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ABSTRACT 30 

The ventromedial hypothalamic nucleus (VMH) controls diverse behaviors and 31 

physiologic functions, suggesting the existence of multiple VMH neural subtypes with 32 

distinct functions.  Combing Translating Ribosome Affinity Purification with RNA 33 

sequencing (TRAP-seq) data with snRNA-seq data, we identified 24 mouse VMH 34 

neuron clusters. Further analysis, including snRNA-seq data from macaque tissue, 35 

defined a more tractable VMH parceling scheme consisting of 6 major genetically- and 36 

anatomically-differentiated VMH neuron classes with good cross-species conservation.  37 

In addition to two major ventrolateral classes, we identified three distinct classes of 38 

dorsomedial VMH neurons. Consistent with previously-suggested unique roles for leptin 39 

receptor (Lepr)-expressing VMH neurons, Lepr expression marked a single dorsomedial 40 

class.  We also identified a class of glutamatergic VMH neurons that resides in the 41 

tuberal region, anterolateral to the neuroanatomical core of the VMH. This atlas of 42 

conserved VMH neuron populations provides an unbiased starting point for the analysis 43 

of VMH circuitry and function.   44 

 45 

 46 

  47 
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INTRODUCTION 48 

The ventromedial hypothalamic nucleus (VMH, which primarily contains 49 

glutamatergic neurons) plays important roles in a variety of metabolic responses and in 50 

the control of behaviors relevant to panic, reproduction, and aggression.  The VMH 51 

contains several anatomic subdivisions, including the dorsomedial and central VMH 52 

(VMHDM and VMHC, respectively, which control autonomic outputs and behavioral 53 

responses to emergencies (Lindberg, Chen, and Li 2013; Vander Tuig, Knehans, and 54 

Romsos 1982)), and the ventrolateral VMH (VMHVL; known for roles in sexual and social 55 

behaviors (Hashikawa et al. 2017; Krause and Ingraham 2017)).  The predominantly 56 

GABAergic tuberal region of the hypothalamus lies anterolateral to the core of the VMH.  57 

Each VMH subdivision mediates a variety of outputs and thus presumably 58 

contains multiple functionally-distinct cell types. For example, activating adult Nr5a1-59 

expressing VMH neurons (which includes most cells in the VMHDM and VMHC) 60 

promotes panic-related behaviors, augments hepatic glucose output to increase blood 61 

glucose, and elevates energy expenditure (Meek et al. 2016, 201; Flak et al. 2020; 62 

Kunwar et al. 2015). In contrast, activating the subset of VMHDM cells that expresses 63 

leptin receptor (Lepr, which encodes the receptor for the adipose-derived, energy 64 

balance-controlling hormone, leptin (H. Chen et al. 1996; Tartaglia et al. 1995)) 65 

promotes energy expenditure without altering these other parameters (Sabatini et al. 66 

2021; Meek et al. 2013; 2016). Hence, each VMH subregion may contain multiple 67 

discrete neuron populations that mediate unique functions.   68 

To date, most analyses of VMH function have utilized Nr5a1 or candidate 69 

markers that do not necessarily align with functionally and/or transcriptionally unique 70 
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VMH cell types (Bingham et al. 2006). Thus, to understand VMH-controlled responses, 71 

we must use unbiased methods to define discrete subpopulations of VMH neurons, 72 

along with markers that permit their selective manipulation. Single-cell approaches 73 

(such as single-nucleus RNA-sequencing (snRNA-seq)) can identify neuronal 74 

populations in an unbiased manner, and have previously suggested parceling schemes 75 

for neurons in many brain areas, including the VMH (D.-W. Kim et al. 2019; Campbell et 76 

al. 2017; Habib et al. 2017). Many such analyses define large numbers of highly inter-77 

related cell populations of unclear functional significance and conservation, however 78 

(D.-W. Kim et al. 2019; R. Chen et al. 2017; Lam et al. 2017).  Determining functions for 79 

dozens of cell populations that lie in the same anatomic region and which possess 80 

overlapping gene expression profiles (i.e., that don’t contain unique marker genes) 81 

would represent a daunting task. 82 

In the present study we use Translating Ribosome Affinity Purification with RNA-83 

sequencing (TRAP-seq) in mice together with snRNA-seq of mouse and macaque VMH 84 

neurons to define transcriptionally unique, anatomically discrete, conserved, and 85 

genetically tractable classes of VMH neurons.  These include a distinct Lepr-expressing 86 

VMH neuron class, along with a set of glutamatergic VMH neurons that resides in the 87 

tuberal region.  These findings define a starting point for the comprehensive analysis of 88 

VMH circuitry and function.  89 
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RESULTS 90 

Combining snRNA-seq with Nr5a1-directed TRAP-seq defines mouse VMH neuron 91 

populations 92 

To define neuronal populations within the mouse VMH in an unbiased manner, 93 

we microdissected the VMH of mice and subjected 10 individual tissue samples to 94 

snRNA-seq using the 10x Genomics platform (Figure 1A), collecting a total of 42,040 95 

nuclei that passed quality control (Figure 1- figure supplement 1 A–C). The recovered 96 

nuclei included all major CNS cell types (Figure 1- figure supplement 1, see Methods for 97 

clustering and cell type identification details), including 21,585 neurons that comprised 98 

37 distinct neuronal populations (Figure 1B, C).  99 

Many adult VMH neurons express Nr5a1 (which encodes the transcription factor, 100 

SF1 (Cheung et al. 2013)) and/or Fezf1 (Kurrasch et al. 2007), whose detection was 101 

restricted to a confined cluster of neurons in UMAP space (Figure 1D). Although 102 

essentially all VMH neurons express Nr5a1 during development, only a subset of VMH 103 

cells express Nr5a1 and/or Fezf1 in adult animals (Cheung et al. 2013; Kurrasch et al. 104 

2007). Furthermore, the inherent noise in snRNA-seq data risks false positives and 105 

negatives when using only one or two genes for cell-type identification. To ensure that 106 

we identified all VMH cell groups for our analysis, we performed TRAP-seq using 107 

Nr5a1-Cre;Rosa26eGFP-L10a mice, in which the early developmental expression of Nr5a1-108 

Cre promotes the permanent expression of tagged ribosomes across the VMH  (Figure 109 

1E). TRAP-seq identified 4,492 transcripts significantly enriched in cells marked by the 110 

developmental expression of Nr5a1, including Nr5a1 and Fezf1 (Figure 1F, 111 

Supplementary File 1). Applying this broader VMH-enriched transcriptome to our 112 
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snRNA-seq clusters revealed 6 populations of neurons (clusters 6–11; corresponding to 113 

the populations with highest Nr5a1 and Fezf1 expression) that contain VMH neurons. 114 

(Figure 1G,H). Importantly, Nr5a1-negative cells (clusters 6 and 7) were identified as 115 

VMH by their enrichment of Nr5a1-Cre TRAP-seq genes (Figure 1H), suggesting they 116 

were developmentally labeled by Nr5a1-Cre; these cells presumably reside in the 117 

