromedial hypo-
thalamus (VMH) caused female mice to accumulate visceral fat like
male mice’, demonstrating the significant role of specific brain regions
in regulating metabolic homeostasis.

The arcuate nucleus of the hypothalamus (ARH) is located beside
the third ventricle and above the median eminence (ME), where the
blood brain barrier is more permeable®. This positioning enables the
ARH to receive peripheral paracrine signals from adipose, liver, and
pancreas’°. Seminal studies by Camus and Roussy followed by Bailey
and Bremer established that the infundibulo-tuberal region, including
ARH, exerts control over homeostatic feeding, in the early 20"
century”. Manipulations of neural circuits in the ARH have demon-
strated its critical role in feeding behavior. Chemogenetically activat-
ing agouti-related peptide (Agrp) neurons resulted in hyperphagia®, as
did optogenetically activating tyrosine hydroxylase (Th)-expressing
neurons®. A rapid decrease in feeding was seen when oxytocin
receptor-expressing neurons were activated via chemo or
optogenetics'. Additionally, a decrease in feeding was observed that
took sustained activation of pro-opiomelanocortin (Pomc) neurons via
chemogenetics®. The ARH is also home to kisspeptin 1 (Kiss1) neurons
responsible for controlling fertility and neurons responsible for con-
trolling growth hormone release'*".

These findings highlight the remarkable heterogeneity of ARH
neurons, both in their transcriptomic profiles and functional diversity.
While previous research has explored the ARH’s role in metabolic
regulation, most studies have focused on responses to nutritional
challenges, with limited attention to sex-specific differences'®%.

In this study, we comprehensively investigate sex-specific cellular
responses in the mediobasal hypothalamus (MBH) with a focus on the
ARH under varying nutritional states, using single-nucleus RNA
sequencing (snRNA-seq). This approach allows us to capture the
transcriptional landscape at a cellular resolution. We identified pro-
nounced sex differences in Kissl-Neurokinin B-Dynorphin (KNDy)
neurons and moderate differences in dopamine (DA) neurons, high-
lighting distinct roles these cells may play in male and female energy
homeostasis. Additionally, we observed substantial nutritional state-
dependent changes in Agrp and KNDy neurons, with Pomc neurons,
microglia, and oligodendrocytes showing moderate responses. Our
findings offer a perspective on how sex and nutritional state interact at
the cellular level within the ARH, paving the way for more targeted and
effective interventions for metabolic disorders that account for these
critical biological differences.

Results

Single-nucleus transcriptomes for the ARH of female and male
mice in different nutritional states

In order to investigate sex differences in nutritional state response, we
performed snRNA-seq on the MBH with a focus on ARH tissue from
female and male mice that were either fed ad libitum or fasted for 28 h
(Fig. 1a, b; Supplementary Fig. 1a, b). In our study, we leveraged mice
natural nocturnal behavior, euthanizing them 4 h into their dark cycle
when they are most active (Supplementary Fig. 1a). We did this to
ensure the ad lib fed mice were in a well fed state and the fasted mice
would be in a state of high food craving. To attain a high-quality ana-
lysis of sex by nutritional state interactive characteristics, we profiled
36 mice, 18 males, and 18 females (Fig. 1a). After standard preproces-
sing steps, such as removing ambient RNAs and doublets®* (Sup-
plementary Fig. 1c), we got 93,265 high-quality nuclei in total (Fig. 1c).
We achieved near equal sequencing depth and feature detection
across conditions with around 5700 mean unique molecules (UMIs),
and 2900 mean unique genes detected per nucleus with a minimal
number of reads assigned to hemoglobin, ribosomal binding proteins,
and mitochondrial mRNA (Supplementary Fig. 1d).

Next, we performed principal component analysis (PCA) followed
by t-distributed stochastic neighbor embedding (tSNE) dimensionality
reduction for visualization. K-nearest neighbors clustering calculations
were performed based on the first 30 PCs to identify cell clusters. Our
analyses identified 42 distinct cell-types (31 types of neurons and 11
types of glia) (Fig. 1d; Supplementary Figs. 2, 3). We found that nuclei
from both sexes under both nutritional states mapped similarly in tSNE
space (Fig. 1c), suggesting cell-types do not change across nutritional
states or differ between the sexes. We also confirmed that there were
no major batch effects (Supplementary Fig. 1e). Overall, 65,014 neu-
rons and 28,251 glia were obtained from the MBH region, including
41,622 neurons representing all neuronal types in ARH (Fig. 1d). To
ensure that observed transcriptional differences reflect true biological
variation rather than technical artifacts, we performed the RPCA-based
integration within the Agrp neurons and KNDy neurons separately
across different batches. After integration, the tSNE space embeddings
showed well-mixed distributions of cells from different batches
(Figs. 2a, 4a, Supplementary Figs. 5b,12b). In addition, integration of
our neuronal dataset with the Campbell et al.’® dataset (neurons only)
demonstrated high transcriptomic similarity between datasets (Sup-
plementary Fig. 4a). Most cell types showed strong alignment across
both datasets, and only minor differences in cell subtype labeling were
observed (Supplementary Fig. 4b). These results support the robust-
ness of our integration approach and validate the accuracy of our cell
type annotations for downstream analyses. Our annotation was also
aided by annotation from the Allen brain atlas®.

We next examined which cell-types’ transcriptomes differed
either across sex or nutritional state. Here we define differential
expression (DE) as: greater than 25% nuclei of at least one condition
expressed the gene, the difference in expression between the groups
larger than 1.25-fold, and the adjusted p-value less than 0.05. We used
model-based analysis of single-cell transcriptomics (MAST) as our
statistical test using sample ID as a latent variable®. Six of the 10 most
dynamic cell-types were ARH neurons (Fig. 1e), with the other four
being Oligodendrocytes, a-Tanycytes, B-Tanycytes and a large cluster
MM.OL. It was possible that larger cell-type clusters appeared more
dynamic (ie more DE genes) because they had more statistical power
to detect these changes. In order to control this possibility, we per-
formed down-sampling to 200 nuclei per condition per cell-type and
repeated our DE analyses. Controlling for cluster size did highlight
some smaller clusters as being more dynamic than they initially
appeared (eg Microglia, DA, and Coch/SIc18a2); however larger clus-
ters that appeared dynamic in absolute terms remained dynamic after
controlling for size (eg Agrp, and KNDy neurons) (Fig. 1f).

