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Abstract 27 

Norepinephrine (NE) neurons in the locus coeruleus (LC) project widely throughout the central nervous 28 
system, playing critical roles in arousal and mood, as well as various components of cognition including 29 
attention, learning, and memory. The LC-NE system is also implicated in multiple neurological and 30 
neuropsychiatric disorders. Importantly, LC-NE neurons are highly sensitive to degeneration in both 31 
Alzheimer’s and Parkinson’s disease. Despite the clinical importance of the brain region and the 32 
prominent role of LC-NE neurons in a variety of brain and behavioral functions, a detailed molecular 33 
characterization of the LC is lacking. Here, we used a combination of spatially-resolved transcriptomics 34 
and single-nucleus RNA-sequencing to characterize the molecular landscape of the LC region and the 35 
transcriptomic profile of LC-NE neurons in the human brain. We provide a freely accessible resource of 36 
these data in web-accessible formats. 37 
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Introduction 42 

The locus coeruleus (LC) is a small bilateral nucleus located in the dorsal pons of the brainstem, which 43 
serves as the brain’s primary site for production of the neuromodulator norepinephrine (NE). NE-44 
producing neurons in the LC project widely to many regions of the central nervous system to modulate 45 
a variety of highly divergent functions including attention, arousal, and mood [1–4]. The LC, translated 46 
as “blue spot”, comprises merely 3,000 NE neurons in the rodent (~1500-1600 each side of the 47 
brainstem) [1], and estimates in the human LC range from 19,000-46,000 total NE neurons [5]. Despite 48 
its prominent involvement in a number of critical brain functions and its unique capacity to synthesize 49 
NE, the LC’s small size and deep positioning within the brainstem has rendered it relatively intractable 50 
to a comprehensive cellular, molecular, and physiological characterization. 51 
 52 
The LC plays important roles in core behavioral and physiological brain function across the lifespan and 53 
in disease. For example, there is strong evidence for age-related cell loss in the LC [6,7], and the LC-54 
NE system is implicated in multiple neuropsychiatric and neurological disorders [4,8]. The LC is one of 55 
the earliest sites of degeneration in Alzheimer’s disease (AD) and Parkinson’s disease (PD), and 56 
profound loss of LC-NE neurons is evident with disease progression [8–10]. Moreover, maintaining the 57 
neural density of LC-NE neurons prevents cognitive decline during aging [11]. In addition, primary 58 
neuropathologies for AD (hyperphosphorylated tau) and PD (alpha-synuclein) can be detected in the 59 
LC prior to other brain regions [12–15]. However, the molecular mechanisms rendering LC-NE neurons 60 
particularly vulnerable to age-related decline and neurodegeneration are not well-understood. In 61 
addition to its role in aging, the LC-NE system plays a critical role in mediating sustained attention, and 62 
its dysregulation is associated with attention-deficit hyperactivity disorder (ADHD) [16,17]. Of note, the 63 
NE reuptake inhibitor atomoxetine is the first non-stimulant medication that is FDA-approved for ADHD 64 
[18–20]. Better understanding the gene expression landscape of the LC and surrounding region and 65 
delineating the molecular profile of LC-NE neurons in the human brain could facilitate the ability to 66 
target these neurons for disease prevention or manipulate their function for treatment. 67 
 68 
The recent development of single-nucleus RNA-sequencing (snRNA-seq) and spatially-resolved 69 
transcriptomics (SRT) technological platforms provides an opportunity to investigate transcriptome-wide 70 
gene expression scale with cellular and spatial resolution [21,22]. SRT has recently been used to 71 
characterize transcriptome-wide gene expression within defined neuroanatomy of cortical regions in the 72 
postmortem human brain [22], while snRNA-seq has been used to investigate specialized cell types in 73 
a number of postmortem human brain regions including medium spiny neurons in the nucleus 74 
accumbens and dopaminergic neurons in the midbrain [21,23]. Importantly, snRNA-seq and SRT 75 
provide complementary views: snRNA-seq identifies transcriptome-wide gene expression within 76 
individual nuclei, while SRT captures transcriptome-wide gene expression in all cellular compartments 77 
(including the nucleus, cytoplasm, and cell processes) while retaining the spatial coordinates of these 78 
measurements. While not all SRT platforms achieve single-cell resolution, depending on the 79 
technological platform and tissue cell density, spatial gene expression has been resolved at, for 80 
example, ~1-10 cells per spatial measurement location with a diameter of 55 μm in the human brain 81 
[22]. These platforms have been successfully used in tandem to spatially map single-nucleus gene 82 
expression in several regions of both neurotypical and pathological tissues in the human brain including 83 
the dorsolateral prefrontal cortex [22] and the dopaminergic substantia nigra [21]. 84 
 85 
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In this report, we characterize the gene expression signature of the LC and surrounding region at 86 
spatial resolution, and identify and characterize a population of NE neurons at single-nucleus resolution 87 
in the neurotypical adult human brain. In addition to NE neurons, we identify a population of 5-88 
hydroxytryptamine (5-HT, serotonin) neurons, which have not previously been characterized at the 89 
molecular level in human brain samples [24]. We observe expression of cholinergic marker genes 90 
within NE neurons, and confirm that this is due to co-expression within individual cells using fluorescent 91 
labeling with high-resolution imaging. We compare our findings from the human LC and adjacent region 92 
to molecular profiles of LC and peri-LC neurons that were previously characterized in rodents using 93 
alternative technological platforms [25–27], and observe partial conservation of LC-associated genes 94 
across these species. 95 
 96 

