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Summary

We have developed and validated a pioneering ‘IHC/LCM-Seq’ method for transcriptome profiling of
spatially defined neuronal cell types detected with immunohistochemistry in sections of formaldehyde-
fixed human brains. IHC/LCM-Seq provided unprecedented insight, with 14,000-16,000 transcripts
identified, into the gene expression landscape of human agouti-related peptide (AgRP) neurons, which drive
appetite and energy storage, and proopiomelanocortin (POMC) neurons, which suppress feeding and
promote energy expenditure. These cells differed from each other, and from fertility-regulating kisspeptin
neurons, in their distinct enrichments of co-transmitters, transcription factors, and receptors. The AgRP
neuron transcriptome was rich in receptors for proinflammatory cytokines, metabolic hormones and growth
hormone, whereas POMC neurons expressed reproductive hormone-, glucagon-like peptide- and
endocannabinoid receptors. IHC/LCM-Seq, a versatile spatial transcriptomic approach for characterizing
cell types in postmortem brains, opened a new window onto molecular mechanisms regulating energy
homeostasis in the human hypothalamus and highlighted possible pharmacological targets for weight
management.

Keywords: Brain, human, immunohistochemistry, laser capture microdissection, postmortem, RNA
sequencing, spatial transcriptomics, transcriptome profiling
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Introduction

The hypothalamic arcuate (aka infundibular) nucleus plays a crucial role in energy homeostasis,
primarily through the actions of two functionally antagonistic neuronal populations: Agouti-related protein
(AgRP) neurons, which stimulate appetite and promote energy conservation, and proopiomelanocortin
(POMC) neurons, which suppress food intake and enhance energy expenditure.* AgRP and POMC neurons
are highly responsive to peripheral metabolic cues — including leptin, insulin, and ghrelin — and their
dysfunction is strongly linked to disorders of energy homeostasis, such as obesity, anorexia, and diabetes.'?
Defining the molecular signatures of AgRP and POMC neurons is fundamental for identifying therapeutic
strategies against metabolic disorders. In particular, detailed characterization of their receptor profiles may
uncover novel mechanisms regulating energy homeostasis and guide targeted approaches to address the
obesity pandemic. For example, expression of GLP1R in anorexigenic POMC neurons likely contributes to
the anti-obesity effects of semaglutide, whereas calcitonin receptor (CALCR) expression in these neurons
may underlie the efficacy of recent combination therapies pairing semaglutide with the amylin analogue
cagrilintide, which can act on CALCR.?

Current knowledge of the regulatory mechanisms within hypothalamic neuronal circuits targeted by
obesity and diabetes treatments has largely been derived from animal studies, limiting the translational
potential for developing effective therapies in humans. Recent advances in single-nucleus RNA sequencing
(snRNA-seq) have enabled the creation of a spatio-cellular transcriptional map (‘HYPOMAP’) of the
human hypothalamus.* The authors identified approximately 2,000 transcripts per cell and integrated their
snRNA-seq data with a hypothalamic expression matrix derived from publicly available whole-brain human
datasets.® Through multi-level hierarchical unsupervised clustering, they delineated 291 hypothalamic
neuronal clusters, including a single AgRP neuron cluster defined by five signature genes, and three distinct
POMC neuron clusters characterized by eight marker genes.*

The small quantity of input RNA severely limits the sensitivity of various single-cell sequencing

techniques. By contrast, bulk sequencing of neuronal pools isolated via fluorescence-activated cell sorting
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(FACS) or laser capture microdissection (LCM) enables the detection of rare transcripts and produces
highly detailed transcriptomic profiles that are otherwise difficult to obtain. Our laboratory recently
achieved a methodological breakthrough in bulk sequencing by integrating innovative RNA-preserving
strategies during immunohistochemistry (IHC) with the isolation of labeled neurons using LCM, followed
by RNA-Seq.® In the present study, we adapted the ‘THC/LCM-Seq’ approach to human postmortem brains
fixed by immersion in 4% formaldehyde (FA). This adaptation enabled transcriptomic profiling of AgRP
and POMC neurons in the arcuate/infundibular nucleus, as well as fertility-regulating kisspeptin (KP)
neurons’ of the same region, which we selected for comparison with a third cell type. The IHC/LCM-Seq
methodology yielded unprecedented transcriptome coverage — approximately 14,000 to 16,000 transcripts
per cell type. These included rare transcription factors, regulatory RNAs, and, notably, receptors, some of

which may become potential targets for future weight-management strategies.

Results

Immersion-fixation of postmortem brain samples preserves tissue RNA integrity

Perfusion fixation of the brain with 4% FA constituted the initial step of the IHC/LCM-Seq protocol
we developed for laboratory rodents.® Because this fixation protocol is not applicable to autopsy material,
we first assessed how postmortem delay and immersion fixation jointly affect tissue RNA integrity.
Neocortical blocks (~4 mm in each dimension) were dissected from the brain of a 53-year-old woman ~20 h
after death and immersion-fixed in cold (4 °C) 4% FA for 24, 48, or 72 h, then infiltrated with 20% sucrose
for 24 h. Twenty-pum-thick free-floating sections were prepared using a freezing microtome and stored at -
20 °C in a cryoprotectant solution formulated for long-term RNA preservation® (Fig. 1A). As we proposed
recently®, all solutions included the RNase inhibitor aluminon® (aurintricarboxylic acid, ammonium salt;
ATA; 0.05%). Bioanalyzer measurements of total RNA extracted from test sections revealed consistently
high RNA integrity (RIN > 7.0) and comparable yields (~2 ng/mm?), regardless of fixation duration (Fig.

1B, Table S1).
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90 A modified immunohistochemistry protocol preserves tissue RNAS

91 Encouraged by the high RIN values of immersion fixed samples, we next adapted the IHC/LCM-Seq
92  workflow to human tissue sections. The modified IHC protocol began with epitope retrieval in 0.1 M citrate
93  buffer (pH 6.0, 80 °C, 30 min), supplemented with either 0.05% ATA or polyvinyl sulfonate (PVSA) at
94  concentrations of 1%, 3%, or 10% (Fig.1C). In the absence of RNase inhibitors, RIN values dropped
95  sharply from 7.8 = 0.3 to 3.1 = 0.2. In contrast, inclusion of 0.05% ATA or 3-10% PVSA effectively
96  preserved RNA integrity (Fig. 1D, Table S1). As a final validation of our RNA-preserving IHC protocol,
97  we visualized cortical parvalbumin neurons immunohistochemically (Fig. 1E), followed by RNA quality
98 analysis. Sections immunostained without RNase inhibitors exhibited substantial RNA degradation, with
99  RIN valuesof 24 + 0.1 at 4 °C and 2.1 + 0.2 at RT. In contrast, supplementing all antibody and buffer
100  solutions with 0.05% ATA or 2% PVSA effectively preserved RNA, yielding RIN values of 7.7 = 0.5
101  (ATA) and 6.8 = 0.0 (PVSA) at 4 °C, and 7.1 = 0.8 (ATA) and 6.6 + 0.2 (PVSA) at RT (Fig. 1D, Table
102 S1).
103 Of note, ATA tended to compromise specific immunostaining and increase nonspecific background
104  (Fig. 1E), consistent with our previous observations.® Therefore, the finalized IHC/LCM-Seq protocol for
105  profiling hypothalamic AgRP, POMC, and KP neurons incorporated 2% PVSA in all buffer and antibody

106  solutions (Fig. 2A).

107 Optimized tissue processing enables high-resolution transcriptome profiling of hypothalamic
108  AgRP, POMC and KP neurons

109 The optimized IHC/LCM-Seq protocol (Fig.2A) enabled robust immunohistochemical detection of
110  AgRP, POMC and KP neurons in the human hypothalamus, facilitating their capture by LCM (~850 labeled
111 cells per cell type per subject). This was followed by RNA isolation, cDNA library preparation, and
112 Illumina-based RNA sequencing (Fig. 2B). Pre-IHC RINs from hypothalamic test sections of seven male
113 subjects ranged from 3.1 to 6.7 (Fig.2C). Sequencing data have been deposited in BioProject under

114  accession numbers PRINA1305226 (AgRP and POMC neurons) and PRINA1305334 (KP neurons).
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115 Sequencing of eight libraries — comprising 3 AgRP, 2 POMC, and 3 KP samples — generated a total of

116  211.8 million raw reads (17.6-33 M per sample). Following trimming, adapter removal, alignment to the
117 human reference genome (Ensembl release 111) using STAR (v2.7.11b), and gene assignment with
118  FeatureCounts (subread v2.0.6), an average of 2.2 + 0.6 million reads per sample (17.6 million total) were
119  uniquely mapped and assigned to genes. This enabled identification of approximately 18,000+ 1200
120  transcripts with >1 read, and 15,000+ 800 transcripts with >5 reads (Fig.2D, Table S2). Principal
121 component analysis (PCA) verified three distinct transcriptomic profiles, each corresponding to a specific
122 cell type (Fig. 2E). The absence of marker neuropeptide transcripts (AGRP, POMC, and KISS1) outside
123 their respective neuronal populations, together with asymmetric expression of established neuronal
124 phenotype markers, confirmed that there was minimal — if any — cross-contamination between

125  transcriptomes (Fig. 2F).