Summary of cell-types that are sensitive to nutritional state in a
sex-specific manner

Overall, more nutritionally regulated DE genes (DEGs) were observed
in female mice. We saw both male and female mice had the most
nutritionally regulated DEGs for the Agrp cluster. Other clusters that
saw dynamic responses to nutrition for both sexes were: Pomc, Sst/
Uncl3c, Lamp5/NpyS5r, and Ghrh/Chat neurons. Strikingly, KNDy neu-
rons appeared very sensitive to nutritional state in females but not in
males. To a lesser extent DA neurons and related cluster Coch2/Slc18a2
also responded to nutritional state in females but not in males (Fig. 1e).
Relatedly, when comparing across sexes within nutritional state, KNDy
neurons showed the most sexual dimorphism followed by DA neurons.
Of note, Lamp5/Npy5r, Ghrh/Chat, and Coch2/SIc18a2 neurons also
showed sexual dimorphism each with numerous DEGs between the
sexes (Fig. 1e). Strikingly, almost all sexually regulated DEGs were on
autosomes and not on sex chromosomes (X and Y) (Fig. le inset). The
same patterns hold true after controlling for cluster size (Fig. 1f). Two
of the most dynamic glia-types were oligodendrocytes and micro-
glia (Fig. 1f).
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Fig. 1| Design and scope. a Diagram depicting study design. Female and male fNumber of DE genes for clusters when downsampled to 200 nuclei per condition.

mice in either ad lib fed or fasted conditions were used for this study. b Flow chart ~ Source data are provided as a Source Data file. F.M.Ovlp female and male overlap,
depicting the collection of ARH brain tissue, nuclei isolation, single nuclei library Fd.Fst.Ovlp fed and fasted overlap, MM medial mammillary nucleus, DA, dopamine;
preparation, and sequencing. a, b prepared using BioRender. ¢ Nuclei plotted in PVp, posterior periventricular nucleus; OPC, Oligodendrocyte precursor cells; SCN,
tSNE space split across conditions. d Nuclei plotted in tSNE space color coded by  suprachiasmatic nucleus, VLMC vascular leptomeningeal cells, Tu olfactory
cell-type. e Number of differentially expressed genes (DE) for comparisons across  tubercle, TOP true committed oligodendrocyte progenitor cell, TSNE t-distributed
nutritional conditions in orange and across sex in purple. DE genes defined as >25%  stochastic neighbor embedding. Illustrations in (a, b) were created in BioRender.
of cells in at least one condition express the gene, >25% difference between con- Jian, J. (2026) https://BioRender.com/Ocfg9ic.

ditions, and adjusted p-value < 0.05 after MAST test with Bonferroni correction.
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Pp=9.59 e-06 and p =8.74 e-15 respectively. ¢ Volcano plots with DE genes, when
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M male, F female, TSNE t-distributed stochastic neighbor embedding.
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Next, we will focus on 4 neuron-types (Agrp, KNDy, DA, and Pomc)
and 2 glia-types (oligodendrocytes and microglia) that show the most
profound changes.

Agrp neurons are nutritionally dynamic

Agrp neurons are crucial for the control of feeding behavior. Ablation
of Agrp neurons from adult mice causes rapid starvation, while acti-
vation causes rapid food consumption>”. In our data, Agrp cluster
exhibited approximately 240 nutritionally regulated DEGs (adjusted
p < 0.05), showing the strongest transcriptional response to nutritional
state among all clusters (Fig. 1e, f). To perform more detailed analysis,
we isolated Agrp neurons and reclustered them. To ensure that
observed transcriptional differences reflected true biological variation
rather than technical artifacts, we performed RPCA-based integration
within the Agrp neurons across different batches. After integration, the
tSNE space embeddings showed well-mixed distributions of cells from
different batches (Fig. 2a; Supplementary Fig. 5b). Interestingly, they
largely segregated by nutritional state (Fig. 2a) and to a lesser extent by
sex. Analysis of Fos expression indicates that Agrp neurons are acti-
vated by fasting in both females and males (Fig. 2b). DE analyses
revealed a large number of nutritionally regulated DEGs in both sexes,
with 254 unique DEGs (adjusted p < 0.05) identified across female and
male Agrp neurons, and 61 DEGs showing sex-dependent expression
differences (Supplementary Data 12). Representative nutritionally
regulated genes, such as Fgfl and Rgs6, were further validated by
RNAscope (Fig. 2¢; Supplementary Figs. 6, 7). We then performed gene
ontology molecular function (GO:MF) for the DEGs. In females, PDZ
binding domain was suppressed by fasting, while GTPase activity and
cAMP binding were induced by fasting (Supplementary Data 1). While
Agrp neurons were sexually dimorphic, the extent was lesser in degree
than the nutritional regulation (Supplementary Fig. 5a; Supplementary
Data 12). To evaluate nutritional and sex effects within potential Agrp
sub-clusters, we performed co-embedding analyses for Agrp neurons
populations with the Campbell reference dataset’, transferred
subcluster-level annotations to corresponding cells, and validated
these assignments by examining known marker expression within each
sub-cluster (Supplementary Fig. 8a, b). Analyses stratified by sex and
nutritional state within the annotated sub-clusters recapitulated the
patterns observed at the major cluster level, indicating that our con-
clusions are robust to sub-cluster resolution (Supplementary Figs. 8,
9). In summary, Agrp neurons are highly sensitive to nutritional state
and moderately sexually dimorphic.