VMHVL (which expresses Nr5a1 during development, but not in adulthood).  118 

To compare TRAP-seq and snRNA-seq results, we performed “pseudo-TRAP” 119 

on pseudobulk samples of our snRNA-seq data, aggregated by cell type (i.e., VMH 120 

clusters vs. non-VMH clusters; see Supplementary File 2 for enrichment results). While 121 

many genes were enriched in both datasets (1,977), more were specific to one method 122 

(Figure 1I, 2,354 genes specific to TRAP and 2,828 specific to pseudo-TRAP). Notably, 123 

enrichment was largely a function of expression level: the genes that were enriched in 124 

both datasets were highly expressed in both, while the genes that were specific to 125 

TRAP or pseudo-TRAP were highly expressed in their enriched dataset, but expressed 126 

at lower levels in the other (Figure 1J). This suggests that the two methods may 127 

illuminate partially distinct aspects of the transcriptome—TRAP-seq for ribosome-128 

associated genes and snRNA-seq for nuclear-enriched and nascent transcripts—and 129 

that their combined use provides a more comprehensive view of cellular state. Finally, 130 

many of the genes enriched in both datasets were limited to one or a few populations, 131 

highlighting the heterogeneity of gene expression across VMH cell types, even for 132 

prominent VMH marker genes (Figure 1K).  133 

To understand the landscape of mouse VMH neuron populations in more detail, 134 

we subjected the VMH neurons in clusters 6-11 (Figure 1H) to further clustering, which 135 
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identified 24 transcriptionally-defined neuronal populations (Figure 2A–C). The cell 136 

groups that we identified are largely consistent with a recently published VMHVL-focused 137 

single-cell (sc) RNA-seq study (Figure 2 – supplement 1) (D.-W. Kim et al. 2019). While 138 

our study identified 24 clusters whose major markers were evenly distributed between 139 

the dorsomedial and ventrolateral compartments of the VMH, Kim et al. identified 31 140 

clusters with a bias toward populations with VMHVL markers. Integrating the datasets 141 

(Figure 2 – supplement 1) revealed their broad correspondence, with highly correlated 142 

expression profiles (Figure 2 – supplement 1B) and shared marker genes (Figure 2 – 143 

supplement 1D). The omission of Nfib-marked populations from the Kim et al. analysis 144 

(D.-W. Kim et al. 2019) represented a notable difference between our analyses, 145 

however. In our reanalysis of their data, we found that Nfib-marked cells were present in 146 

their samples, but were filtered out before the final VMH clustering (Figure 2 – 147 

supplement 1). A previous scRNA-seq study of the neighboring ARC also mapped a 148 

neuron population marked by Nfib expression to the VMH, however (Campbell et al. 149 

2017), and these cells correlated to our Nfib-marked VMH neuron populations (Figure 2 150 

– supplement 2).  151 

 152 

A simplified parceling scheme defines anatomically-distinct VMH neuron 153 

populations 154 

Hierarchical clustering and marker gene analysis for our 24 mouse VMH neuron 155 

clusters using CELLEX (Timshel, Thompson, and Pers 2020) revealed that many cell 156 

groups were highly related to other VMH neuron clusters (Figure 2D, E; Supplementary 157 

File 3). Furthermore, many of these populations share marker gene expression to an 158 
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extent that renders it impossible to specifically manipulate single populations given 159 

current approaches that use a single gene for cell type manipulation (e.g., Cre-based 160 

mouse models) (Figure 2D, E).  To identify classes of genetically distinguishable cells, 161 

we cut the hierarchical tree at different levels and measured the maximum pairwise 162 

expression correlation to highlight the level at which few pairs of clusters exhibited 163 

highly correlated transcriptomes. We found that 6 classes represented the largest 164 

number of classes that retained minimal correlated expression (Figure 2F). To avoid 165 

confusion, we refer to these as VMH neuron classes, while referring to the cell groups of 166 

which each class is composed as clusters or subpopulations.  The mean silhouette 167 

width (a measure of clustering robustness) for the various tree cuts also supported the 168 

use of 6 classes (Figure 2 – supplement 3), and these 6 classes corresponded to the 169 

cluster designations from the broader neuron dataset (Figure 2G). Hence, a parceling 170 

scheme for mouse VMH neurons that contains 6 classes, each composed of highly 171 

similar subpopulations, captures the transcriptional patterns of the VMH. Importantly, 172 

this approach identified numerous specific marker genes (e.g., Dlk1, Esr1, Nfib, Foxp2, 173 

Fezf1, and Lepr) for each class of mouse VMH neurons (Figure 2D, H, Supplementary 174 

File 4), which should facilitate their manipulation and study. 175 

Consistent with the distinct nature of these 6 VMH neuron classes and the utility 176 

of this parceling scheme, each class demonstrated a circumscribed anatomic 177 

distribution.  As previously reported (Lee et al. 2014; Persson-Augner et al. 2014), Dlk1- 178 

and Esr1-expressing neurons (VMHDlk1 and VMHEsr1, respectively) map to the VMHVL.  179 

While Dlk1 is unique to a single class of VMH neurons, it is also expressed in 180 

neighboring hypothalamic neurons (Figure 2 – supplement 4), complicating its utility for 181 
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manipulating this population without using an intersectional approach. In contrast to 182 

these ventrolateral populations, Lepr-expressing cells lie within the core of the VMHDM 183 

(Elmquist et al. 1998) and the expression of marker genes for the Nfib-marked clusters 184 

(VMHNfib) resides in the most dorsomedial compartment of the VMHDM (Figure 2 – 185 

supplement 5).  Fezf1-marked populations (VMHFezf1) include cells with similarity to both 186 

ventrolateral VMHDlk1 and dorsomedial VMHLepr neurons, and many VMHFezf1 neurons 187 

lie in VMHC, in the transition between the dorsomedial and ventrolateral zones of the 188 

VMH.  Markers for the Foxp2-expressing populations (VMHFoxp2) reside anterior and 189 

lateral to the core of the VMH, in the so-called tuberal region (Figure 2 – supplement 6). 190 

Thus, the major VMH classes identified by our analysis each map to specific and 191 

distinct anatomic locations, consistent with their unique genetic signatures.     192 

Lepr-directed TRAP-seq analysis of VMHLepr cells  193 

Given that Lepr-expressing VMH neurons mediate only a subset of VMHDM 194 

functions, we were intrigued by the finding that unbiased snRNA-seq identified a distinct 195 

class of VMHDM cells marked by Lepr (VMHLepr neurons), consistent with a specialized 196 

role for Lepr-expressing VMH cells (Minokoshi, Haque, and Shimazu 1999; Toda et al. 197 

2013; Noble et al. 2014; Gavini, Jones, and Novak 2016).  The finding that Lepr-198 

expressing VMH neurons map onto a single VMH neuron class also suggests a 199 

uniformity of function for these cells, which contrasts with the situation in other brain 200 

regions (such as the neighboring ARC, where multiple cell types with opposing 201 

functions (e.g., Agrp and Pomc cells) express Lepr (Campbell et al. 2017)). We utilized 202 