126 Differential gene expression analysis reveals cell type-specific transcript enrichment,
127 including 50 transcription factors

128 A total of 1,210 transcripts were significantly enriched in a cell type-specific manner among AgRP,
129  POMC, and KP neurons (adjusted p-value /p.adj./ < 0.05, DESeq2; Table S2). Differentially expressed
130  genes (DEGS) are visualized through heat maps (Fig. 3A), numerical expression data (Fig. 3B), and volcano
131  plot markers across the three pairwise comparisons (Figs. 3C-E). We further examined 902 transcription
132 factor (TF) transcripts annotated in the KEGG BRITE database to explore their potential roles in shaping
133 the distinct transcriptomic profiles of AgRP, POMC, and KP neurons (Table S3). Of the 40 most abundant
134  TFs selected per cell type (63 in total), 13 were significantly differentially expressed, indicating cell type-
135  specific transcriptional regulation (Fig. 3F, Table S3). Expanding the analysis to all expressed TFs revealed
136 50 that differed between at least two neuronal populations, underscoring broader cell type-specific
137  transcriptional regulation (p.adj. < 0.05, DESeq2; Fig. 3G, Table S3). Many of the shared transcription
138  factors could reflect similar developmental programs, humoral signals, and afferent inputs. Transcription

139  factors with significant cell type-specific enrichment (p.adj. < 0.05, fold change > 1.5 vs. other cell types)
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140  included NR3C1, OTP, XBP1, KLF9, FOXO1, ETV5, CREM, ZBTB16, and ST18 for AgRP neurons;

141 ZFHX4, ONECUTL, and LEF1 for POMC neurons; and BCL6, ISL1, and PROX1 for both AgRP and POMC
142 neurons. Unlike AgRP neurons, POMC cells also shared expression for several transcription factors with
143 KP neurons (PGR, AR, ESR1, NHLH2, and SOX1). SOX14, STAT5A, and PLAGL1 were enriched in KP

144 neurons (Fig. 3G; Table S3).

145 AgRP, POMC and KP neurons exhibit distinct neuropeptide co-transmitter profiles

146 Neuropeptide and granin expression profiles, based on annotations from the Neuropeptide Database®
147 (www.neuropeptides.nl), showed marked differences among the three neuronal populations. Normalized
148  transcript abundances, expressed in TPM, are presented in Fig. 4A and Table S4. AgRP neurons were
149 enriched for NPY, AGRP, SST, and UTS2, and exhibited higher expression of TAC1, GAL, VGF, and CRH
150  compared to POMC and KP neurons. POMC neurons uniquely expressed POMC and VIP, and had higher
151  levels of ADCYAP1 relative to KP neurons. KP neurons selectively expressed TAC3 and KISS1, and showed
152 elevated expression of CBLN1, NXPH1, PENK, CBLN4, PDYN, and NMU compared to AgRP and POMC

153  neurons (Figs. 4A, B).

154 A subset of receptors expressed in AgRP, POMC, and/or KP neurons was implicated in genetic
155  disorders affecting energy homeostasis.

156 To identify transcripts associated with metabolic disorders, we selected fourteen metabolism-related
157  traits from the GWAS Catalog™® (Fig. 5A, Table S5). These traits included 2,493 genes that were also
158  expressed in AgRP, POMC, and/or KP neurons, applying cutoffs of mean TPM > 10 and at least 5 reads in
159  each sample of the respective cell type (Fig. 5B, Tables S6-S7). Among these, we identified 52 receptor
160  genes (Fig. 5C, Table S8), several of which showed cell type-specific enrichment. Receptor expression
161  profiles were further examined to identify potential therapeutic targets for the treatment of metabolic

162 disorders.

163
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164 Receptor transcripts reveal distinct humoral and neuronal regulatory mechanisms

165 A total of 205 receptor transcripts detectable in AgRP, POMC, and/or KP neurons (cutoffs: mean TPM
166 > 10 and reads > 5 in each sample of the same cell type) are illustrated in Fig. 6 and listed in Table S8.
167  This dataset includes new candidate receptors for targeting hypothalamic metabolic and/or reproductive
168  pathways. Of these, 112 showed at least twofold enrichment, and 62 exhibited significant differential
169  expression in pairwise comparisons between cell types. ACVR1C encoding an activin receptor was the most
170  abundantly expressed receptor, occurring exclusively in AgRP neurons. These neurons also showed
171  selective enrichment for receptors of proinflammatory cytokines (IL18R1, IL1R1), circulating hormones
172 (GHR, GHSR, NR3C1), and various neuropeptides related to energy homeostasis (RXFP1, NPY2R,
173 AVPRI1A, MC3R, AGTR1, and CALCRL). POMC neurons showed enrichment for several receptors
174 involved in metabolic hormone and neuropeptide signaling, including NPY1R, CALCR, SSTR1, HCRTRZ,
175  QRFPR, GLP1R, CCKAR, PROKR1, and GRPR), as well as the type-1 endocannabinoid- (CNR1) and the
176 H1 histamin receptor (HRH1). The leptin receptor (LEPR) was co-enriched in AgRP and POMC cells.
177  POMC and KP neurons both expressed reproductive hormone receptors (PRLR, PGR, AR, ESR1), with
178  higher levels in the latter, whereas opioid receptors (OPRM1, OPRL1, OPRK1) were expressed more
179  prominently in POMC than in KP neurons. (Fig. 6; Table S8). IL6ST, ADCYAP1R1, and the insulin receptor
180  (INSR) were among the most highly expressed receptors in all three cell types.

181

182  Discussion

183 Methodological considerations

184 The protocols used in this study are based on our previously established ‘LCM-Seq’ method, which
185  was originally developed for spatial transcriptomic profiling of fluorescently labeled neurons in transgenic
186  mice.'! To eliminate the reliance on genetic tagging, we subsequently developed the more versatile
187  ‘IHC/LCM-Seq” method, in which we replaced transgenic labeling with RNA-preserving

188  immunohistochemistry. This change enabled deep transcriptomic profiling of neuronal populations across
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189  species.® In the present study, we successfully adapted the IHC/LCM-Seq technique for use in postmortem
190  human brain tissue. This transition introduced unique challenges inherent to autopsy-derived material,
191  necessitating the implementation of rigorous quality control measures throughout the workflow. We found
192 that RNA integrity was well preserved in samples collected within 24 hours postmortem and immersion-
193  fixed in cold 4% FA for 24-72 hours. Variations within this fixation window had minimal — if any — impact
194  on RNA quality, offering practical flexibility for tissue processing. Importantly, transcript detection was
195  also largely independent of the initial RNA Integrity Number (RIN), which ranged from 3.1 to 6.7 across
196  samples. We attributed this robustness to the use of random primers in the TruSeq library preparation
197  protocol, which can accommodate highly fragmented RNA.*? Post-fixation handling — comprising cold
198  20% sucrose infiltration, sectioning at 20 um, and section storage at -20 °C in cryoprotectant solution with
199  0.05% ATA — followed protocols we had previously optimized for mouse and rat brains.® When working
200  with immersion-fixed human brains, successful immunolabeling often requires an epitope retrieval step (30
201  min at 80 °C in 0.1 M citrate buffer, pH 6.0). While this pretreatment initially compromised RNA quality,
202  the addition of 10% PVSA to the retrieval buffer effectively mitigated degradation. Subsequent
203  immunostaining in the presence of either 0.05% ATA or 2% PVSA efficiently preserved RNA integrity at
204  both 4 °C and RT. However, ATA caused increased nonspecific background staining and also compromised
205  the specific signal, making PVSA the preferred RNase inhibitor for routine IHC/LCM-Seq applications.
206  Overall, our methodological results confirmed that IHC/LCM-Seq is a robust, highly sensitive, and species-
207  independent technique. Adapting this method to postmortem human brains in this study has substantial
208 translational and clinical relevance.

209 As we discussed previously®, IHC/LCM-Seq offers several advantages over single-cell approaches such
210  as scRNA-Seq and snRNA-Seq, which rely on enzymatic dissociation of brain tissue. i) LCM preserves the
211  spatial context of neurons, maintaining their native anatomical architecture and microenvironment. ii)
212 Tissue fixation prior to RNA extraction stabilizes the transcriptome and reduces artifacts introduced during

213  dissociation and cell isolation processes. iii) IHC/LCM-Seq provides considerably enhanced sensitivity for
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214  detecting low-abundance transcripts, including long non-coding RNAs, transcription factors, and rare
215  receptor mRNAs. However, we note that achieving unparalleled sensitivity involves a trade-off in cellular
216  resolution. Unlike single-cell methods, bulk RNA sequencing cannot resolve cellular heterogeneity or
217  distinguish subpopulations within a given neuronal type. For instance, recent SnRNA-Seq studies have
218  revealed three transcriptionally distinct subclusters of human POMC neurons — variability that remained
219  undetectable in our bulk datasets. Thus, IHC/LCM-Seq and single-cell approaches should be viewed as

220  complementary methodologies, each offering unique advantages depending on the biological question.