Pomc neurons are nutritionally dynamic

Related Pomc neurons are also crucial for the control of feeding
behavior. Although not one of the top most dynamic clusters, Pomc
neurons still exhibited 68 nutritionally regulated DEGs across both
sexes and 46 DEGs showing sex-dependent expression differences
(adjusted p <0.05, Supplementary Data 13). After reclustering Pomc
neurons, they too segregated by nutritional state (Fig. 3a). We
observed more Fos expression in the fed state for both sexes; however,
only males were statistically significant (Fig. 3b). Performing GO:MF on
DEGs revealed that cAMP binding was suppressed by a fast in females
while voltage-gated potassium channel activity was induced by a fast in
females (Supplementary Data 2). Growth hormone receptor activity
was higher in fed males than females, while glutamate receptor activity
was higher in fasted females than males (Supplementary Data 3). To
evaluate nutritional and sex effects at sub-cluster resolution within
Pomc neurons, we co-embedded our dataset with the Campbell
reference dataset', transferred three sub-cluster annotations (Pomc/
Anxa2, Pomc/Gliprl, Pomc/Ttr) to the corresponding cells, and vali-
dated these assignments by examining canonical marker expression
for each sub-cluster (Supplementary Figs. 10 a, b). Stratified analyses
by sex and nutritional state within the annotated sub-clusters recapi-
tulated the patterns observed at the major-cluster level, indicating that

our conclusions are robust at subcluster resolution (Supplementary
Fig. 10, 11).

KNDy neurons are nutritionally regulated in females and are
sexually dimorphic

KNDy neurons are responsible for controlling the pulsatile release of
gonadotropin-releasing hormone (GnRH) and ultimately FSH and LH.
After sub-clustering, we also performed RPCA-based integration ana-
lysis within the KNDy neurons across different batches. After integra-
tion, the tSNE space embeddings showed well-mixed distributions of
cells from different batches. Notably, KNDy neurons revealed female
cells in the fed state and fasted state occupied distinct locations on the
tSNE map, while male cells of both the fed and fasted states were
intermingled and distinct from female cells (Fig. 4a). This is reflective
of the large number of sexually dimorphic DEGs we saw (330 DEGs,
adjusted p <0.05), as well as, the large number of nutritionally regu-
lated DEGs we saw in females (231 DEGs, adjusted p < 0.05) (Figs. 1e, f,
4b, ¢, Supplementary Data 14). Analysis of Fos expression did not reveal
any activity in any state for both sexes (Supplementary Fig. 12a).
RNAscope failed to confirm DE gene Cntn5 but was able to confirm DE
gene Tmem266 (Supplementary Figs. 13, 14). Genes suppressed by
fasting in females were related to cAMP binding, while genes induced
by fasting were related to potassium channel regulator activity and
glutamate receptor activity (Supplementary Data 4). Among sexually
dimorphic genes, females had higher expression of genes related to
nuclear receptor activity and transcription coregulator binding while
males had higher expression of genes related to nitric-oxide synthase
binding, in the fed condition. In the fasting condition, females had
higher expression of genes related to calmodulin binding and males
had higher expression of genes related to extracellular matrix struc-
tural constituent conferring tensile strength (Supplementary Data 5).
To summarize, KNDy neurons are both highly sexually dimorphic, as
well as, highly sensitive to nutritional state.

DA neurons are sexually dimorphic

DA neurons in the ARH are best known for their ability to inhibit
prolactin®, When sub-clustering DA neurons, female and male neurons
occupy different areas, indicating there are significant sex-related
differences. DE analysis also revealed 73 sex-dependent DEGs (adjus-
ted p<0.05) (Supplementary Data 15). Although less evident, nutri-
tional state also influenced the transcriptional profiles of DA neurons
(22 DEGs, adjusted p < 0.05), as reflected by subtle differences in their
tSNE distribution (Fig. 5a, Supplementary Data 15). Analysis of Fos
expression indicated that female DA neurons may be active during the
fed state, while male DA neurons remain inactive at both fed and fasted
states (Fig. 5b). Many sexually DEGs were present in both fed and
fasted conditions (Fig. 5c, Supplementary Data 15). Females had higher
expression of genes related to netrin receptor activity in both fed and
fasted conditions and higher expression of neurotrophin binding
genes in the fasted condition (Supplementary Data 6, 7). Females also
demonstrated some nutritional regulation of genes in dopamine
neurons while males show minimal changes (Supplementary Fig. 15,
Supplementary Data 15). In all, dopamine neurons are highly sexually
dimorphic, and show moderate nutritional sensitivity in females.

To evaluate neuronal activation beyond the reliance on Fos
alone, we examined the expression of 44 reported immediate early
genes (IEGs) in DA neurons across different sex and nutritional
conditions®. Overall, the expression of these IEGs was low across all
groups, as shown in the heatmap (Supplementary Fig. 20a). However,
several genes including Fos and Nr4al were detectable and showed a
pattern of increased expression in the fed state, particularly in
females (Supplementary Fig. 20a). DE analysis revealed that Fos and
Nr4al were significantly upregulated in female fed condition com-
pared to male fed counterparts, with average log2 fold changes of
9.38 and 5.74 respectively (adjusted p<0.05) (Supplementary
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b, c Statistical significance was determined using MAST with Bonferroni correction.
M male, F female, TSNE t-distributed stochastic neighbor embedding.

Fig. 20b). These findings suggest that Fos exhibited the most robust
and consistent induction among these IEGs, characterized by both
high expression magnitude and pronounced sensitivity to sex and
nutritional conditions.

Microglia and oligodendrocytes are moderately regulated by
nutritional state

Microglia, the brain’s innate immune cells, demonstrate a surprisingly
stable population despite their inherent dynamic feature under

different conditions, such as aging and neurodegeneration®. Sub-
clustering analysis showed that neither sex nor nutritional state
defined clear clustering patterns (Fig. S12a). Analysis of Fos expression
could not reveal any activity (Supplementary Fig. 16b). However, DE
analysis identified 52 nutritionally regulated DEGs (adjusted p < 0.05),
particularly in females (Supplementary Fig. 16c, Supplementary
Data 16), although sexually dimorphic DEGs remained minimal (29
DEGs, adjusted p<0.05) (Supplementary Fig. 16d, Supplementary
Data 16). Notably, fasting prominently upregulated cytoskeletal
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expression levels across DA neurons. Right: Histogram of Fos expression showing
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determined using the two-sided Wilcoxon rank-sum test with Bonferroni correc-
tion; ** = adjusted p = 0.0003, n.s. = not significant. ¢ Volcano plots comparing
females and males in either fed, left, or fasted, right, conditions. Statistical sig-
nificance was determined using MAST with Bonferroni correction. M male, F
female, TSNE t-distributed stochastic neighbor embedding, NS not significant.

protein binding in females and transmitter-gated channel activity in
males (Supplementary Data 8, 9), suggesting a nutritional influence on
microglial functionality.