TRAP-seq to assess the extent to which Lepr-expressing VMH neurons correspond to 203 

the VMHLepr clusters and to compare the genetic program of Lepr-expressing VMH 204 
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neurons with gene expression in snRNA-seq-defined VMH neuron classes and 205 

subpopulations.  206 

TRAP-seq analysis of microdissected VMH tissue from LeprCre;Rosa26eGFP-L10a 207 

animals (Leshan et al. 2006) resulted in the enrichment of transcripts from LeprCre 208 

neurons that lie in VMH-adjacent brain areas, including Agrp-, Ghrh-, Pomc- and Nts-209 

expressing cells from the ARC and lateral hypothalamic area (LHA) (Figure 3 – 210 

supplement 1). To more closely restrict our TRAP-seq analysis to Lepr-expressing 211 

neurons that reside in the VMH, we used a recently developed mouse line that 212 

expresses eGFP-L10a only in cells that contain both Cre and Flp recombinases 213 

(Sabatini et al. 2021). Because VMH neurons contain vGLUT2 (encoded by Slc17a6), 214 

while most Lepr-expressing neurons in the neighboring ARC, dorsomedial 215 

hypothalamus (DMH), and LHA do not (Vong et al. 2011), we crossed a Slc17a6Flpo 216 

mouse line to LeprCre and RCFLeGFP-L10 to produce Slc17a6Flpo; LeprCre; RCFLeGFP-L10 
217 

(LeprSlc17a6-L10a) mice. In these mice, mediobasal hypothalamic eGFP-L10a was 218 

largely restricted to the VMH (Figure 3A) (Sabatini et al. 2021).  219 

We microdissected the VMH of LeprSlc17a6-L10a mice and performed TRAP-seq, 220 

identifying 3,580 transcripts that were enriched in the TRAP material relative to the 221 

supernatant (Figure 3C, Supplementary File 5). Importantly, Lepr itself was not enriched, 222 

suggesting that we successfully purified ribosome-associated mRNA from Lepr-223 

expressing VMH cells away from that derived from other Lepr-expressing populations 224 

(Figure 3B). We found that most non-VMH genes enriched in our conventional (LeprCre-225 

only) TRAP-Seq (including Agrp, Nts, and Ghrh) were not enriched in this analysis 226 

(Figure 3 – supplement 1). Pomc and Prlh remained somewhat enriched, however, 227 
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suggesting that Lepr-expressing DMH Prlh cells are glutamatergic (Dodd et al. 2014), 228 

and consistent with the finding that some ARC Pomc cells express Slc17a6 (Jones et al. 229 

2019). 230 

As expected, we observed a high degree of concordance between snRNA-seq-231 

defined gene expression in neurons of the VMHLepr cluster with gene expression in 232 

Lepr-expressing VMH neurons by TRAP-seq. We identified 3,576 genes enriched in 233 

VMH-centered LeprSlc17a6 TRAP-seq material (Figure 3C), 1,174 of which were also 234 

enriched in pseudo-TRAP analysis of the neurons assigned to the VMHLepr population 235 

(Supplementary File 6). Among the top enriched genes shared by these two methods 236 

were Gpr149, Rai14, and Tnfrsf8 (Figure 3F), which exhibit a similar VMHDM-centered 237 

expression pattern as Lepr (Figure 3G-I). As with the Nr5a1-Cre TRAP-seq, enrichment 238 

was largely a function of expression level: the genes that were enriched in both datasets 239 

were highly expressed in both, while the genes that were specific to TRAP or pseudo-240 

TRAP were highly expressed in their enriched dataset, but more lowly expressed in the 241 

other. Notably, gene ontology analysis of the common genes revealed many terms 242 

related to synaptic function, while genes unique to TRAP-seq were enriched for 243 

ribosomal and mitochondrial function (data not shown).  244 

We mapped enriched genes from LeprSlc17a6 TRAP-seq to the gene expression 245 

profiles of our snRNA-seq-defined VMH neuron populations (Figure 3F), revealing the 246 

bias of LeprSlc17a6 TRAP-seq gene expression toward VMHLepr neurons and the 247 

exclusion of markers from other VMHLepr cells from LeprSlc17a6 TRAP-seq-enriched 248 

genes.  Thus, this analysis demonstrates that Lepr-expressing VMH neurons map 249 
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specifically to VMHLepr cell clusters, suggesting that they represent a transcriptionally 250 

and functionally unique set of neurons.   251 

Conservation of VMH neuronal populations across species 252 

 While many previous studies of VMH neuron function have suggested that this 253 

brain region contains neurons that could represent therapeutic targets to aid people with 254 

obesity, diabetes, and other diseases, most of these studies have been performed in 255 

mice (Hashikawa et al. 2017; Flak et al. 2020; Meek et al. 2013; K. W. Kim et al. 2012). 256 

We know little about the cross-species conservation of VMH cell populations, however. 257 

To assess the potential conservation of VMH neuron populations across species, we 258 

microdissected macaque (Macaca mulatta) VMH and performed snRNA-seq using the 259 

same techniques as for mouse VMH (Figure 4 – supplement 1). A subset of macaque 260 

neurons expressed NR5A1 and/or FEZF1 and exhibited similar gene expression profiles 261 

to our mouse Nr5a1-Cre TRAP-seq enriched genes (Figure 4 – supplement 2), 262 

suggesting that these cells represent the macaque VMH and indicating that the mouse 263 

and macaque VMH share similar global gene expression signatures.  264 

Graph-based clustering of the macaque VMH neurons yielded 7 populations with 265 

unique marker genes (with the partial exception of two related ESR1-expressing cell 266 

types) (Figure 4B–E). Most of these macaque populations, including populations 267 

marked by LEPR, FOXP2, NFIB and ESR1 (VMHLEPR, VMHFOXP2, VMHNFIB, and 268 

VMHESR1, respectively), have presumptive orthologs in the mouse (Figure 4D, see 269 

Supplementary File 7 for a complete list of markers). While populations marked by 270 

DLK1 and FEZF1 were absent from this analysis, the macaque VMH contained a 271 

population marked by QRFPR expression (VMHQRFPR).  272 
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To determine whether the macaque populations were orthologous to those from 273 

the mouse, we first compared expression of orthologous genes among mouse and 274 

macaque cell clusters. We found that all macaque populations had clear correlates in 275 

the mouse, which mapped according to their marker genes (as expected) (Figure 4F, 276 

Figure 5 – supplement 1D). Notably, the macaque VMHQRFPR population correlated with 277 

clusters from both VMHDlk1 and VMHFezf1 classes in the mouse, suggesting that 278 

VMHQRFPR contains orthologs of the mouse VMHDlk1 and VMHFezf1 classes. Projecting 279 

the mouse or macaque cluster labels onto the other species using Seurat anchors (see 280 

Methods for more detail) yielded similar results (Figure 5 – supplement 1). All major 281 

classes from mouse and macaque projected with high confidence onto the equivalent 282 

major classes of the other species, and the macaque VMHQRFPR population was 283 

represented by both mouse VMHDlk1 and VMHFezf1 cells (Figure 5 – supplement 1A). 284 

To generate an atlas of conserved mouse and macaque VMH populations, we 285 

integrated the mouse and macaque data and clustered the merged dataset using the 286 

Seurat CCA framework (Figure 5A–B, see Methods for more detail). This analysis 287 

revealed populations of VMH neurons that each contained mouse and macaque cells in 288 

roughly equal proportions (Figure 5E). As predicted, neurons from the macaque 289 