221 Functional implications of transcriptomic findings

222 Our study provides unprecedented insight into the molecular architecture of orexigenic AgRP and
223  anorexigenic POMC neurons playing central roles in the regulation of energy homeostasis. The inclusion
224  of KP neurons as a third cell type offers a valuable comparative perspective; while localized similarly in
225  the arcuate nucleus, these neurons play a primary role in regulating the reproductive axis.” With 14,000-
226 16,000 transcripts detected per neuronal cell type, our dataset offers a comprehensive resource for dissecting
227  the transcriptional programs that underlie the mediobasal hypothalamic control of energy balance and

228  reproduction.

229  TFs reflecting shared and unique regulatory features and developmental origins of arcuate neuron

230  phenotypes

231 Despite their distinct functional roles, AgQRP, POMC, and KP neurons exhibited substantial overlaps in
232 their TF profiles, similarities potentially reflecting shared developmental origins™® and/or common
233 microenvironmental influences; among the 902 detected TFs, only 50 were differentially expressed across
234 cell types.

235 TFs typical of AgRP neurons included OTP, FOXO1, and the glucocorticoid-responsive TFs NR3C1%,
236 KLF9%, and ZBTB16'. Most TFs detected in POMC cells were not unique, as many were also expressed

237 in AgRP or KP neurons. The presence of sex steroid receptors (PGR, AR, ESR1) provides a potential
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238  mechanistic link between gonadal hormone signaling and the hypothalamic regulation of metabolic
239 functions'”*8; not surprisingly, these receptors are expressed at the highest levels in KP neurons, consistent

240  with the crucial involvement of this cell type in negative sex steroid feedback to the reproductive axis.’

241  Distinct transcriptomic signatures of AQRP, POMC, and KP neurons

242 Using differential expression analysis, we detected 1,210 transcripts exhibiting significant differences
243 in expression across the three neuronal populations. CARTPT was expressed in AgRP neurons but not in
244  POMC cells, representing a notable species difference from rodents that has already been reported
245  previously.'® High levels of this MRNA were also detected in KP neurons, consistent with our laboratory’s
246 earlier immunohistochemical observations.?’ Additional neuropeptide mRNAs with enriched expression in
247  AgRP neurons included NPY, TAC1, SST, GHRH, GAL, CRH, VGF and UTS2. Some of the encoded
248  peptides may play thus far underappreciated roles in human orexigenic circuitry. ADCYAP1 and VIP
249  represented two neuropeptides expressed predominantly in POMC neurons and only at relatively low levels.
250  Further transcripts typical of the POMC cell type — including PENK, CBLN1, CBLN4, NXPH1, and PDYN
251  — were even more prominent in KP neurons, whereas TAC3, encoding neurokinin B, was exclusively

252  expressed in KP neurons.

253  Genes associated with metabolic disorders

254 Somewhat unexpectedly, of the 2,493 transcripts associated with metabolic traits in the GWAS
255  Catalog'?, the majority (1,990) showed very similar expression across all three neuronal populations. Only
256 503 exhibited twofold or greater enrichment in a specific cell type, suggesting that many GWAS-linked
257  genes may exert their effects across multiple hypothalamic pathways. Receptor genes from this database
258  also tended to be expressed in multiple cell types, reinforcing the complexity of hypothalamic control of

259  energy homeostasis.

260
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261  Receptor transcriptomes hide novel therapeutic opportunities

262 A key objective of this study was to characterize receptor expression patterns with a focus on AgRP
263  and POMC neurons to identify potential targets for metabolic therapies. In AgRP neurons, ACVR1C

264  (ALK?7) showed the highest expression. Genetic loss of this receptor or its natural ligand activin B in mice
265  reduces the number of Npy-expressing cells, decreases Npy and AgRP mRNA levels, and diminishes

266 NPY/AgRP projections to the MPOA, thereby supporting a trophic role for AIk7 in maintaining

267  orexigenic circuitry.?* AgRP neurons highly expressed metabolic hormone receptors, including GHSR
268  (for ghrelin), INSR (for insulin), and several cytokine receptors acting through the MyD88-dependent NF-
269 kB and MAPK signaling cascade (IL18R1%, IL1R1%) and other receptors using JAK-STAT signaling

270 (GHR* and LEPR?®, IL6ST and IL13RA1%). These receptors indicate that AGRP neurons serve as a key
271 cell type of immune-metabolic integration. The receptor mMRNA for PACAP, ADCYAP1R1, was highly
272 expressed across all cell types. PACAP may exert a dual anorexigenic effect, analogous to leptin, by

273 inhibiting AgRP neurons and activating POMC neurons within the arcuate nucleus, thereby promoting
274 melanocortin signaling to downstream targets such as the paraventricular hypothalamus.?” The relaxin
275  receptor RXFP1 was also abundant in AgRP cells, while POMC neurons expressed RXFP2. In pregnant
276 women, relaxin rises markedly, which promotes reproductive tissue remodeling, cardiovascular

277  adaptation, and fluid homeostasis.? Its action on AgRP neurons may align reproductive status with

278  energy availability to support fetal development. Studies in rats found reduced food intake following

279 peripheral or central administration of relaxin.?® The occurrence of the V1a vasopressin receptor AVPR1A
280  in AgRP neurons may link hydration or stress state to feeding drive.*® The angiotensin Il receptor AGTR1
281  we detected in AgRP neurons may play an important role in resting metabolic rate adaptation, a

282 mechanism which likely contributes to failed weight management during obesity.** The interesting

283  presence of the three olfactory receptors OR52N5, OR52N1, and OR52H1 in AgRP neurons suggests

284  potential responsiveness to yet-unidentified circulating metabolites or microbiota-derived compounds.

285  POMC neurons abundantly expressed PRLR and prolactin signaling on this receptor through the JAK-
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286  STAT pathway (as IL6ST*, LEPR and IL13RA1) may contribute to the coupling of reproductive status

287  with metabolic regulation. The POMC cell type was also enriched in CALCR mRNA, which mediates

288  responses to amylin and calcitonin — peptides known to promote satiety and to possibly act synergistically
289  with leptin.*® The CGRP neuropeptide derived equally from the calcitonin gene (CALCA), signals mainly
290  through CALCRL; this receptor was found in the AgRP cell type. The serotonin receptor HTR2C was

291  enriched in arcuate POMC neurons which may explain the anorexigenic actions of serotonin and the

292 selective 5-HT2C agonists lorcaserin®* via modulating melanocortin output. Our results also shed light to
293  some important species differences and limitations of rodent models. For example, while serotonin

294 inhibits AgRP neurons primarily through Htrlb in rodents,* human AgRP neurons did not express

295  HTR1B but abundantly contained the HTR2A transcript. POMC neurons were highly enriched in CNR1
296  (CB1 receptor). The endocannabinoid responsiveness of these neurons® was proposed to enhance appetite
297  via modulating glutamatergic signaling to the paraventricular nucleus.®” Orexin A acts via OX-1R to

298  stimulate the endocannabinoid signaling in rodent POMC cells,*® whereas OX-2R receptors (encoded by
299  HCRTR2) may exert a similar effect on POMC neurons in the human, as indicated by our results. Intact
300 histamine signaling is necessary for proper feeding rhythm and optimal leptin signaling. Expression of
301  GLPI1R supports the hypothesized central mechanism of appetite suppression by semaglutide —a GLP-1
302  receptor agonist used in obesity and diabetes treatment.**“° Our transcriptomic analysis confirmed the

303  recent observation that the expression level of GLP1R in human POMC neurons is relatively low

304  compared with mice.* Although at much lower levels, GLP1R was also present in AgRP neurons. This
305  finding corroborates recent observations on mice where the orexigenic cell group not only expresses

306  GLP-1R protein but also receives input from axons that contain this receptor.* The presence of p-opioid
307  (OPRML1), nociceptin/NOP (OPRL1), and k-opioid (OPRKZ1) receptors in POMC neurons suggests

308  mechanisms whereby opioid peptides may modulate appetite and hedonic feeding.***

309 Orphan GPCRs, including GPR34, GPR27 (SREB1), and GPR3 enriched in AgRP neurons, and

310 GPR101, GPR176, GPR83, GPR149, and GPR85 (SREB2) expressed in POMC neurons, and GPR107,
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GPR75, GPRC5B, GPR158, GPR162, GPR135, GPR19, GPR137C, GPR137B, GPR61, and GPR6 present

in both neuron populations, may represent particularly promising candidates for pharmacological
modulation of hunger and satiety circuits.