Oligodendrocytes, the architects of myelination, exhibit a stron-
ger effect. Their sub-clustering pattern in tSNE space appears to be
nutrition-driven (Supplementary Fig. 17a). Fos analysis could not reveal
any activity in oligodendrocytes (Supplementary Fig. 17b).

Nutritionally regulated DEGs were abundant across both sexes, with 84
genes (adjusted p < 0.05) identified as nutritionally responsive and 20
genes showing sex-dependent expression differences (adjusted
p <0.05) (Supplementary Fig. 17c, d, Supplementary Data 17). Inter-
estingly, fasting conditions led to an shared increase in ion channel
regulator activity genes across both males and females (Supplemen-
tary Data 10, 11), similar to microglial responses.
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Overall, despite their known responsiveness in neurodegenerative
and other neurological disease conditions®*?, glial cells—both micro-
glia and oligodendrocytes—display a relative stability across sexes and
nutritional states in this study. This unexpected resilience may reflect a
tightly regulated homeostatic mechanism in these glial cells, while
external nutritional fluctuations primarily affect neuronal types
in ARH.

Cell-cell communication analysis reveals trophic factors as a
major target of nutritional and sexual regulation

Many of the GO:MF terms generated by the DEGs from comparing
across conditions were related to cell signaling. In order to investigate
this further, we deployed a cell-cell communication analysis using
Cellchat (Figs. 6, 7)*.

Using joint manifold learning we compared fed and fasted states
in male and female mice. This identified four distinct signaling path-
ways for both sexes, although the way they clustered in manifold space
was vastly different (Fig. 6a, b). When comparing fed and fasted female
mice, signaling pathways including TgfB, Ghrh, and Vegf, were
weighted more heavily in the fed condition, while Fgf, Tsh, and Npy
were weighted more heavily in the fasted condition (Fig. 6c). When
comparing fed and fasted male mice, Pacap, Dheas, and testosterone
were weighted more heavily in the fed condition, whereas, Vegf, Npy,
and Gas were weighted more heavily in the fasted condition (Fig. 6d).
Focusing on nutritional regulation of ligands we saw that Fgfl was
suppressed by fasting in Pomc neurons while being induced in Agrp
neurons in females. Females also saw Nrg3 induced by fasting in Agrp
neurons. Males saw an increase in Lrrc4c in microglia during fasting
(Fig. 6e). Shifting our focus to receptors regulated by nutritional state
revealed Erbb4 was suppressed by a fast in both males and females in
Agrp neurons. In addition, Erbb4 was suppressed by fasting in KNDy
neurons in females but not males. Females saw Robol and Robo2
induced by fasting in KNDy neurons (Fig. 6f).

Next, we examined differences between female and male mice in
either the fed or the fasted condition. We again saw clustering of four
distinct signaling pathways for both fed and fasted conditions but with
vastly different clustering in the manifold space (Fig. 7a, b). When
comparing female and male mice in the fed condition, signaling
pathways including Psap, Csf, and Tac were weighted more heavily
toward females, while Dopamine, Ephb and Pdgf were weighted more
heavily in male mice (Fig. 7c). When comparing female and male mice
in the fasted condition, signaling pathways including Pacap, Dheas,
and Tac were weighted more heavily in females, while Dopamine,
Ghrh, and Gas were weighted more heavily in males (Fig. 7d). We next
examined sexually dimorphic ligand and receptor pairs. Nrg3 was
greater in female mice in KNDy neurons in both the fed and fasted
states, while Nrg3 was greater in DA neurons in males in the fed state
(Fig. 7e). Females saw a greater level of expression of Robol in KNDy
neurons in the fasted state (Fig. 7f).

To further support these findings, we used NicheNet to validate
the predicted ligand-receptor interactions identified by Cellchat. For
example, the NicheNet validation result confirmed that Nrg3 had
strong ligand activity and was predicted to regulate downstream target
genes, such as Erbb4 in Agrp neurons, in agreement with our original
Cellchat predictions (Fig. 6e, f). In addition, Nrg3 was highly expressed
in Agrp neurons of fasted female mice (Supplementary Fig. 18a, d),
suggesting that Agrp neurons may also function as sender cells, with
Nrg3 potentially acting on target genes in other cell types. Similarly, in
KNDy neurons, NicheNet identified Nrg3, Nrgl, and Slit2 as active
ligands derived from various sender populations, including endothe-
lial and Sst/Uncl3c neurons. Nrg3 showed strong regulatory potential
for Erbb4, while Slit2 was predicted to act on Robol and Gpcl, sup-
porting a Slit-Robo signaling axis modulated by fasting in females
(Fig. 6e, f; Supplementary Fig. 18b, d). Our Cellchat analysis identified
Slit2, Lrfn5, Fgfl, and Mag as potential active ligands in

oligodendrocytes. NicheNet validation indicated that these ligands,
expressed by Ghrh/Chat neurons and endothelial cells, demonstrated
varying degrees of ligand activity. Notably, S/it2 showed strong prior
interaction potential with Robo2; Lrfn5 was linked to receptors Ptprs
and Ptprd; and Fgfl showed potential to regulate Fgfr2 in oligoden-
drocytes. (Fig. 6e, f; Supplementary Fig. 18c, d). Together, these
NicheNet validation results provide further support for the
ligand-receptor interactions inferred by CellChat.

In summary, neurotrophic factors are induced in neurons that are
also activated during fasting like Agrp neurons and suppressed by
fasting in neurons suppressed or likely suppressed by fasting like Pomc
neurons. Neurotrophic factors were expressed higher in females in
neurons that may play a larger role in females, like KNDy and dopamine
neurons. Neurotrophic receptors saw the opposite regulation that
neurotrophic factors saw.