VMHLEPR, VMHFOXP2, VMHNFIB, and VMHESR1 classes mapped directly with murine 290 

VMHLepr, VMHFoxp2, VMHNfib and VMHEsr1 classes, respectively (Figure 5G). We 291 

examined the potential co-expression of conserved marker genes for VMHLEPR cells by 292 

in situ hybridization (ISH) for ACVR1C in the macaque hypothalamus (Figure 5 – 293 

supplement 2), confirming ACVR1C is co-expressed with LEPR in the macaque VMHDM.  294 

We also examined the potential co-expression of SLC17A8 (which marks VMHNFIB) with 295 
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LEPR. SLC17A8 identified a population of cells that lay at the medial extreme of the 296 

macaque VMHDM, corresponding to the most dorsomedial aspect of the rodent VMHDM, 297 

as for murine VMHNfib cells; these cells did not colocalize with LEPR-expressing cells 298 

(Figure 5 – supplement 2).   299 

This analysis also identified macaque populations that mapped with the murine 300 

VMHDlk1 and VMHFezf1 populations; these derived mainly from the macaque VMHQRFPR 
301 

population (Figure 5G). Notably, FEZF1 and DLK1 were poorly enriched in the macaque 302 

VMHQRFPR population (Figure 5D), while mouse Qrfpr expression was biased toward the 303 

VMHEsr1 populations (Figure 5D).  Despite differences in some marker genes, however, 304 

the orthologous macaque and mouse VMH neuron populations share dozens of other 305 

genes across species (Figure 5H, Supplementary File 8, Figure 5 – supplement 1B), 306 

suggesting that the mouse and macaque cells in each group represent similar cell types. 307 

GO analysis of common marker genes (Supplementary File 9, Supplementary File 10) 308 

revealed that most of these mediate core neuronal functions, such as ion channel 309 

activity (Figure 5 – supplement 1C). Thus, while some marker genes vary across 310 

species, the mouse VMH populations have close orthologs in the macaque VMH based 311 

upon their gene expression profiles.    312 
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DISCUSSION 313 

We combined TRAP- and snRNA-seq analysis of the VMH to identify 24 mouse 314 

neuronal populations with complex interrelations. These 24 populations represented six 315 

distinct cell classes that demonstrated unique anatomic distribution patterns. The main 316 

VMH classes were highly conserved between the mouse and the macaque in terms of 317 

gene expression profiles and anatomic distribution within the VMH. This atlas of 318 

conserved VMH neuron populations provides an unbiased and tractable starting point 319 

for the analysis of VMH circuitry and function.   320 

Having many populations of VMH neurons with highly related gene expression 321 

profiles complicates the functional analysis of VMH cell types, suggesting the 322 

importance of simplifying the map of these heterogeneous populations to permit their 323 

manipulation and study. By using hierarchical clustering, we were able to identify six 324 

maximally unrelated classes of VMH neurons with distinct gene expression signatures. 325 

These six discrete transcriptionally-defined VMH neuronal classes demonstrated distinct 326 

anatomic distribution patterns (three located in the VMHDM, two in the VMHVL, and one 327 

in the tuberal region), revealing a transcriptional basis for the previously-suggested 328 

functional architecture of the VMH.   329 

Our VMH cell populations were similar to those previously described by Kim et al., 330 

although they more finely split the VMHVL populations than did we (presumably because 331 

their dissection bias toward the VMHVL yielded more VMHVL neurons) (D.-W. Kim et al. 332 

2019).  We were able to more clearly distinguish among VMHDM cell types in our 333 

VMHDM-focused analysis, however, including by dividing the VMHDM neurons that they 334 

identified into two major classes (VMHLepr and VMHFezf1), as well as identifying a third 335 
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VMHDM population (VMHNfib) absent from their analysis.  Interestingly, the VMHNfib 336 

population was quite distinct from the more closely related VMHLepr and VMHFezf1 337 

VMHDM cell types, suggesting a potentially divergent function for this most dorsomedial 338 

of the VMHDM populations. 339 

Our mouse VMH cell types mapped clearly onto specific populations of macaque 340 

VMH neurons, revealing the utility of the mouse as a surrogate for the primate in terms 341 

of VMH cell types and, presumably, function.  While the macaque single VMHQRFRP 342 

population mapped to two mouse classes (VMHFezf1 and VMHDlk1) by orthologous gene 343 

expression, these mouse classes are closely related to each other (transcriptionally and 344 

anatomically) and the macaque cells from VMHQRFRP segregate to distinct cell clusters 345 

defined by Dlk1 and Fezf1 in the mouse when we integrated and reclustered the mouse 346 

and macaque cell data.  Also, while DLK1 is not specific to the macaque VMHQRFPR 347 

cells, the otherwise similar gene expression profiles of mouse and macaque cells that 348 

map to VMHDlk1 or VMHFezf1 populations suggests the conserved nature of these cell 349 

types across species.   350 

While not all Lepr-expressing cell types track in the brain across species (e.g., 351 

preproglucagon (Gcg)-containing NTS neurons in the mouse express Lepr, rat NTS Gcg 352 

cells do not (Huo et al. 2008)), mouse VMHLepr neurons map directly with macaque 353 

VMHLEPR neurons by all of the measures that we examined. The finding that Lepr/LEPR 354 

expression marks a unique and conserved cell type in rodent and primate is consistent 355 

with the notion that this class of VMH neuron mediates a discrete component of VMH 356 

function, as suggested by previous work in the mouse demonstrating roles for Lepr-357 
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expressing VMH neurons in the control of energy balance, but not glucose production or 358 

panic-like behaviors (Meek et al. 2013; 2016; Sabatini et al. 2021).  359 

While the tuberal region contains more GABAergic than glutamatergic neurons, 360 

this region projects to similar target areas as does the core VMH and contains 361 

substantial numbers of neurons marked by Nr5a1-Cre activity. Hence, although 362 

VMHFoxp2 cells lie in the tuberal region, their glutamatergic nature, their marking by 363 

Nr5a1-Cre activity, and the finding that they are transcriptional most similar to other 364 

VMH populations mark VMHFoxp2 cells as VMH neurons. While few data exist to suggest 365 

the physiologic roles played by these cells, it will be interesting to manipulate VMHFoxp2 366 

neurons to determine their function. 367 

 The identification of distinct transcriptionally-defined VMH cell populations 368 

provides the opportunity to develop new tools that can be used to understand the nature 369 

and function of VMHDM cell types and their roles in metabolic control. The finding that 370 

the major VMH cell classes found in the mouse are present in the macaque support the 371 

use of the mouse to study the metabolic functions of the VMH as a means to identify 372 

potential therapeutic targets for human disease.  It will be important to use these 373 

findings to dissect functions for subtypes of VMH cells, which may represent targets for 374 

the therapy of diseases including obesity and diabetes.   375 
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Methods 376 

Animals  377 

Mice were bred in the Unit for Laboratory Animal Medicine at the University of 378 