Overall, comprehensive receptor profiling of human AgRP and POMC neurons in this study unveiled
multiple receptors that play previously unrecognized roles in the hypothalamic regulation of energy

homeostasis and offer drug targets for future metabolic therapies.
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350 Methods

351 EXPERIMENTAL MODEL AND SUBJECT DETAILS

352  Human subjects

353  Histological samples from adult human brains (N = 8) were obtained during autopsies conducted at the
354  Department of Pathology and Experimental Cancer Research, Semmelweis University, Budapest, Hungary.
355  The specimens were derived from one 53-year-old female and seven male individuals aged 28, 33, 38, 46,
356 52, 53, and 56 years, all with no documented neurological disorders. Tissue collection was performed 12
357  to 24 hours postmortem. Ethical approval was granted by the Regional and Institutional Committee of
358  Science and Research Ethics of Semmelweis University (SE-TUKEB 251/2016), in compliance with the
359  Declaration of Helsinki and relevant Hungarian legislation (Act CLIV of 1997 and Decree 18/1998
360  [XI1.27.] of the Ministry of Health), which does not mandate prior written consent from the deceased.

361

362  METHOD DETAILS
363  Experimental procedures

364  For all experiments, reagents were of molecular biology grade. MQ water and PBS were pretreated
365  overnight with diethylpyrocarbonate (DEPC; Thermo Scientific; 1 mL/L) and subsequently autoclaved. All
366  other solutions were prepared using DEPC-treated and autoclaved MQ water. Reagents and buffers were
367  maintained under RNase-free, sterile conditions with or without the additional use of the RNase inhibitors.

368  Work surfaces were cleaned with RNaseZAP (Merck KGaA, Darmstadt, Germany).

369  Optimization of the IHC/LCM-Seq method for human brain tissues

370 Immersion fixation and section preparation

371 To optimize the IHC/LCM-Seq protocol for brain samples gained from autopsies, test experiments were
372 performed using 4-mm-thick tissue blocks (n = 9) dissected 20 h postmortem from the frontal cortex of a
373  53-year-old female subject. Samples were immersion-fixed for 24, 48, or 72 hours (n = 3 per fixation time)
374  in freshly prepared ice-cold 4% formaldehyde (FA) in 0.1 M phosphate-buffered saline (PBS; pH 7.4).

375  Following fixation, tissues were infiltrated with ice-cold sterile 20% sucrose in PBS for 24 hours, snap-
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376  frozen on powdered dry ice, and stored at -80 °C until sectioning. The fixative and sucrose solutions were
377 supplemented with 0.05% aluminon (triammonium salt of aurintricarboxylic acid, ATA; Merck) to enhance
378  RNA preservation.®® Prior to sectioning, the white matter was trimmed from each tissue block. Free-
379  floating 20-um-thick sections were prepared using a Leica freezing microtome (Leica Biosystems, Wetzlar,

380  Germany) (Fig. 1A).

381 Assessing the impact of immersion fixation on RNA quality and recovery

382 RNA was extracted from individual cortical sections fixed for 24, 48, or 72 hours using the PureLink
383  FFPE RNA lIsolation Kit (Thermo Scientific, Waltham, MA, USA). For each fixation time (n = 3), RNA
384  vyield — normalized to the section area (mm?) — and RNA Integrity Number (RIN) were determined using
385  the Agilent 2100 Bioanalyzer system with Eukaryotic Total RNA Pico Chips and the 2100 Expert software
386  (Agilent, Santa Clara, CA, USA). Results were presented as mean = SEM from triplicate measurements

387 (Table S1).

388 Tissue archiving and optimization of RNA preservation during antigen retrieval

389 Most cortical sections were stored for one month at -20 °C in a modified cryoprotectant solution (30%
390  ethylene glycol, 25% glycerol, 0.05 M phosphate buffer; pH 7.4) supplemented with 0.05% aluminon
391  (ATA). We have previously demonstrated that this storage method preserves RNA integrity for three years
392 or longer.® Optimization of section pretreatments and the IHC protocol used the three tissue blocks that
393  were immersion-fixed for 72 hours. Sections retrieved from the antifreeze medium were rinsed in sterile
394  PBSand subjected to a 30-minute heat-induced epitope retrieval step in 0.1 M citrate buffer (pH 6.0, 80 °C),
395 either without additives or in the presence of the RNase inhibitors ATA (0.05%) or polyvinyl sulfonic acid
396  (PVSA)® used at 1%, 3%, or 10%. Following brief PBS washes, total RNA was extracted, and RNA
397  integrity was assessed using the Agilent 2100 Bioanalyzer system. Results were presented as mean + SEM
398 (Table S1) of three measurements on independent samples. Differences between treatment groups — with

399  and without antigen retrieval — were assessed by one-way ANOVA followed by Tukey’s post hoc tests.
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400 Optimization of the RNA-preserving immunohistochemistry (IHC) protocol

401 Antigen retrieval was performed in the presence of 10% polyvinyl sulfonic acid (PVSA) which
402  efficiently protected RNA in the above experiment. Subsequently, sections were processed for
403  immunohistochemical detection of cortical parvaloumin-expressing neurons at either RT or 4 °C, with or
404  without the use of RNase inhibitors. To inhibit RNases, all antibody and buffer solutions (except the
405  peroxidase developer) contained either 0.05% aluminon (ATA) or 2% PVSA. Sections were pretreated with
406 1% HO, and 0.5% Triton X-100 in PBS for 20 minutes, followed by incubation with a commercially
407  available affinity-purified goat polyclonal antibody against human parvalbumin (#EB06776; Everest
408  Biotech; 1:30,000) for either 40 hours at 4 °C or overnight at RT. The primary antibody was reacted with
409  Biotin-SP-AffiniPure anti-goat 1gG secondary antibody (Jackson ImmunoResearch; 1:500; overnight at
410  4°C or 2 hours at RT), followed by the ABC Elite reagent (Vector Laboratories, Burlingame, CA, USA;
411 1:1,000; 1 hour at RT) in PBS. The peroxidase reaction was visualized at RT using a developer containing
412 10 mg diaminobenzidine, 30 mg nickel-ammonium sulfate, and 0.003% H,O; in 20 ml of 0.05 M Tris-HCI
413 buffer (pH 8.0). RNA was extracted from pre-IHC sections (n = 3) and from post-IHC sections (n = 3 per
414  treatment group), and RNA integrity was assessed using the Agilent 2100 Bioanalyzer System (Table S1).
415  Differences in RIN values among the post-IHC groups were analyzed using one-way ANOVA followed by
416  Tukey’s post hoc test.

417 For qualitative analysis of the immunohistochemical labeling, the immunostained sections were
418  mounted onto microscope slides from Elvanol, air-dried for 30 minutes, then sequentially dehydrated in
419  70%, 95%, and 100% ethanol (5 minutes each), followed by clearing in xylene (2 x 5 minutes).
420  Coverslipping was performed using DPX mounting medium (Merck, Darmstadt, Germany) for light
421 microscopic analysis and imaging. Digital images were adjusted for brightness and contrast using Adobe
422  Photoshop (Adobe Systems), and final composite figures were assembled in Adobe Illustrator (Adobe

423  Systems).

424
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425  IHC/LCM-Seq studies of hypothalamic AgRP, POMC and KP neurons
426 Immersion fixation of hypothalamic samples
427 Four-mm-thick hypothalamic slices from seven male individuals (Fig. 2C) were immersion-fixed in ice-

428  cold 4% FA in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 72 hours, followed by infiltration in 20%
429  sucrose (24 h). Both solutions were supplemented with 0.05% aluminon (ATA). Free-floating 20-um-thick
430  coronal sections were prepared from the mediobasal hypothalamus (atlas plates 24-27)*®“" using a freezing
431  microtome and stored in modified cryoprotectant solution containing 0.05% ATA, as described for cortical

432 samples.

433 RNA quality testing

434 Total RNA was extracted from a hypothalamic section per case using the PureLink FFPE RNA Isolation
435  Kit (Thermo Scientific) its integrity was assessed with the Agilent 2100 Bioanalyzer system. Samples used
436  insubsequent IHC/LCM-Seq experiments exhibited RNA Integrity Number (RIN) values ranging from 3.1

437 10 6.7 (Fig. 2C).

438 Immunohistochemical detection of AGQRP, POMC and KP neurons

439 The RNA-preserving IHC protocol optimized for cortical parvaloumin labeling was adapted to detect
440  hypothalamic AgRP, POMC and KP neurons. All antibody and buffer solutions were supplemented with
441 2% PVSA, except the epitope retrieval solution, which contained 10% PVSA, and the peroxidase developer,
442  which was free of RNase inhibitors.