Co-expression network analysis reveals nutrient- and sex-
responsive gene modules

To investigate potential coordinated gene expression in Agrp neurons,
we applied hdWGCNA and identified 13 gene co-expression modules
(Supplementary Fig. 19a). Differential module eigengene (DME) ana-
lysis revealed that several modules were significantly regulated by
nutritional state and/or sex (Supplementary Fig. 19g). For example,
Module 4 was upregulated in fasted females and enriched for genes
involved in inhibitory synapse assembly, cAMP binding, postsynaptic
membrane potential regulation, and sympathetic nervous system
development (Supplementary Fig. 19b, c). The hub gene Nrg3, pre-
viously predicted as a fasting-induced ligand in Agrp neurons, was also
present in this module. Another nutrient- and sex-responsive module,
Module 6 (Agrp_M6), was enriched for terms, such as feeding behavior,
signal transduction, and neuron projection (Supplementary Fig. 19d,
e). Functional annotation across all modules further revealed wide-
spread enrichment in biological processes related to synaptic func-
tion, energy metabolism, and behavioral regulation (Supplementary
Fig. 19f).

DME analysis further revealed condition-specific module regula-
tion patterns across sex and nutritional states (Supplementary
Fig. 19g). Specifically, Modules M4, M6, and M10 were upregulated in
fasted females, while Modules M5 and M1l were enriched in fed
females. In males, Modules M10 and M6 showed higher expression
under fasting, whereas Modules M1 and M5 were more active in the fed
state. These findings underscore the sexually dimorphic and nutrient-
sensitive nature of co-expression programs in Agrp neurons.

Discussion

When food is not available, animals need to suppress energy expen-
diture which preserves energy storage; animals also need to promote
counterregulatory responses in order to avoid severe hypoglycemia.
Meanwhile, animals need to overcome anxiety and fear to seek food
which is often associated with danger®~¢. All these physiological and
behavioral adaptations to survive food deprivation are coordinated
through complex neuroendocrine mechanisms which differ between
males and females. Here we delineate the extent of sex differences in
the cells of the ARH under different nutritional states. We found major
sex differences in KNDy neurons as well as moderate sex differences in
DA neurons in the ARH. Notably, the majority of genes with sexually
dimorphic expression patterns are located on the autosomes. Major
nutritional state differences were noted in Agrp and KNDy neurons
while moderate nutritional state differences were found in Pomc
neurons, microglia and oligodendrocytes.

Agrp neurons in the ARH release Agrp, Npy, and GABA onto
upstream Mc4r neurons in the PVH inhibiting Mc4r neurons and pro-
moting feeding behavior’?>*. Agrp neurons in the ARH are activated by
ghrelin and asprosin during food deprivation and suppressed by leptin
when animals are well fed*. Agrp neuron activity is mostly silent
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during the light cycle, when mice are least active and/or sleeping,
slowly ramping up in activity as the dark cycle approaches when mice
will be active and doing the majority of their feeding®®. Previous studies
have examined ARH cells’ response to nutritional state challenges with
a focus on Agrp neurons'®?°*, Here we find similar results with Agrp
itself, Npy, and Vgf induced by fasting and Rgs6 suppressed by fasting,
while finding results of Fgfi and Nrg3 induced by fasting. Differences in
results could be due to our approach of euthanizing mice during their
active phase at night. While this may be the most physiologically
relevant period to study, most groups avoid this period due to the
inconvenience it poses to the researchers. A single intracerebroven-
tricular injection of Fgfl was shown to reverse hyperglycemia in a
diabetic model*°. Agrp neuron overexpression of Fgfl during fasting is
particularly interesting as activation of Agrp neurons increases car-
bohydrate utilization"'. To explore broader transcriptional responses
in Agrp neurons, we performed co-expression analysis using
hdWGCNA. This revealed fasting-induced, female-biased activation of
gene modules involved in synaptic signaling and neuropeptide reg-
ulation, including one centered around the hub gene Nrg3. These
findings suggest that fasting elicits coordinated transcriptional
reprogramming in Agrp neurons, with particularly strong effects
observed in females.

Pomc neurons represent another key ARH population that reg-
ulate feeding and metabolism*’. Pomc neurons had higher expression
of Fos in the fed condition for both sexes, although only significantly in
males. Interestingly, females had many more DEGs related to nutri-
tional regulation. GO:MF revealed that cAMP binding was suppressed
by a fast in females while voltage-gated potassium channel activity was
induced by a fast in females. Growth hormone receptor activity was
higher in fed males than females, while glutamate receptor activity was
higher in fasted females than males. While cluster-level analysis indi-
cated an overall feeding-associated activation of Pomc neurons, sub-
cluster-level analysis revealed divergent response patterns across
Pomc sub-clusters. Pomc/Anxa2 and Pomc/Giprl neurons showed
minimal Fos induction across nutritional states in both sexes, whereas
Pomc/Ttr neurons exhibited a pronounced feeding-associated Fos
increase selectively in females. Together, these findings suggest that
the cluster-level Pomc response reflects the combined activity of het-
erogeneous subpopulations with distinct sex- and nutrition-
dependent profiles. Importantly, this sub-cluster-level diversity does
not contradict the cluster-level observations but rather provides
additional resolution into the cellular complexity underlying Pomc
neuron function.

KNDy neurons are a population of neurons located in the ARH that
express Kissl, Tac2 (Neurokinin B), and Pdyn (Dynorphin). These
neurons along with a second set of KissI-expressing neurons located in
the anteroventral periventricular nucleus (AVPV) help coordinate the
release of GnRH from GnRH-expressing neurons. While AVPV Kissl
neurons influence the preovulatory surge of GnRH and ultimately LH
and FSH surges, KNDy neurons are responsible for the pulsatile release
of GnRH". Kissl neurons have previously been shown to be sensitive to
nutritional state alterations via litter size control and even influenced
the timing of subsequent puberty onset®. Here we show a large
number of DEGs present in females after a fast with relatively less seen
in the male population. This sexually dimorphic response makes sense
in light of the relative cost of reproduction to the sexes*. One way that
KNDy neurons sense the nutritional state of the animal is through their
interconnectedness with Agrp neurons*’. Although KNDy neurons may
express some amount of Lepr, this does not appear to be necessary for
Leptin’s ability to control puberty timing*. GO terms 14-3-3 protein
binding, GTPase regulator activity, and cCAMP binding suggest greater
GPCR activity in the fed state in females. While greater potassium
channel regulator activity seen in the fasted condition suggests that
KNDy neurons were inhibited by caloric restriction. This is consistent
with reduced fertility often seen with caloric restriction*’.