Michigan. These mice and the procedures performed were approved by the University 379 

of Michigan Committee on the Use and Care of Animals and in accordance with 380 

Association for the Assessment and Approval of Laboratory Animal Care (AAALAC) and 381 

National Institutes of Health (NIH) guidelines. Mice were provided with ad libitum access 382 

to food (Purina Lab Diet 5001) and water in temperature-controlled (25°C) rooms on a 383 

12 h light-dark cycle with daily health status checks.  384 

Nr5a1-Cre (Jax: 012462) (Dhillon et al. 2006) and Foxp2IRES-Cre (Jax: 030541) 385 

(Rousso et al. 2016) mice were obtained from Jackson Laboratories. Rosa26 CAG-LSL-
386 

eGFP-L10a, LeprCre (Jax: 032457), Slc17a6Flpo and RCFLeGFP-L10a mice have been 387 

described previously(Leshan et al. 2006; Krashes et al. 2014; Sabatini et al. 2021).  388 

Nonhuman primate tissue was obtained from the Tissue Distribution Program at 389 

ONPRC. Animal care is in accordance with the recommendations described in the 390 

Guide for the Care and Use of Laboratory Animals of the NIH and animal facilities at the 391 

Oregon National Primate Research Center (ONPRC) are accredited by AAALAC. 392 

 393 

Tissue prep, cDNA amplification and library construction for 10x snRNA-seq 394 

Mice were euthanized using isoflurane and decapitated, the brain was 395 

subsequently removed from the skull and sectioned into 1mm thick coronal slices using 396 

a brain matrix. The VMH was dissected out and flash frozen in liquid N2. Nuclei were 397 

isolated as previously described (Habib et al. 2017) with modifications as follows. On 398 
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the day of the experiment, frozen VMH (from 2 – 3 mice) was homogenized in Lysis 399 

Buffer (EZ Prep Nuclei Kit, Sigma) with Protector RNAase Inhibitor (Sigma) and filtered 400 

through a 30m MACS strainer (Myltenti). Strained samples were centrifuged at 500 rcf 401 

x 5 minutes and pelleted nuclei were resuspended in washed with wash buffer (10mM 402 

Tris Buffer pH 8.0, 5mM KCl, 12.5mM MgCl2, 1% BSA with RNAse inhibitor). Nuclei 403 

were strained again and recentrifuged at 500rcf x 5 minutes. Washed nuclei were 404 

resuspended in wash buffer with propidium iodide (Sigma) and stained nuclei 405 

underwent FACS sorting on a MoFlo Astrios Cell Sorter. Sorted nuclei were centrifuged 406 

at 100rcf x 6 minutes and resuspended in wash buffer to obtain a concentration of 750 – 407 

1200 nuclei/uL. RT mix was added to target ~10,000 nuclei recovered and loaded onto 408 

the 10x Chromium Controller chip. The Chromium Single Cell 3’ Library and Gel Bead 409 

Kit v3, Chromium Chip B Single Cell kit and Chromium i7 Multiplex Kit were used for 410 

subsequent RT, cDNA amplification and library preparation as instructed by the 411 

manufacturer. Libraries were sequenced on an Illumina HiSeq 4000 or NovaSeq 6000 412 

(pair-ended with read lengths of 150 nt) to a depth of at least 50,000 reads/cell. 413 

 414 

snRNA-seq data analysis 415 

Count tables were generated from the FASTQ files using cellranger and 416 

analyzed in R 3.6.3 using the Seurat 3 framework. Genes expressed in at least 4 cells 417 

in each sample and were not gene models (starting with “Gm”) or located on the 418 

mitochondrial genome were retained. Cells with at least 500 detected genes were 419 

retained. Doublets were detected using Scrublet (Wolock, Lopez, and Klein 2019). For 420 

each 10x run, the expected number of doublets was predicted using a linear model 421 



20 
 

given 10x data of the detected doublet rate and the number of cells. Then, each cell 422 

was given a doublet score with Scrublet and the n cells (corresponding to the expected 423 

number of doublets) with the top scores were removed. 424 

The data was then normalized using scran (Lun, McCarthy, and Marioni 2016) 425 

and centered and scaled for each dataset independently and genes that were called 426 

variable by both Seurat FindVariableFeatures and sctransform (Hafemeister and Satija 427 

2019) were input to PCA. The top PCs were retained at the “elbow” of the scree plot 428 

(normally 15-30, depending on the dataset) and then used for dimension reduction 429 

using UMAP and clustering using the Seurat FindNeighbors and FindClusters functions. 430 

Both were optimized for maximizing cluster consistency by clustering over a variety of 431 

conditions: first, varying the number of neighbors from 10 to the square root of the 432 

number of cells while holding the resolution parameter in FindClusters at 1 and finding 433 

the clustering that maximized the mean silhouette score; then, this number of neighbors 434 

was held fixed while varying the resolution parameter in FindClusters from 0.2 upward 435 

in steps of 0.2 until a maximal mean silhouette score was found. Clusters were then 436 

hierarchically ordered based on their Euclidean distance in PC space and ordered 437 

based on their position in the tree. 438 

Marker genes were found using the Seurat function FindAllMarkers for each 439 

sample with resulting p-values combined using the logitp function from the metap 440 

package or using CELLEX 1.0.0. Cluster names were chosen based on genes found in 441 

this unbiased marker gene search and known marker genes. 442 

From the all-cell data, cell types were predicted using gene set enrichment 443 

analysis from the marker genes and a manually curated set of genes known to mark 444 
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specific CNS cell types. From this, clusters that were highly enriched for markers from 2 445 

(or more) distinct cell types were labeled as “doublets” and those with no enrichment 446 

were labeled as “junk”, the remaining clusters were labeled based on their lone CNS 447 

cell type. 448 

To predict VMH neurons from all neurons, we first found genes significantly 449 

enriched in the bead fraction in Nr5a1-Cre TRAP-seq (see below for details) and 450 

expressed above 1 count per million. The scaled count matrix containing these genes 451 

was then used as input to PCA. The magnitude of the first principal component (loading) 452 

was then used to generate a VMH similarity score and the clusters that had a high 453 

Nr5a1-Cre TRAP loading, were glutamatergic (express Slc17a6 and not Gad1 or 454 

Slc32a1 above the mean value), and expressed either Nr5a1 or Fezf1 above the mean 455 

value were included as presumptive VMH. 456 

 457 

TRAP-seq analysis 458 

 Mice (LeprCre;ROSA26EGFP-L10a or LeprCre;Slc17a6FlpO;ROSA26EGFP-L10a) were 459 

euthanized and decapitated, the brain was subsequently removed from the skull and 460 

sectioned into 1mm thick coronal slices using a brain matrix. The VMH or hypothalamus 461 

was dissected and homogenized in lysis buffer. Between 15-20 mice were used for 462 

TRAP experiments. GFP-tagged ribosomes were immunoprecipitated and RNA isolated 463 

as previously described (Allison et al. 2018). RNA was subject to ribodepletion and the 464 

resultant mRNA was fragmented and copied into first strand cDNA. The products were 465 

purified and enriched by PCR to create the final cDNA library. Samples were sequenced 466 
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on a 50-cycle single end run on a HiSeq 2500 (Illumina) according to manufacturer's 467 

protocols. 468 

 FASTQ files were filtered using fastq_quality_filter from fastx_toolkit to remove 469 

reads with a phred score < 20. Then reads were mapped using STAR with a custom 470 

genome containing the Ensembl reference and sequences and annotation for Cre and 471 