443 Mediobasal hypothalamic sections (every 12") were removed from the cryoprotectant solution, rinsed
444  inice-cold PBS (3 x 5 min), subjected to antigen retrieval in 0.1 M citrate buffer (pH 6.0; 80 °C; 30 min),
445  then incubated at 4 °C for 20 minutes in PBS containing 1% H,O, and 0.5% Triton X-100. The following
446  primary antibodies were applied for 40 hours at 4 °C: Goat anti-AgRP (EB06725; Everest Biotech;
447 1:10,000); Sheep anti-POMC (#41; gift from Dr. Csaba Fekete; 1:30,000)*; Sheep anti-KP (GQ2; gift from

448 Dr. Waljit S. Dhillo; 1:50,000)49. After PBS washes, sections were incubated for 2 hours at RT with species-
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449  specific biotinylated secondary antibodies raised in donkeys (Jackson ImmunoResear ch; 1:500), followed
450 by a 1-hour incubation with the ABC Elite reagent (Vector Laboratories, Burlingame, CA, USA; 1:1,000)

451  in PBS. Immunoreactivity was visualized using Ni-DAB chromogen as described for cortical parvalbumin

452  labeling.
453 Selection and exclusion criteria of immunostained sections for RNA-Seq studies
454 Due to variability in staining quality, not all seven hypothalamic specimens were included in all

455  downstream analyses. Transcriptome profiling was conducted using: 3 samples for AgRP neurons, 2

456  samples for POMC neurons and 3 samples for KP neurons

457 Laser capture microdissection of immunostained neurons

458 Immunolabeled sections were mounted onto PEN membrane glass slides (Membrane Slide 1.0 PEN,
459  Carl Zeiss) from Elvanol containing 2% PVSA, air-dried, and processed for LCM via sequential
460  dehydration: 70% ethanol (60 s), 96% ethanol (60 s), 100% ethanol (2 x 60 s), and xylene (60 s). Slides
461  were stored at -80 °C in slide mailers with silica gel desiccants unless processed immediately for LCM.
462  Using a PALM Microbeam system (Carl Zeiss) equipped with a 40x objective lens and RoboSoftware,
463  immunolabeled neurons were individually selected from the arcuate/infundibular nucleus and pressure-
464  catapulted into adhesive caps (Adhesive Cap 500, Carl Zeiss). Approximately 850 neurons were collected

465  per sample and stored at -80 °C in LCM caps until RNA extraction.

466 RNA extraction
467 Total RNA was isolated from pooled neurons using the Arcturus Paradise PLUS FFPE RNA Isolation

468  Kit (Applied Biosystems, Waltham, MA, USA), according to the manufacturer’s protocol.

469 Library preparation and RNA Sequencing
470 Sequencing libraries were generated with the TruSeq Stranded Total RNA Library Preparation Gold kit

471 (lllumina, San Diego, CA, USA), incorporating 16 PCR cycles for fragment enrichment.®*® A pooled library
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472 mix (1 nM; 120 pl total volume) containing eight indexed samples was sequenced on an Illumina NextSeq

473 500 platform using the NextSeq 500/550 High Output v2.5 kit (75-cycle configuration).*

474 Bioinformatics

475 Low-quality reads and adapter sequences were removed using Trimmomatic (v0.39; parameters:
476 LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:36)**> and Cutadapt (v4.6)*,
477 respectively. Cleaned reads were aligned to the Homo sapiens GRCh38 Ensembl reference genome (release
478  hs111) using the STAR aligner (v2.7.11b)* with default parameters. Gene-level quantification was carried
479  out using featureCounts (Subread v2.0.6).>* Transcriptome coverage was assessed based on the number of
480  unique transcripts detected at two read count thresholds: >1 and >5 reads. Metrics were calculated and
481  reported as the mean + standard error of the mean (SEM) across biological replicates. Subsequent analysis
482  was conducted in R (v4.5.0). TPM values were computed from read counts normalized to gene lengths
483  obtained via FeatureCounts, using gene models defined in the corresponding Ensembl GTF annotation file.
484  For differential expression analysis, raw gene counts were normalized and analyzed using the DESeq2
485  package (v1.44.0).% The following R packages were utilized for data transformation, analysis, and
486  visualization: tidyverse (v2.0.0)°’, openxlsx (v4.2.8)%, ggplot2 (v3.5.2)%, ggfortify (v0.4.17)%, cluster
487  (v2.1.8.1)%!, pheatmap (v1.0.12)%?, RColorBrewer (v1.1-3)%, ggrepel (v0.9.6)*, EnhancedVolcano

488  (v1.22.0)%, gridExtra (v2.3)%, ggpubr (v0.6.0)%, eulerr (v7.0.2)%.

489 Functional classification

490  Transcripts were assigned to functional categories using the KEGG BRITE database®
491  (https://www.genome.jp/kegg/brite.html). Transcriptional regulators were identified based on the KEGG
492  ‘Transcription Factors’ category (ko03000) (see Table S3). Receptor classes included G protein-coupled
493  receptors (ko04030), cytokine receptors (ko04050), pattern recognition receptors (ko04054), and nuclear
494  receptors (ko03310). This functional category was extended to include ACVRI1C and INSR from the

495  receptor serine/threonine kinases and receptor tyrosine kinases categories (ko01001+K08873),
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496  respectively. Receptor genes were considered expressed in a given neuronal phenotype if their mean TPM
497  value was >10 and they were supported by >5 reads in all biological replicates of that group (Table S8).
498  Neuropeptides were classified based on the neuropeptides.nl database® (Table S4). A comprehensive list

499  of functional classifications is provided in Tables S3, S4, S8.

500 Populational enrichment of gene expression

501  Gene expression was considered enriched in a specific neuronal population if the transcript exhibited at
502 least a twofold increase in normalized read counts (log, fold change > 1) relative to the other populations.
503  When two neuronal types each showed >2-fold higher expression compared to the third, the gene was

504  classified as co-enriched in those two populations.

505 GWAS associations
506  Trait- and  disease-associated SNPs  were retrieved from the GWAS  Catalog™®

507  (https://www.ebi.ac.uk/gwas/). Traits and diseases relevant to malnutrition were manually curated to match

508  the 14 mapped GWAS traits presented in Figure 5 and Table S5. Trait categories included all descendant
509  terms, except for ‘Body weight’, where child terms were excluded to maintain specificity. For comparative
510  analysis, only intragenic SNPs reaching genome-wide significance (p <5 x 10®) were retained. The
511  resulting gene list was then cross-referenced with neuronal population-specific enrichment data (Tables S6,

512 S7).

513 Data availability
514  RNA-Seq files for AgRP and POMC neurons are available in BioProject with the accession number
515 PRINA1305226. (Release date 01/01/2026). KP sequencing data have been deposited under

516  PRINA1305334 (Release date 01/01/2026).

517 Code availability

518  Scripts are available at https://github.com/goczbalazs/PRINA1305226_1305334.
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519 Quantification and statistical analysis

520  Statistical analyses for Figure 1D were conducted using one-way ANOVA followed by Tukey’s HSD post
521  hoc tests, implemented via the aov() and TukeyHSD() functions in R. Normality was evaluated with the
522 Shapiro-Wilk test, and homogeneity of variances was assessed using Levene’s test (Brown—Forsythe;
523  median-centered) — via the shapiro.test() and leveneTest() functions. Significance was set at p < 0.05. Full
524  statistical results are presented in Table S1.

525  Differential expression analysis for RNA-Seq data was performed with the DESeq2 package. Genes with
526  Benjamini-Hochberg adjusted p-values < 0.05 were considered differentially expressed. Detailed results
527  are provided in Table S2.

528  Significant SNP-trait associations from GWAS were defined by p < 5x10%.7%" The annotation and filtering
529  of SNPs by intragenic localization and trait mapping are described above under GWAS Associations.

530  Codes are available at https://github.com/goczbalazs/PRINA1305226 1305334

531

532  RESOURCE AVAILABILITY

533  Lead contact

534  Further information and requests for resources and reagents should be directed to and will be fulfilled by
535  the lead contact, Erik Hrabovszky (hrabovszky.erik@koki.hun-ren.hu).

536  Materials availability
537  This study did not generate new unique reagents.
538


https://github.com/goczbalazs/PRJNA1305226_1305334
mailto:hrabovszky.erik@koki.hun-ren.hu
https://doi.org/10.1101/2025.08.19.671088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.19.671088; this version posted August 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