DA neurons of the ARH are primarily responsible for inhibiting
prolactin and thus exert control over lactation’®**. Nutritional status
can have profound affects on milk production and subsequently pup
weight. Interestingly, DA was reduced in malnourished mothers com-
pared to control mothers**. We also saw a reduction in Th in both
females and males in response to fasting. In agreement, the opposite,
increase in Th, was seen after high fat diet exposure®. As well as being
influenced by nutritional state, DA neurons have been shown to exert
control of feeding behavior”. Here we found that female DA neurons
were nutritionally regulated while male DA neurons only had minimal
nutritionally regulated DEGs. DA neurons of the ARH were sexually
dimorphicin both fed and fasted states with female DA neurons having
higher expression of netrin receptor activity while males DA neurons
had higher expression of cadherin binding related genes. Netrin
receptors are a family of receptors critical for axon guidance and cell
migration*®, while cadherins are an integral part of cell-cell adhesion®’.
This suggests that female DA neurons in the ARH are more dynamic
with respect to axon guidance and male DA neurons are more stable
with cell-cell adhesion molecules playing a larger role.

Microglia are the resident macrophage of the brain and are
responsible for clearing debris as well as synaptic remodeling*®.
Microglia in ARH have shown sensitivity to nutritional state in high fat
diet studies*~°. Here we found that microglia were one of the more
dynamic cell types when controlling for sample size. However, its
relatively smaller sample made it difficult to find a large number of
changes. Nonetheless, we did observe ion channel regulator activity
genes were induced by fasting. This is interesting, as membrane
depolarization in microglia can lead to phagocytosis®. This may indi-
cate that some synaptic remodeling is occurring during prolonged
fasting conditions.

Oligodendrocytes are the functional insulation for axons and
greatly improve the conductivity efficiency of neurons®. Oligoden-
drocytes in the ARH are sensitive to nutritional state®. Consistently, we
found that oligodendrocytes were one of the more dynamic cell-types
in response to fasting. Major sex differences were not apparent and
both sexes saw an increase in ion channel regulator activity genes
induced by fasting. This is intriguing, as oligodendrocytes rely on ion
channel activity to maintain their functional integrity**. This may
indicate that certain ARH circuits are undergoing myelination remo-
deling during different nutritional state challenges.

We noticed that many of the GO:MF terms were related to cell
signaling. This led us to perform a cell-cell communication assay using
Cellchat™. Cellchat revealed neurotrophic factors as major entities
controlled by nutritional state in the ARH. Females saw nutritional
regulation of FgfI in both Pomc and Agrp neurons. This is interesting
as, a single intracerebroventricular injection of Fgfl has been shown to
reverse hyperglycemia in a diabetic model* and Fgfl has been shown
to inhibit Agrp neurons®. In our results we saw oligodendrocytes as
the major recipient of Fgfl, expressing Fgfr2. The role FgfI plays here is
unclear but perhaps it signals to increase myelination of Agrp neurons
after a fast to increase their efficiency in signaling. Females also saw an
increase in Nrg3 in Agrp neurons during a fast while males saw Nrg3
suppressed by fasting in DA neurons. Targets of this signaling were
several populations of neurons. This is in agreement with a report of
Erbb4 in the ARH although the cell type was not identified there”.
Deletion of Erbb4 elsewhere in the hypothalamus increased body
weight in mice without effecting their food intake®. While it is
impossible to be certain, it is likely that Nrgs-Erbb4 signaling plays a
critical role in either metabolism or food intake in the ARH as well, and
these results were further supported by NicheNet validation.

In order to collect the entire ARH, the inclusion of other nearby
brain regions within the MBH is inevitable'". The majority of neurons
could confidently be annotated as belonging to the ARH. As expected,
all samples included some amount of contamination from nearby
ventromedial hypothalamic nucleus (VMH) and the posterior part of
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the periventricular nucleus of the hypothalamus (PVp), which has only
more recently been distinguished from the ARH***°. Some but not all
samples included contamination from hypothalamus regions slightly
further away, i.e., the suprachiasmatic nucleus (SCN) and medial
mammillary body (MM), which is a limitation of the current study. We
chose a 28 h fasting in order to ensure sufficient food deprivation and
the expected change of the nutritional state of the mice; in addition,
the extra 4 h beyond the 24 h period were necessary to allow tissue
collection during the dark cycle without disrupting animals’ circadian
clock. We acknowledge that prolonged fasting may cause torpor-like
responses and alter gene expression in manners different from short-
term fasting, which warrant future investigations.

In summary, we found that various cell types are affected by
nutritional state in a sex-dependent manner. Agrp neurons were the
most sensitive to fasting with the most nutritional state DEGs but with
females showing higher sensitivity than males. KNDy neurons were
highly sensitive to nutritional state in females and many sexually
dimorphic DEGs were present in both fed and fasted state here, with
the majority of those on autosomes. DA neurons showed a similar
pattern to KNDy neurons with nutritional state DEGs most prominent
in females and many sexually dimorphic DEGs present. Pomc neurons
showed moderate numbers of DEGs to nutritional regulation. Among
glia cells, both oligodendrocytes and microglia were dynamic in
responses to nutritional state.