EGFP:L10a (and Flpo in the RCFL::eGFP-L10a dataset). Count tables were generated 472 

using the STAR --quantMode GeneCounts flag. 473 

 Count tables were analyzed in R 3.6.3 and were subject to quality control to 474 

ensure read adequate library size (20-30 million reads), enrichment of positive control 475 

genes (e.g. EGFP:L10a and/or Cre, Nr5a1), and appropriate sample similarity in both 476 

hierarchical clustering of Euclidean distance and TSNE/UMAP space (e.g. bead 477 

samples are more similar to one another than to any sup sample). All samples passed 478 

quality control. Enriched genes were determined using DESeq2 including an effect of 479 

sample pair in the model to account for pairing of the bead–sup samples (~ pair + cells).  480 

 481 

Integration with published data 482 

 Count tables from Kim et al. (D.-W. Kim et al. 2019) were downloaded from 483 

https://data.mendeley.com/datasets/ypx3sw2f7c/3 and count tables from Campbell et al. 484 

(Campbell et al. 2017) were downloaded from 485 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93374. Note: only the 10x 486 

data from Kim et al. was used. The data was then preprocessed and clustered in the 487 

same way as above, though some samples were removed from the Kim et al. dataset 488 

for low mean read depth that confounded clustering (Samples 2018_0802, 2018_0803, 489 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93374
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2018_0812_1, 2018_0812_2, and 2018_0812_3). For the Kim et al. dataset, cells were 490 

clustered as above (FindNeighbors then FindClusters), and neuron clusters were 491 

predicted using WGCNA to identify correlated gene expression modules. The modules 492 

contained dozens of genes that mapped clearly onto a small set of clusters in UMAP 493 

space and—based on known marker genes—corresponded to the most prevalent cell 494 

types in the brain (e.g. neurons, astrocytes, microglia, oligodendrocytes, etc.). For the 495 

Campbell et al. data, neurons were labeled in the metadata from the authors, so 496 

neuronal barcodes were simply selected based on their annotation. For both neuronal 497 

datasets, VMH neurons were predicted using the same procedure as above: clusters 498 

that were glutamatergic, Fezf1/Nr5a1-expressing, and similar to Nr5a1-Cre TRAP-seq. 499 

This corroborated the clusters called VMH in both datasets by the original authors, with 500 

the exception of the Nfib populations in the Kim et al. dataset that was not called VMH 501 

and therefore not assigned a cluster name; we refer to these cells as (Missing) in our 502 

integrated dataset.  503 

 To find shared populations across datasets we took 2 approaches. First, variable 504 

genes were found for both datasets using the Seurat FindVariableFeatures function. 505 

Then, the pair-wise Pearson correlation was found for the mean scaled expression in 506 

each cluster in each dataset for the set of genes called variable in both datasets. 507 

Additionally, we used the Seurat FindTransferAnchors and IntegrateData functions to 508 

generate a merged dataset that was then subjected to PCA, UMAP reduction, and 509 

clustering in the same way as above. These new clusters containing cells from both 510 

datasets were then manually named using marker genes from the original datasets (e.g. 511 

Dlk1, Esr1, Satb2, Lepr, Nfib, Foxp2, etc.). 512 
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 513 

Immunostaining 514 

Animals were perfused with phosphate buffered saline for five minutes followed 515 

by an additional five minutes of 10% formalin. Brains were then removed and post-fixed 516 

in 10% formalin for 24 hours at room temperature, before being moved to 30% sucrose 517 

for 24 hours for a minimum of 24 hours at room temperature. Brains were then 518 

sectioned as 30 m thick free-floating sections and stained.  Sections were treated with 519 

blocking solution (PBS with 0.1% triton, 3% normal donkey serum; Fisher Scientific) for 520 

at least 1 hour. The sections were incubated overnight at room temperature in was 521 

preformed using standard procedures. The following day, sections were washed and 522 

incubated with fluorescent secondary antibodies with species-specific Alexa Fluor-488 523 

or -568 (Invitrogen, 1:250) to visualize proteins. Primary antibodies used include: GFP 524 

(1:1000, #1020, Aves Laboratories) and NFIA (1:500, #PA5-35936, Invitrogen). Images 525 

were collected on an Olympus BX51 microscope. Images were background subtracted 526 

and enhanced by shrinking the range of brightness and contrast in ImageJ. 527 

  528 

Macaque snRNA-seq 529 

 Whole Rhesus macaque brains were obtained from the Tissue Distribution 530 

Program at ONPRC. Brains were centered within a chilled brain matrix (ASI Instruments, 531 

catalog # MBM-2000C) and 2mm slices were obtained from rostral to caudal. Slices 532 

containing the hypothalamus were placed in saline and the PVH, ARC, VMH and DMH 533 

were punched out and samples were placed in pre-chilled tubes on dry-ice. Samples 534 



25 
 

were stored at -80C until shipment on dry ice. Nuclei were isolated from frozen 535 

macaque tissue as described above for mice. 536 

 The FASTQ files were mapped to the macaque genome (Mmul_10) using 537 

cellranger and count matrix files were analyzed in R using Seurat 3 as above, with the 538 

exception that gene models and genes mapping to the macaque mitochondrial genome 539 

were not removed. Macaque neurons were predicted using orthologs of mouse cell type 540 

marker genes and macaque VMH neurons were identified using macaque orthologs of 541 

Nr5a1-Cre TRAP-seq enriched genes. Orthologs were identified using Ensembl and 542 

only 1:1 orthologs were retained. 543 

 544 

Species integration 545 

 The mouse and macaque datasets were integrated in a similar way to integrating 546 

the Kim et al. and Campbell et al. mouse datasets. First, the macaque genes were 547 

renamed to their mouse orthologs and only 1:1 orthologs and genes expressed in both 548 

species were retained. Importantly, because our dataset was biased toward the 549 

dorsomedial VMH and the Kim et al. dataset was biased toward the ventrolateral VMH, 550 

we also included 4 randomly chosen samples from the Kim et al. data to get a more 551 

representative picture of shared VMH populations across species. The data was then 552 

preprocessed, normalized, and scaled in the same way as previously. The mouse and 553 

macaque data was then integrated using the Seurat FindTransferAnchors and 554 

IntegrateData functions and marker genes were found that were common across 555 

species by running FindAllMarkers for each species separately and then using the 556 

metap logitp function to find genes that are significantly enriched. 557 
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Macaque in situ hybridization 558 

Whole Rhesus macaque brains were obtained from the Tissue Distribution Program at 559 

ONPRC. Hypothalamic blocks fixed with 4% paraformaldehyde were incubated in 560 

glycerol prior to freezing with isopentane. Tissue was sectioned at 25 m using a 561 

freezing stage sliding microtome and free-floating sections were stored in glycerol 562 

cryoprotectant at -20 C.  Tissue was mounted on slides prior to in situ hybridization, 563 

which was performed using ACD Bio RNAScope reagents (Multiplex Fluorescent 564 

Detection Kit v2, 323100) for Acvr1c (ACD 591481), Slc17a8 (ACD 543821-c2) and 565 