24
539  References
540 1. Schwartz, M.W., Woods, S.C., Porte, D., Jr., Seeley, R.J., and Baskin, D.G. (2000). Central nervous system
541 control of food intake. Nature 404, 661-671. 10.1038/35007534.
542 2. Morton, G.J., Cummings, D.E., Baskin, D.G., Barsh, G.S., and Schwartz, M.W. (2006). Central nervous
543 system control of food intake and body weight. Nature 443, 289-295. 10.1038/nature05026.
544 3. Frias, J.P., Deenadayalan, S., Erichsen, L., Knop, F.K., Lingvay, I., Macura, S., Mathieu, C., Pedersen, S.D.,
545 and Davies, M. (2023). Efficacy and safety of co-administered once-weekly cagrilintide 2.4 mg with once-
546 weekly semaglutide 2.4 mg in type 2 diabetes: a multicentre, randomised, double-blind, active-controlled,
547 phase 2 trial. Lancet 402, 720-730. 10.1016/S0140-6736(23)01163-7.
548 4. Tadross, J.A., Steuernagel, L., Dowsett, G.K.C., Kentistou, K.A., Lundh, S., Porniece, M., Klemm, P.,
549 Rainbow, K., Hvid, H., Kania, K., et al. (2025). A comprehensive spatio-cellular map of the human
550 hypothalamus. Nature 639, 708-716. 10.1038/s41586-024-08504-8.
551 5. Siletti, K., Hodge, R., Mossi Albiach, A., Lee, KW., Ding, S.L., Hu, L., Lonnerberg, P., Bakken, T., Casper,
552 T., Clark, M., et al. (2023). Transcriptomic diversity of cell types across the adult human brain. Science 382,
553 eadd7046. 10.1126/science.add7046.
554 6. Gocz, B., Rumpler, E., Szentkiralyi-Toth, S., Skrapits, K., Takacs, S., Sarvari, M., Farkas, I., Poliska, S., and
555 Hrabovszky, E. (2025). Laser-capture microdissection for spatial transcriptomics of immunohistochemically
556 detected neurons. J Biol Chem 301, 108150. 10.1016/j.jbc.2024.108150.
557 7. Starrett, J.R., and Moenter, S.M. (2023). Hypothalamic kisspeptin neurons as potential mediators of estradiol
558 negative and positive feedback. Peptides 163, 170963. 10.1016/j.peptides.2023.170963.
559 8. Hallick, R.B., Chelm, B.K., Gray, P.W., and Orozco, E.M., Jr. (1977). Use of aurintricarboxylic acid as an
560 inhibitor of nucleases during nucleic acid isolation. Nucleic Acids Res 4, 3055-3064. 10.1093/nar/4.9.3055.
561 9. Burbach, J.P. (2010). Neuropeptides from concept to online database www.neuropeptides.nl. Eur J
562 Pharmacol 626, 27—48. 10.1016/j.ejphar.2009.10.015.
563 10. Cerezo, M., Sollis, E., Ji, Y., Lewis, E., Abid, A., Bircan, K.O., Hall, P., Hayhurst, J., John, S., Mosaku, A.,
564 etal. (2025). The NHGRI-EBI GWAS Catalog: standards for reusability, sustainability and diversity. Nucleic
565 Acids Res 53, D998-D1005. 10.1093/nar/gkae1070.
566 11. Rumpler, E., Gocz, B., Skrapits, K., Sarvari, M., Takacs, S., Farkas, 1., Poliska, S., Papp, M., Solymosi, N.,
567 and Hrabovszky, E. (2023). Development of a versatile LCM-Seq method for spatial transcriptomics of
568 fluorescently tagged cholinergic neuron populations. J Biol Chem 299, 105121. 10.1016/j.jbc.2023.105121.
569 12. Schuierer, S., Carbone, W., Knehr, J., Petitjean, V., Fernandez, A., Sultan, M., and Roma, G. (2017). A
570 comprehensive assessment of RNA-seq protocols for degraded and low-quantity samples. BMC Genomics
571 18, 442. 10.1186/s12864-017-3827-y.
572 13. Huisman, C., Cho, H., Brock, O., Lim, S.J., Youn, S.M., Park, Y., Kim, S., Lee, S.K., Delogu, A., and Lee,
573 J.W. (2019). Single cell transcriptome analysis of developing arcuate nucleus neurons uncovers their key
574 developmental regulators. Nat Commun 10, 3696. 10.1038/s41467-019-11667-y.
575 14, Shibata, M., Banno, R., Sugiyama, M., Tominaga, T., Onoue, T., Tsunekawa, T., Azuma, Y., Hagiwara, D.,
576 Lu, W, Ito, Y., et al. (2016). AgRP Neuron-Specific Deletion of Glucocorticoid Receptor Leads to Increased
577 Energy Expenditure and Decreased Body Weight in Female Mice on a High-Fat Diet. Endocrinology 157,
578 1457-1466. 10.1210/en.2015-1430.
579 15. Gans, 1., Hartig, E.l., Zhu, S., Tilden, A.R., Hutchins, L.N., Maki, N.J., Graber, J.H., and Coffman, J.A.
580 (2020). KIf9 is a key feedforward regulator of the transcriptomic response to glucocorticoid receptor activity.
581 Sci Rep 10, 11415. 10.1038/s41598-020-68040-z.
582 16. Cheng, H., Pablico, S.J., Lee, J., Chang, J.S., and Yu, S. (2020). Zinc Finger Transcription Factor Zbtbh16
583 Coordinates the Response to Energy Deficit in the Mouse Hypothalamus. Front Neurosci 14, 592947.
584 10.3389/fnins.2020.592947.
585 17. Matera, C., and Wardlaw, S.L. (1994). Aromatization is not required for androgen induced changes in
586 proopiomelanocortin gene expression in the hypothalamus. Brain Res Mol Brain Res 27, 275-280.
587 10.1016/0169-328x(94)90010-8.
588 18. Xu, Y., Nedungadi, T.P., Zhu, L., Sobhani, N., Irani, B.G., Davis, K.E., Zhang, X., Zou, F., Gent, L.M,,
589 Hahner, L.D., et al. (2011). Distinct hypothalamic neurons mediate estrogenic effects on energy homeostasis
590 and reproduction. Cell Metab 14, 453-465. 10.1016/j.cmet.2011.08.0009.

591 19. Menyhert, J., Wittmann, G., Lechan, R.M., Keller, E., Liposits, Z., and Fekete, C. (2007). Cocaine- and
592 amphetamine-regulated transcript (CART) is colocalized with the orexigenic neuropeptide Y and agouti-


file:///C:/Users/takacs.szabolcs/Downloads/www.neuropeptides.nl
https://doi.org/10.1101/2025.08.19.671088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.19.671088; this version posted August 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

25
593 related protein and absent from the anorexigenic alpha-melanocyte-stimulating hormone neurons in the
594 infundibular nucleus of the human hypothalamus. Endocrinology 148, 4276-4281. 10.1210/en.2007-0390.
595 20. Skrapits, K., Borsay, B.A., Herczeg, L., Ciofi, P., Bloom, S.R., Ghatei, M.A., Dhillo, W.S., Liposits, Z., and
596 Hrabovszky, E. (2014). Colocalization of cocaine- and amphetamine-regulated transcript with kisspeptin and
597 neurokinin B in the human infundibular region. PLoS One 9, €103977. 10.1371/journal.pone.0103977.
598 21. Sandoval-Guzman, T., Gongrich, C., Moliner, A., Guo, T., Wu, H., Broberger, C., and Ibanez, C.F. (2012).
599 Neuroendocrine control of female reproductive function by the activin receptor ALK7. FASEB J 26, 4966—
600 4976. 10.1096/fj.11-199059.
601 22. Netea, M.G., Joosten, L.A., Lewis, E., Jensen, D.R., Voshol, P.J., Kullberg, B.J., Tack, C.J., van Krieken,
602 H., Kim, S.H., Stalenhoef, A.F., et al. (2006). Deficiency of interleukin-18 in mice leads to hyperphagia,
603 obesity and insulin resistance. Nat Med 12, 650-656. 10.1038/nm1415.
604  23. Schele, E., Benrick, A., Grahnemo, L., Egecioglu, E., Anesten, F., Palsdottir, V., and Jansson, J.O. (2013).
605 Inter-relation between interleukin (IL)-1, IL-6 and body fat regulating circuits of the hypothalamic arcuate
606 nucleus. J Neuroendocrinol 25, 580-589. 10.1111/jne.12033.
607 24. Adams, T.E., Hansen, J.A., Starr, R., Nicola, N.A., Hilton, D.J., and Billestrup, N. (1998). Growth hormone
608 preferentially induces the rapid, transient expression of SOCS-3, a novel inhibitor of cytokine receptor
609 signaling. J Biol Chem 273, 1285-1287. 10.1074/jbc.273.3.1285.
610  25. Buettner, C., Pocai, A., Muse, E.D., Etgen, A.M., Myers, M.G., Jr., and Rossetti, L. (2006). Critical role of
611 STATS3 in leptin's metabolic actions. Cell Metab 4, 49-60. 10.1016/j.cmet.2006.04.014.
612 26. Hershey, G.K. (2003). IL-13 receptors and signaling pathways: an evolving web. J Allergy Clin Immunol
613 111, 677-690; quiz 691. 10.1067/mai.2003.1333.
614  27. Mata-Pacheco, V., Hernandez, J., Varma, N., Xu, J., Sayers, S., Le, N., and Wagner, E.J. (2024). Dynamic,
615 sex- and diet-specific pleiotropism in the PAC1 receptor-mediated regulation of arcuate proopiomelanocortin
616 and Neuropeptide Y/Agouti related peptide neuronal excitability by anorexigenic ventromedial nucleus
617 PACAP neurons. J Neuroendocrinol 36, €13357. 10.1111/jne.13357.
618 28. Marshall, S.A., Senadheera, S.N., Parry, L.J., and Girling, J.E. (2017). The Role of Relaxin in Normal and
619 Abnormal Uterine Function During the Menstrual Cycle and Early Pregnancy. Reprod Sci 24, 342-354.
620 10.1177/1933719116657189.
621 29. McGowan, B.M., Minnion, J.S., Murphy, K.G., White, N.E., Roy, D., Stanley, S.A., Dhillo, W.S., Gardiner,
622 J.V., Ghatei, M.A., and Bloom, S.R. (2010). Central and peripheral administration of human relaxin-2 to
623 adult male rats inhibits food intake. Diabetes Obes Metab 12, 1090-1096. 10.1111/j.1463-
624 1326.2010.01302.x.
625  30. Langhans, W., Delprete, E., and Scharrer, E. (1991). Mechanisms of vasopressin's anorectic effect. Physiol
626 Behav 49, 169-176. 10.1016/0031-9384(91)90251-i.
627 31. Balapattabi, K., Yavuz, Y., Jiang, J., Deng, G., Mathieu, N.M., Ritter, M.L., Opichka, M.A., Reho, J.J.,
628 McCorvy, J.D., Nakagawa, P., et al. (2023). Angiotensin AT(1A) receptor signal switching in Agouti-related
629 peptide neurons mediates metabolic rate adaptation during obesity. Cell Rep 42, 112935.
630 10.1016/j.celrep.2023.112935.
631 32. Janoschek, R., Plum, L., Koch, L., Munzberg, H., Diano, S., Shanabrough, M., Muller, W., Horvath, T.L.,
632 and Bruning, J.C. (2006). gp130 signaling in proopiomelanocortin neurons mediates the acute anorectic
633 response to centrally applied ciliary neurotrophic factor. Proc Natl Acad Sci U S A 103, 10707-10712.
634 10.1073/pnas.0600425103.
635 33. Lutz, T.A., Coester, B., Whiting, L., Dunn-Meynell, A.A., Boyle, C.N., Bouret, S.G., Levin, B.E., and Le
636 Foll, C. (2018). Amylin Selectively Signals Onto POMC Neurons in the Arcuate Nucleus of the
637 Hypothalamus. Diabetes 67, 805-817. 10.2337/db17-1347.
638 34. Thomsen, W.J., Grottick, A.J., Menzaghi, F., Reyes-Saldana, H., Espitia, S., Yuskin, D., Whelan, K., Martin,
639 M., Morgan, M., Chen, W., et al. (2008). Lorcaserin, a novel selective human 5-hydroxytryptamine2C
640 agonist: in vitro and in vivo pharmacological characterization. J Pharmacol Exp Ther 325, 577-587.
641 10.1124/jpet.107.133348.
642 35. Heisler, L.K., Jobst, E.E., Sutton, G.M., Zhou, L., Borok, E., Thornton-Jones, Z., Liu, H.Y., Zigman, J.M.,
643 Balthasar, N., Kishi, T., et al. (2006). Serotonin reciprocally regulates melanocortin neurons to modulate food
644 intake. Neuron 51, 239-249. 10.1016/j.neuron.2006.06.004.
645  36. Koch, M., Varela, L., Kim, J.G., Kim, J.D., Hernandez-Nuno, F., Simonds, S.E., Castorena, C.M., Vianna,
646 C.R., Elmquist, J.K., Morozov, Y.M.,, et al. (2015). Hypothalamic POMC neurons promote cannabinoid-