Methods

Mice

All studies were approved by the institute of animal care and use
committee (IACUC) at Baylor College of Medicine (BCM). A total of 36
8-week old C57BL/6 (Jackson labs, 000664) mice (18 males and 18
females) were used in this study. The sample size and statistical ana-
lysis methods were planned before our study based on the nature of
experiments and our previous experience. Mice were housed in a
temperature-controlled (23 °C) environment using a12 h light and 12 h
dark cycle (18:00-06:00). For each sex, mice were divided equally into
fed and fasted groups (N =9 per condition per sex). Mice in the fasted
group were deprived of food beginning at 18:00 through 22:00 the
next day, for a total of 28 hours, while fed mice had ad libitum access to
food. All mice were euthanized between 22:00 and 24:00, corre-
sponding to 4-6 h into their active phase. Experimenters were not
blind to conditions of mice. Within each condition and sex, three mice
were pooled to form one biological replicate, resulting in a total of 12
biological samples (six fed and six fasted). Mice were euthanized in
sequential order such that no condition had all mice for that sample
collected at the front or back end of the 2 h window. The three batches
were collected across three consecutive nights (Supplementary
Fig. 1a). Mice were euthanized by placing them in a chamber with
isoflurane until all signs of breathing had stopped and perfused with
ice-cold saline. Brains were dissected on ice then placed in a brain
matrix. Two, one mm sections were taken from Bregma -0.9 to -1.9
and from Bregma —1.9 to —2.9 mm. A one mm harris uni-core was used
to take semi-punches from these sections approximately -5.5 to
—-6.0 mm ventral to Bregma. Tissue was then snap frozen in liquid
nitrogen.

Library preparation

Single-nucleus suspensions were prepared following the protocol we
described previously®.. Nuclei were stained by Hoechst-33342 (1:1000;
>5min). Next, we collected nuclei using Fluorescence activated cell
sorting (FACS). We used the BD Aria Il sorter for collecting nuclei.
Hoechst+ nuclei were collected during sorting into a 1.5 ml tube with
200ul 1x PBS with 0.5% BSA as the receiving buffer (RNase inhibitor
added). For each 10x Genomics run, 80k-150k nuclei were collected.
Nuclei were spun down for 10 min at 800 g at 4 °C, and then resus-
pended using 30ul of 1x PBS with 0.5% BSA (RNase inhibitor added).

2ul nucleus suspension was used for counting the nuclei with hemo-
cytometers to calculate the concentration. When loading to the 10x
controller, we always try to target 10k nuclei for each run. We observed
that loading 2 folds more could allow us to recover about 10k cells after
sequencing. For example, if we try to target 10k nuclei, we will load 20k
into a 10x controller.

Next, 10x Genomics sequencing libraries were prepared following
the standard protocol from 10x Genomics 3’ v3.1 dual index kit with
following settings. All PCR reactions were performed using the Biorad
C1000 Touch Thermal cycler with 96-Deep Well Reaction Module.
Cycle numbers were used as the 10x protocol recommended for cDNA
amplification and sample index PCR. As per 10x protocol, 1:10 dilutions
of amplified ¢cDNA and final libraries were evaluated on Agilent
TapeStation.

Libraries were then shipped on dry ice to Novogene (Sacramento,
CA) for sequencing. Fastqs were downloaded from Novogene’s web-
site. Fastqs were aligned to Mus musculus genome assembly GRCm39
using STAR solo 2.7.10b using options soloFeatures set to GeneFul-
|_LEx50pAS and soloCellFilter set to EmptyDrops_CR. Output was then
loaded into R 4.4.0. Code can be found at: https://github.com/
jbeanphd/ARH_Sex_by Nutr/blob/main/starsolo.sh.

Bioinformatics

Ambient RNA was estimated and removed using SoupX 1.6.2 using
adjustCounts method set to “multinomial”. Potential doublets were
identified and removed using scDblFinder 1.17.3. Cells with extreme
values for counts, mitochondrial percent, ribosomal protein percent,
and hemoglobin counts were filtered out using mean + 4s.d. as a
threshold. Code can be found at: https://github.com/jbeanphd/ARH_
Sex_by Nutr/blob/main/SoupX_scDbIFnd.R.

Data were analyzed using Seurat 5.0.3°%. Counts were normalized
using SCTransform() function with do.scale and do.center set to false.
Mitochondrial, ribosomal proteins, and hemoglobin genes were
excluded from variable genes. PCA was performed on the variable
features. T-distributed stochastic neighbor embedding was estimate
for the 1st 30 PCs. Cluster were determined using FindNeighbors() and
FindClusters() functions with resolution set to 0.8 to distinguish neu-
rons from major glia types and to 1.5 to distinguish neuron subtypes.
FindAllMarkers() function was used to find marker genes for each
cluster. Marker genes were then used to annotate cell-types. Data from
GSE90806' were used as reference for annotation. Marker genes were
determined for GSE90806 and overlap was calculated and the closest
correlation was used to annotate the cell-types if the annotating genes
were included in the current studies marker genes. If not one to two
genes with the largest log2 fold-change were used to annotate the cell-
type. ARH neurons are a heterogeneous population. In order to ensure
the most accurate annotation of ARH neurons, we reclustered nuclei
belonging to this category at a higher resolution. ARH neurons formed
18 unique clusters (Fig. 1d). We annotated these clusters using genes
that showed the largest fold-change and largest percent expressed
differences between the neurons within each cluster and those outside
of the given cluster (Fig. 1d; Supplementary Fig. S3). Code can be found
at: https://github.com/jbeanphd/ARH_Sex_by Nutr/blob/main/
Annotation.R

Fos expression levels were quantified from the SCT-normalized
assay within the Seurat object. Expression values for Fos were extrac-
ted from the normalized data matrix (SCT@data) and merged with the
corresponding metadata (sex and nutritional state) for downstream
visualization. Bar plots of Fos expression were generated using the
ggplot2 package, summarizing data as mean + SEM for each experi-
mental group (n=3 biological replicates per condition). Statistical
significance between groups was assessed using the Wilcoxon rank-
sum test, followed by Bonferroni correction for multiple comparisons
Code can be found at: https://github.com/jbeanphd/ARH_Sex_by Nutr/
blob/main/isolate_cell_types.R.
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For IEGs analysis, DE analyses were conducted using FindMar-
kers() function with the Wilcoxon rank-sum test, comparing groups
across four sex and nutritional states. IEGs expression levels were
visualized using Z-score-scaled heatmaps. To assess differential
responsiveness, volcano plots were generated displaying average log2
fold change against adjusted p values. Code can be found at: https://
github.com/jbeanphd/ARH_Sex_by_Nutr/blob/main/isolate_cell_
types.R.