Lepr (ACD 406371-C3). Negative and positive control probes were included in all runs. 566 

Slides were imaged on an Olympus VS110 Slidescanner and processed using 567 

Visiopharm software. 568 

Statistical Analysis  569 

All data is displayed as mean +/- SEM. All plotting and statistical analysis was 570 

performed using R 3.6.3. Specific statistical tests are listed in the figure legends.  571 

 572 

Resource availability 573 

 All mouse strains will be made available upon reasonable request. 574 

 575 

Data availability 576 

Sequencing data, count matrices, and metadata for all experiments are available 577 

through GEO at accession number GSE172207. 578 

 579 

 580 
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Code availability 581 

All analysis code will be available at github.com/alanrupp/affinati-2021. 582 
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 766 

Figure legends 767 

 768 

Figure 1: Identification of VMH neurons from mice. (A) Schematic of VMH nuclei 769 

isolation and single-cell sequencing protocol. (B) UMAP projection of 21,585 neuronal 770 

nuclei colored and labeled by cluster designation. (C) Expression profile of the top 771 

enriched genes for each cluster (colored on bottom), including GABAergic (Gad1) and 772 

glutamatergic (Slc17a6) markers. (D) Expression of Nr5a1 and Fezf1 in individual cells 773 

in UMAP space. (E) Nr5a1-Cre TRAP-seq overview. Nr5a1-Cre mice were crossed with 774 

ROSA26eGFP-L10a mice, resulting in VMH-restricted eGFP-L10a expression.  775 

Representative image shows GFP-IR (black) in a coronal section from these mice. (F) 776 

TRAP-seq revealed the enrichment of thousands of genes (including Nr5a1 and Fezf1) 777 

in these cells relative to non-TRAP material. (G) Expression profile of the top enriched 778 

genes from Nr5a1-Cre TRAP-seq across clusters; gray box indicates presumptive VMH 779 

cells. (H) Magnitude of the first principal component after performing principal 780 

components analysis for the genes enriched in Nr5a1-Cre TRAP-seq. (I) Venn diagram 781 

of genes enriched in Nr5a1-Cre TRAP-seq (TRAP enriched), in snRNA-seq VMH 782 

pseudo-TRAP (pseudo-TRAP enriched), or both (Common). Number in parentheses 783 

refers to the number of genes in each category. (J) Histograms of expression level for 784 

genes by enrichment geneset in each dataset (Nr5a1-Cre TRAP-seq or snRNA-seq). (K) 785 
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Mean scaled expression for each cluster for the top genes enriched in Nr5a1-Cre 786 

TRAP-seq. 787 

 788 

Figure 2: VMH neuronal populations can be grouped into 6 major classes. (A) UMAP 789 

projection of 6,049 VMH neurons colored and labeled by cluster designation. (B) 790 

Prevalence of clusters across samples, mean ± SEM. (C) Expression profile of the top 791 

enriched genes for each cluster. (D) Hierarchical clustering and mean expression of 792 

marker genes for each class of neurons. (E) ESµ for the top 3 marker genes for each 793 

population determined by CELLEX. (F) Median maximal pairwise expression correlation 794 

for each cut of the hierarchical tree resulting in 2–24 clusters. (G) Percent of cells in 795 

each VMH cluster that correspond to each neuronal cluster (from Figure 1). (H) ESµ for 796 

the top 5 marker genes for each major class determined by CELLEX.  797 

 798 

Figure 3: VMHLepr neurons represent a distinct class of VMH neurons. (A) Diagram of 799 

strategy to transcriptionally profile the VMHLepr neurons by crossing LeprCre and 800 

Slc17a6Flpo to a mouse line in which the ROSA26 (R26) locus contains a CAG-driven, 801 

Flp- and Cre-dependent eGFP:L10a allele (RCFLeGFP-L10a). (below) A representative 802 

image of GFP-IR (black) expression in LeprCre;Slc17a6Flpo;RCFLeGFP-L10a (LeprSlc17a6-803 

L10a) mice. (B) Scaled counts per million (CPM) for each gene in LeprSlc17a6-L10a mice. 804 

(C) Expression and enrichment of genes from LeprSlc17a6-L10a VMH pulldown. (D) 805 

Expression of Lepr in individual VMH neurons in UMAP space. (E) Magnitude of the first 806 

principal component after performing principal components analysis for the genes 807 

enriched in LeprSlc17a6-L10a VMH TRAP-seq, projected into UMAP space. (F) Mean 808 

class expression (left), Lepr cluster expression (center), and LeprSlc17a6-L10a TRAP-seq 809 

enrichment (right) of the top genes unique to the VMHLepr population by both TRAP and 810 

pseudo-TRAP. (G–I) Sagittal Allen Brain Atlas in situ images for (G) Gpr149, (H) Rai14, 811 

and (I) Tnfrsf8; all probes shown in black. 812 

 813 

Figure 4: Macaque VMH populations revealed by snRNA-seq. (A) Schematic of 814 

experimental process for macaque snRNA-seq. (B) UMAP projection of 3,752 VMH 815 

neuronal nuclei colored and labeled by cluster designation. (C) Expression profile of the 816 
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top enriched genes for each cluster. (D) Violin plot of normalized expression for marker 817 

genes for each VMH neuronal population. (E) ESµ for the top 5 marker genes for each 818 

cluster determined by CELLEX. (F) Pairwise scaled expression correlation (Pearson’s r) 819 

for each macaque and mouse VMH neuronal cluster.  820 

 821 

Figure 5: VMH populations are conserved between mouse and macaque. (A–B) Mouse 822 

and macaque snRNA-seq datasets were (A) merged using canonical correlation 823 

analysis and (B) projected onto UMAP space, colored here by species. (C) UMAP 824 

projection of VMH neuronal nuclei colored and labeled by cluster designation. (D) Mean 825 

scaled expression of marker genes across integrated clusters by species. (E) Proportion 826 

of cells in each cluster from the sample for each species (mean ± SEM). (F) Expression 827 

profile of the top enriched genes for each cluster. (G) Mapping of species-specific 828 

clusters onto the integrated clusters. (H) Species-specific ESµ for the top 3 marker 829 

genes for each integrated cluster determined by CELLEX. 830 

 831 

Supplementary Figure Legends 832 

 833 

Figure 1—figure supplement 1: Mouse snRNA-seq identifies major CNS classes. (A–C) 834 

The number of (A) cells, (B) genes, and (C) UMIs detected per sample used in this 835 

study after quality control. (D) UMAP projection of all 42,040 cells, colored by cluster. 836 

(E) Average percent of cells in each cluster across all samples. (F) Representative 837 

marker genes for each of the major CNS cell types. (G) Expression profile of top 838 

enriched genes for each cluster. (H) UMAP representation of cell type classification. (I) 839 

Quantification of cell classes per sample.  840 

 841 

Figure 2—figure supplement 1: Comparison with VMH data from Kim et al. (A) UMAP 842 

projection of each dataset separately. Cells labeled “(Missing)” were present in the 843 

dataset, but were excluded from final VMH clustering. (B) Pair-wise expression 844 

correlation of variable genes for each cluster in each dataset. (C) UMAP projection of 845 