647 induced feeding. Nature 519, 45-50. 10.1038/nature14260.


https://doi.org/10.1101/2025.08.19.671088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.19.671088; this version posted August 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

26
648 37. Mazier, W., Saucisse, N., Simon, V., Cannich, A., Marsicano, G., Massa, F., and Cota, D. (2019). mTORC1
649 and CBL1 receptor signaling regulate excitatory glutamatergic inputs onto the hypothalamic paraventricular
650 nucleus in response to energy availability. Mol Metab 28, 151-159. 10.1016/j.molmet.2019.08.005.
651 38. Morello, G., Imperatore, R., Palomba, L., Finelli, C., Labruna, G., Pasanisi, F., Sacchetti, L., Buono, L.,
652 Piscitelli, F., Orlando, P., et al. (2016). Orexin-A represses satiety-inducing POMC neurons and contributes
653 to obesity via stimulation of endocannabinoid signaling. Proc Natl Acad Sci U S A 113, 4759-4764.
654 10.1073/pnas.1521304113.
655 39. Wilding, J.P.H., Batterham, R.L., Calanna, S., Davies, M., Van Gaal, L.F., Lingvay, I., McGowan, B.M.,
656 Rosenstock, J., Tran, M.T.D., Wadden, T.A., et al. (2021). Once-Weekly Semaglutide in Adults with
657 Overweight or Obesity. N Engl J Med 384, 989-1002. 10.1056/NEJM0a2032183.
658  40. Park, J.S., Kim, K.S., and Choi, H.J. (2025). Glucagon-Like Peptide-1 and Hypothalamic Regulation of
659 Satiation: Cognitive and Neural Insights from Human and Animal Studies. Diabetes Metab J 49, 333-347.
660 10.4093/dm;.2025.0106.
661  41. Ruska, Y., Szilvasy-Szabo, A., Kovari, D., Kadar, A., Macsai, L., Sinko, R., Hrabovszky, E., Gereben, B.,
662 and Fekete, C. (2022). Expression of glucagon-like peptide 1 receptor in neuropeptide Y neurons of the
663 arcuate nucleus in mice. Brain Struct Funct 227, 77-87. 10.1007/s00429-021-02380-y.
664 42 Nathan, P.J., and Bullmore, E.T. (2009). From taste hedonics to motivational drive: central mu-opioid
665 receptors and  binge-eating  behaviour. Int J  Neuropsychopharmacol 12, 995-1008.
666 10.1017/S146114570900039X.
667  43. Hernandez, J., Fabelo, C., Perez, L., Moore, C., Chang, R., and Wagner, E.J. (2019). Nociceptin/orphanin
668 FQ modulates energy homeostasis through inhibition of neurotransmission at VMN SF-1/ARC POMC
669 synapses in a sex- and diet-dependent manner. Biol Sex Differ 10, 9. 10.1186/s13293-019-0220-3.
670 44 Sandoval-Caballero, C., Jara, J., Luarte, L., Jimenez, Y., Teske, J.A., and Perez-Leighton, C. (2024). Control
671 of motivation for sucrose in the paraventricular hypothalamic nucleus by dynorphin peptides and the kappa
672 opioid receptor. Appetite 200, 107504. 10.1016/j.appet.2024.107504.
673 45, Fellig, J., and Wiley, C.E. (1959). The inhibition of pancreatic ribonuclease by anionic polymers. Arch
674 Biochem Biophys 85, 313-316. 10.1016/0003-9861(59)90496-5.
675  46. Mai, J., Assheuer, J., and Paxinos, G., eds. (1997). Atlas of the human brain (Academic Press).
676  47. Mai, J.K., Paxinos, G., and Voss, T. (2008). Atlas of the Human Brain (Elsevier Science).
677 48. Peterfi, Z., Farkas, E., Nagyunyomi-Senyi, K., Kadar, A., Otto, S., Horvath, A., Fuzesi, T., Lechan, R.M.,
678 and Fekete, C. (2018). Role of TRH/UCN3 neurons of the perifornical area/bed nucleus of stria terminalis
679 region in the regulation of the anorexigenic POMC neurons of the arcuate nucleus in male mice and rats.
680 Brain Struct Funct 223, 1329-1341. 10.1007/s00429-017-1553-5.
681  49. Dhillo, W.S., Chaudhri, O.B., Patterson, M., Thompson, E.L., Murphy, K.G., Badman, M.K., McGowan,
682 B.M., Amber, V., Patel, S., Ghatei, M.A., and Bloom, S.R. (2005). Kisspeptin-54 stimulates the
683 hypothalamic-pituitary gonadal axis in human males. J Clin Endocrinol Metab 90, 6609-6615.
684 10.1210/jc.2005-1468.
685 50. Skrapits, K., Sarvari, M., Farkas, 1., Gocz, B., Takacs, S., Rumpler, E., Vaczi, V., Vastagh, C., Racz, G.,
686 Matolcsy, A., et al. (2021). The cryptic gonadotropin-releasing hormone neuronal system of human basal
687 ganglia. Elife 10. 10.7554/eLife.67714.
688  51. Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. 2011 17,
689 3.10.14806/ej.17.1.200.
690 52. Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence
691 data. Bioinformatics 30, 2114-2120. 10.1093/bioinformatics/btul70.
692 53. Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., and
693 Gingeras, T.R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21.
694 10.1093/bioinformatics/bts635.
695 54. Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose program for assigning
696 sequence reads to genomic features. Bioinformatics 30, 923-930. 10.1093/bioinformatics/btt656.
697 55. R Core Team (2025). R: A Language and Environment for Statistical Computing (R Foundation for Statistical
698 Computing).
699 56. Love, M.1., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-
700 seq data with DESeq2. Genome Biol 15, 550. 10.1186/513059-014-0550-8.
701 57. Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Frangois, R., Grolemund, G., Hayes, A.,
702 Henry, L., Hester, J., et al. (2019). Welcome to the Tidyverse. Journal of Open Source Software 4.