Differential expression was calculated using the function Find-
Markers() with logfc.threshold set to log2 (1.25), min.pct set to 0.25
pseudocount.use set to 1, test.use set to MAST, and latent.variable set
to Sample_ID. Conditions were tested pairwise: female fed vs fasted,
male fed vs fasted, fed female vs male, and fasted female vs male. Code
can be found at: https://github.com/jbeanphd/ARH_Sex_by Nutr/blob/
main/Differential_expression.R.

To mitigate potential batch effects in some cell types across dif-
ferent conditions, we performed integration using the RPCA workflow
in Seurat. The dataset was first split by batch, and each subset was
independently normalized and processed to identify 2000 highly
variable genes using the “vst” method. Shared variable features across
batches were selected and used to scale the data and perform PCA
within each subset. Integration anchors were then identified using the
function FindIntegrationAnchors(), and datasets were integrated using
IntegrateData(). The integrated object was scaled and used for
dimensionality reduction, and clustering. In addition, we integrated
our neuronal dataset with the data from GSE9080618 (neurons only),
using the same method described above. Code can be found at:
https://github.com/jbeanphd/ARH_Sex_by Nutr/blob/main/RPCA.R.

Cell-cell communication was accessed using CellChat 2.1.2%%
Functions: identifyOverExpressedGenes, identifyOverExpressedinter-
actions, computeCommunProb, computeCommunProbPathway,
aggregateNet, and netAnalysis_computeCentrality were used for the
initial analyses. Functions computeNetSimilarityPairwise, netEmbed-
ding, netClustering, and netVisual embeddingPairwise were used to
visualize signaling pathway similarity in reduced dimensionality.
Chord plots were generated using netVisual_chord_gene. Code can be
found at: https://github.com/jbeanphd/ARH_Sex_by_Nutr/blob/main/
CellChat.R.

To validate the potential ligand-receptor interactions predicted
by Cellchat, we performed complementary analysis using NicheNet
2.2.0%. Potential ligands were defined based on our Cellchat results,
and expressed genes were filtered using a minimum expression
threshold across cells within each cell type. For each receiver cell type,
we identified DEGs between conditions (fasting vs. fed or female vs.
male) using the function FindMarkers in Seurat, with logfc.threshold
set to log2 (1.25). These DEGs were used as the target gene set in
NicheNet’s predict_ligand_activities() function to estimate the ligand
regulatory potential. Potential ligands were ranked based on corrected
Pearson correlation between ligand regulatory potential scores and
observed gene expression patterns. Specifically, we used the get -
weighted_ligand_receptor_links() function to extract ligand-receptor
pairs between the given ligands and the expressed receptors in the
receiver cell population. The resulting ligand-receptor interaction
matrix was then visualized using hierarchical clustering and heatmap
plotting with prepare_ligand_receptor visualization() and make -
heatmap_ggplot(), highlighting the potential binding landscape
between sender-derived ligands and receiver-expressed receptors.
Code can be found at;/ https://github.com/jbeanphd/ARH_Sex_by_
Nutr/blob/main/NicheNet.R.

We applied the R package hdWGCNA 0.4.05% to identify gene co-
expression modules within Agrp neurons. Metacells were constructed
to reduce noise, and genes with low expression or variability were
filtered out. A signed network was built using soft-thresholding to
approximate scale-free topology, followed by hierarchical clustering
to define gene modules. Module eigengenes (MEs) were calculated,

and DME analysis was performed to assess module-level changes
across nutritional and sex conditions. Hub genes were identified based
on intramodular connectivity, and functional enrichment was per-
formed for selected modules. All parameters were set as default. Code
can be found at: https://github.com/jbeanphd/ARH_Sex_by Nutr/blob/
main/hdWGCNA.R.

RNAscope

Eight-week old C57BL/6 mice were either ad libitum fed or were fasted
from 18:00 to 22:00 the next day for a total of 28 h. Experimenters
were not blind to conditions of mice. Mice were anesthetized and
perfused transcardially with 0.9% saline followed by 10% formalin.
Brains were removed and post fixed in 10% formalin for 16 h at 4 °C and
cryoprotected in 30% sucrose for 48 h. Brains were frozen, sectioned at
15 um using the cryostat collected into six separate series, washed in
DEPC-treated phosphate buffered saline (PBS) for 10 minutes. Sections
were mounted on DEPC-treated charged slides, dried for 0.5 h at room
temperature and stored at —80 °C. On the day of the RNAScope assay,
the slides were thawed and rinsed two times in 1X PBS and placed in an
oven for 30 min at 60 °C. After that, slides were post fixed in 10%
formalin for 20 min at 4 °C. Slides were then gradually dehydrated in
ethanol (50, 70 and 100%, 5 min each) and underwent target retrieval
for 5 minutes at 100 °C. Slides were incubated in protease Ill (#322337,
ACDBio) for 30 min at 40 °C. Slides were then rinsed in distilled water
and incubated in RNAscope probes for Agrp (#400711-C2, ACDBio),
Fgfl (#466661-C4, ACDBIio), and Rgs6 (#521211 ACDBio) or Tac2
(#446391-C2, ACDBIo), CntnS (#567461-C3, ACDBio) and Tmem266
(#519221, ACDBio) for 2 hours at 40 °C. Sections were then processed
using the RNAscope Multiplex Fluorescent Reagent Kit v2 (#323100,
ACDBio) according to the manufacturer instructions. Slides were
cover-slipped and analyzed using a fluorescence microscope.

Four mice per condition with 3-6 sections per mouse between
-1.34 and -1.94 mm respective to the bregma were utilized for analysis.
Within each section, 35-78 neurons were analyzed. Agrp or Tac2
neurons were identified and areas were calculated using Qupath
v0.6.0. FgfI and Rgs6 for Agrp neurons or Cntn5 and Tmem266 for Tac2
neurons were calculated as a percentage of respective neurons.

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

Data availability

The fully processed snRNA-seq dataset generated in this study have
been deposited in the Gene Expression Omnibus (GEO) database
under accession code GSE282955. Source data are provided as a
Source Data file. Source data are provided with this paper.

Code availability

Detailed analysis codes used in this study are available on the Github
repository 663  (https://github.com/jbeanphd/ARH_Sex_by Nutr)
https://doi.org/10.5281/zenodo.18276251.
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