CCA-integrated data, colored by cluster. (D) Mean scaled expression of marker genes 846 

for each cluster. (E) UMAP projection of integrated data, by dataset of origin. (F) 847 

Breakdown of cluster designation from original dataset and integrated dataset. 848 
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 849 

Figure 2—figure supplement 2: Comparison of data with VMH data from Campbell et al. 850 

(A) UMAP projection of each dataset separately. (B) Pair-wise expression correlation of 851 

variable genes for each cluster in each dataset. (C) UMAP projection of CCA-integrated 852 

data, colored by cluster. (D) Mean scaled expression of marker genes for each cluster. 853 

(E) UMAP projection of integrated data, by dataset of origin. (F) Breakdown of cluster 854 

designation from original dataset and integrated dataset. 855 

 856 

Figure 2—figure supplement 3: Identification of VMH neuronal “classes.” The silhouette 857 

width for each cell for each level of VMH neuron classification. The mean silhouette 858 

width and the number of cells with a silhouette width greater than 0 are noted above the 859 

plot. Cells are colored by their cluster color in Fig. 2A. 860 

 861 

Figure 2—figure supplement 4: Dlk1 is expressed in neurons adjacent to the VMH. Dlk1 862 

expression in the UMAP projection of (A) all neurons (with the VMH neurons outlined) 863 

and (B) VMH neurons. 864 

 865 

Figure 2—figure supplement 5: VMH Nfib population localizes to dorsomedial 866 

compartment. (A–B) Nfia marks (B) a subset of VMHNfib neurons but is also widely 867 

expressed in (A) non-neuronal populations in the VMH. (C) Representative image 868 

showing GFP-IR (green) and NFIA-IR (magenta) in Nr5a1eGFP-L10a (Nr5a1-Cre;R26eGFP-
869 

L10a) mice; white arrowheads indicate colocalization. (B) Slc17a8 is a marker for VMHNfib 870 

cells and (D) is expressed in the most dorosmedial VMH according to the Allen Brain 871 

Atlas in situ database. 872 

 873 

Figure S2—figure supplement 6: Foxp2 population localizes to anterolateral (“tuberal”) 874 

compartment. (A) Allen Brain Atlas in situ for tdTomato in Nr5a1tdTomato mice (Nr5a1-875 

Cre;R26LSL-tdTomato) shows widespread expression outside of the core VMH in an area 876 

referred to as the tuberal nucleus. (B) The VMHFoxp2 population is also marked by Cdh7 877 

and Ust expression. (C–E) Allen Brain Atlas in situ images for (C) Foxp2, (D) Cdh7, and 878 

(E) Ust show expression in the tuberal VMH. (F) Representative image showing the 879 
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distribution of GFP-IR (green) in Foxp2eGFP-L10a (Foxp2Cre/+;R26eGFP-L10a) mice in the 880 

tuberal region. 881 

 882 

Figure 3—figure supplement 1: Comparison of different TRAP-seq approaches for 883 

identifying genes enriched in Lepr VMH cells. (A, B) Comparison of LepreGFP-L10a 884 

(LeprCre;R26LSL-eGFP-L10a) of the whole hypothlalmus (Hypothalamus Cre), LepreGFP-L10a 885 

with targeted dissection of the VMH (VMH Cre), and using the dual Flp- and Cre-886 

dependent RCFLeGFP-L10a with LeprCre;Slc17a6Flpo mice (VMH Cre+Flp). (A) Enrichment 887 

of control genes in each dataset. (B) Enrichment of genes conferring neurochemical 888 

identity that are significantly enriched in any of the 3 datasets. Dark red diamonds 889 

signify genes that are significantly enriched in the Nr5a1eGFP-L10a TRAP-seq 890 

(presumptive VMH). 891 

 892 

Figure 4—figure supplement 1: Macaque snRNA-seq identifies major CNS classes. (A–893 

C) The number of (A) cells, (B) genes, and (C) UMIs detected per sample used in this 894 

study after quality control. (D–E) UMAP projection of all cells, colored by (D) sample and 895 

(E) cluster. (F) Average percent of cells in each cluster across all samples. (G) 896 

Representative marker genes for each of the major CNS cell types. (H) Expression 897 

profile of top 10 enriched genes for each cluster. (I) UMAP representation of cell type 898 

classification. (J) Quantification of cell classes per sample. 899 

 900 

Figure 4—figure supplement 2: Identifying VMH neurons in macaque. (A) UMAP 901 

projection and labeling by cluster and (B) expression of top 10 genes for each macaque 902 

neuron cluster. (C) FEZF1 and (D) NR5A1 expression across the macaque neurons. (E) 903 

Loading on the top enriched mouse Nr5a1-Cre TRAP-seq genes. 904 

 905 

Figure 5—figure supplement 1: Similarities of mouse and macaque clusters. (A) 906 

Transferred cluster designations from mouse to macaque (and vice versa) using the 907 

Seurat CCA projection, colored by median transfer score with dot size corresponding to 908 

the number of cells from a given cluster transferred to each cluster. (B) Number of high 909 

confidence marker genes (CELLEX ESμ > 0.5) for each cluster and species. (C) Top 910 
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GO terms associated with genes common between the species. (D) Pairwise 911 

expression correlation of 4866 orthologous marker genes between mouse and macaque 912 

classes. 913 

 914 

Figure 5—figure supplement 2: Cluster marker expression in macaque VMH. (A) (left 915 

column) Atlas image highlighting the region of interest and (other columns) 916 

representative fluorescent in situ hybridization images for ACVR1C, LEPR, and 917 

SLC17A8 (all in green). (B) (left column) Expression of marker genes in the macaque 918 

VMH neurons, projected into UMAP space. (other columns) Representative images 919 

showing DAPI (blue) and fluorescent in situ hybridization for ACVR1C (red, top) or 920 

SLC17A8 (red, bottom), LEPR (green), and merged images. 921 

 922 

Supplementary File Legends 923 

 924 

Supplementary File 1: Nr5a1eGFP-L10a VMH TRAP-seq enrichment results 925 

 926 

Supplementary File 2: VMH pseudo-TRAP enrichment results 927 

 928 

Supplementary File 3: ESμ values from CELLEX for each mouse VMH neuron cluster 929 

 930 

Supplementary File 4: ESμ values from CELLEX for each mouse VMH neuron class 931 

 932 

Supplementary File 5: LeprSlc17a6-L10a VMH TRAP-seq enrichment results 933 

 934 

Supplementary File 6: VMH Lepr pseudo-TRAP enrichment results 935 

 936 

Supplementary File 7: ESμ values from CELLEX for each macaque VMH neuron cluster 937 

 938 

Supplementary File 8: ESμ values from CELLEX for each conserved VMH neuron 939 

cluster using combined data 940 

 941 

Supplementary File 9: ESμ values from CELLEX for each conserved VMH neuron 942 

cluster using mouse data 943 

 944 

Supplementary File 10: ESμ values from CELLEX for each conserved VMH neuron 945 

cluster using macaque data 946 
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