703 10.21105/j0ss.01686.


https://doi.org/10.1101/2025.08.19.671088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.19.671088; this version posted August 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

27

704  58. Schauberger, P., and Walker, A. (2025). openxlsx: Read, Write and Edit xIsx Files (CRAN).
705 59. Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag New York).
706 60. Tang, Y.H., Minoru; Li, Wen (2016). ggfortify: Unified Interface to Visualize Statistical Result of Popular

707 R Packages. The R Journal 8, 474-485. 10.32614/RJ-2016-060.
708 61. Maechler, M.R., Peter; Struyf, Anja; Hubert, Mia; Hornik, Kurt (2025). cluster: Cluster Analysis Basics and
709 Extensions (CRAN).

710 62. Kolde, R. (2019). pheatmap: Pretty Heatmaps (CRAN).
711 63. Neuwirth, E. (2022). RColorBrewer: ColorBrewer Palettes (CRAN).
712 64. Slowikowski, K. (2024). ggrepel: Automatically Position Non-Overlapping Text Labels with ‘ggplot2’

713 (CRAN).
714  65. Blighe, K. (2025). EnhancedVolcano: Publication-Ready Volcano Plots with Enhanced Colouring and
715 Labelling (Bioconductor).

716 66. Auguie, B. (2017). gridExtra: Miscellaneous Functions for “Grid” Graphics (CRAN).

717 67. Kassambara, A. (2025). ggpubr: ‘ggplot2’ Based Publication-Ready Plots (CRAN).

718 68. Larsson, J. (2024). eulerr: Area-Proportional Euler and Venn Diagrams with Ellipses (CRAN).

719 69. Kanehisa, M., Goto, S., Hattori, M., Aoki-Kinoshita, K.F., Itoh, M., Kawashima, S., Katayama, T., Araki,

720 M., and Hirakawa, M. (2006). From genomics to chemical genomics: new developments in KEGG. Nucleic
721 Acids Res 34, D354-357. 10.1093/nar/gkj102.

722 70. Dudbridge, F., and Gushanto, A. (2008). Estimation of significance thresholds for genomewide association
723 scans. Genet Epidemiol 32, 227-234. 10.1002/gepi.20297.

724 71. Keaton, J.M., Kamali, Z., Xie, T., Vaez, A., Williams, A., Goleva, S.B., Ani, A., Evangelou, E., Hellwege,
725 J.N., Yengo, L., et al. (2024). Genome-wide analysis in over 1 million individuals of European ancestry
726 yields improved polygenic risk scores for blood pressure traits. Nat Genet 56, 778—791. 10.1038/s41588-
727 024-01714-w.

728


https://doi.org/10.1101/2025.08.19.671088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.19.671088; this version posted August 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

28
729  Figure legends

730  Fig. 1: Development and validation of a versatile ‘IHC/LCM-Seq’ method for transcriptome profiling of
731 immunohistochemically-labeled human neurons. A: Schematic overview of histological procedures used to
732 evaluate the combined effects of postmortem delay and immersion fixation (24, 48, or 72 h) on RNA integrity. B:
733 Neocortical tissue samples from a 53-year-old female, processed in the presence of the RNase inhibitor aluminon
734 (ATA; 0.05%), show comparable RNA quality (RIN > 7.0) and yield across different fixation times (Agilent
735 Bioanalyzer; Table S1). C: Experimental design for optimizing RNA preservation using ATA (0.05%) or polyvinyl
736 sulfonic acid (PVSA; 1-10%) during immunohistochemical detection of cortical parvalbumin (PVALB) neurons. D:
737 Both ATA and PVSA provide significant protection against degradation during antigen retrieval at 80 °C, while RNA
738 integrity is severely compromised in the absence of RNase inhibitors; ATA and PVSA (2%) also maintain RNA
739 integrity during IHC performed either at RT or 4 °C (Table S1). E: Effects of ATA (0.05%) and PVSA (2%) on IHC
740  signal quality and background. Both additives enable successful detection of PVALB neurons; however, ATA
741  treatment results in increased nonspecific background staining. Statistical annotations: **p<0.01, ##p<0.00001,
742  ###p<0.000001 by one-way ANOVA followed by Tukey's HSD.

743

744 Fig. 2: Use of IHC/LCM-Seq for transcriptome profiling of human AgRP, POMC and KP neurons. A:
745 Schematic overview and technical details of the RNA-preserving immunohistochemistry (IHC) protocol optimized
746  for transcriptome analysis of human AgRP-, POMC-, and KP-immunoreactive neurons. B: Workflow of the protocol,
747 including laser capture microdissection (LCM), RNA isolation, cDNA library preparation, RNA sequencing, and
748  downstream bioinformatic analyses. Scale bar represents 200 um in overview images and 50 pm in high-magnification
749 LCM images. 3v - third ventricle, fx - fornix, me - median eminence, ot - optic tract. C: Summary of donor and tissue
750 parameters for samples used in transcriptomic profiling of the three neuronal populations. D: Number of gene-assigned
751  reads and expressed genes identified in AQRP, POMC, and KP neurons at two expression thresholds (Table S2). E:
752 Principal component analysis (PCA) showing distinct clustering of AgRP, POMC, and KP transcriptomes, with PC1
753  and PC2 explaining ~50% of the total variance. F: Representative genes enriched in a cell type-specific manner. Color
754  gradients within the large dots indicate transcript abundance in mean TPM (transcripts per million), while the surface
755  area of the smaller dots is proportionally reduced to reflect lower expression levels.

756

757 Fig. 3. Differential expression of transcripts and transcription factors in human AgRP, POMC, and KP
758 neurons.

759  A: Heat maps showing 1,210 transcripts differentially expressed (adjusted p /p.adj./ < 0.05, DESeq2) between any
760  two arcuate nucleus cell types. B: Table summarizing the number of differentially expressed genes (DEGS) in each
761 pairwise comparison. C-E: Volcano plots showing the relationship between expression magnitude (log. fold-change
762  /FC/) and statistical significance (logio p.adj.) across all transcripts. Gene symbols denote the top 10 upregulated and
763  top 10 downregulated transcripts by fold change, as well as the 10 transcripts with the lowest adjusted p-values for
764  each direction. F: Dot plots showing 63 transcription factors (TFs), selected as the 40 most abundantly expressed TF
765  transcripts in each cell type. Dot size and color are proportional to expression levels (TPM). TFs with significant
766 differential expression (p.adj. <0.05) are marked with bold, underlined labels. G: Heat maps showing cell type-
767  specific expression patterns of 50 TFs differentially expressed between AgRP, POMC and KP neurons (p.adj. < 0.05).
768 See Table S2 for the complete list of expressed genes and Table S3 for expressed transcription factors.

769

770 Fig. 4. Neuropeptide co-expression in human AgRP, POMC, and KP neurons. A: Dot plots showing 32

771 neuropeptide and granin transcripts curated from the Neuropeptide Database (www.neuropeptides.nl), with mean
772  expression levels of > 40 TPM in at least one neuronal phenotype. Dot size and color are scaled according to

773 transcript abundance. Gene symbols in bold and underlined indicate statistically significant differences between any
774 two cell types (p.adj. < 0.05, DESeq2). B: Bar charts displaying the 23 neuropeptide genes that show differential
775  expression in pairwise comparisons (*p.adj.< 0.05 by DEseq2). See Table S4 for detailed expression values and
776  statistical results for all neuropeptides.

777

778
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779 Fig. 5. Transcripts expressed in AGRP, POMC or KP neurons that were associated with metabolic disorders.
780  A: Table summarizing reported single nucleotide polymorphisms (SNPs), associated genes, and corresponding
781  transcripts detected in AgRP, POMC, or KP neurons, linked to metabolic traits in the GWAS Catalog database (Tables
782 S5-S6). Transcripts were included if they had a mean TPM > 10 and at least 5 reads in each sample of the same
783 neuronal phenotype. B: Cell type-dependent distribution patterns of 2,493 trait-associated transcripts (Table S7). C:
784 Expression profiles of 52 receptor mRNAS linked to metabolic disorder traits (Table S8). Underlined gene symbols
785 denote statistically significant differential expression between any two cell types (p.adj. < 0.05, DESeq2). Gene sets
786  showing at least twofold enrichment (log, fold change > 1) were categorized as either cell type-specific or shared
787 between two cell types relative to the third. (Genes in the largest intersection show no preferential enrichment in any
788  single cell type.)

789

790 Fig. 6. Receptor profiles of AgRP, POMC and KP neurons. Dot plots of 205 receptor transcripts (cutoffs: mean
791  TPM > 10 and reads > 5 in each sample of the same cell type). Dot size and color are scaled according to transcript
792  abundance. Underlining of symbols label statistically significant difference between any two cell types (p.adj. <0.05,
793 DESeq2), whereas single or double shading of the text denotes at least twofold enrichment (log, fold change >1).
794 Genes with greater than fourfold enrichment (log, fold change > 2) are outlined in blue. See also Table S8 for TPM
795  values and statistics.

796
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