Results 97 

Experimental design and study overview of postmortem human LC 98 

We selected 5 neurotypical adult human brain donors to characterize transcriptome-wide gene 99 
expression within the LC at spatial and single-nucleus resolution using the 10x Genomics Visium SRT 100 
[28] and 10x Genomics Chromium snRNA-seq [29] platforms (see Supplementary Table 1 for donor 101 
demographic details). In each tissue sample, the LC was first visually identified by neuroanatomical 102 
landmarks and presence of neurons containing the pigment neuromelanin on transverse slabs of the 103 
pons (Figure 1A). Prior to SRT and snRNA-seq assays, we ensured that the tissue blocks 104 
encompassed the LC by probing for known LC marker genes [30]. Specifically, we cut 10 μm 105 
cryosections from tissue blocks from each donor and probed for the presence of a pan-neuronal marker 106 
gene (SNAP25) and two NE neuron-specific marker genes (TH and SLC6A2) by multiplexed single-107 
molecule fluorescence in situ hybridization (smFISH) using RNAscope [31,32] (Figure 1B). Robust 108 
mRNA signal from these markers, visualized as puncta on imaged tissue sections, was used as a 109 
quality control measure in all tissue blocks prior to proceeding with inclusion in the study and 110 
performing SRT and snRNA-seq assays. 111 
 112 
For tissue blocks included in the study, we cut additional 10 μm tissue sections, which were used for 113 
gene expression profiling at spatial resolution using the 10x Genomics Visium SRT platform [28] 114 
(Figure 1C). Fresh-frozen tissue sections were placed onto each of four capture areas per Visium slide, 115 
where each capture area contains approximately 5,000 expression spots (spatial measurement 116 
locations with diameter 55 μm and 100 μm center-to-center, where transcripts are captured) laid out in 117 
a honeycomb pattern. Spatial barcodes unique to each spot are incorporated during reverse 118 
transcription, thus allowing the spatial coordinates of the gene expression measurements to be 119 
identified [28]. Visium slides were stained with hematoxylin and eosin (H&E), followed by high-120 
resolution acquisition of histology images prior to on-slide cDNA synthesis, completion of the Visium 121 
assay, and sequencing. For our study, 10 μm tissue sections from the LC-containing tissue blocks were 122 
collected from the 5 brain donors, with assays completed on 2-4 tissue sections per donor. Given the 123 
small size of the LC compared to the area of the array, tissue blocks were scored to fit 2-3 tissue 124 
sections from the same donor onto a single capture area to maximize the use of the Visium slides, 125 
resulting in a total of N=9 Visium capture areas (hereafter referred to as samples). 126 
 127 
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For 3 of the 5 donors, we cut additional 100 μm sections from the same tissue blocks to profile 128 
transcriptome-wide gene expression at single-nucleus resolution with the 10x Genomics Chromium 129 
single cell 3’ gene expression platform [29] (Figure 1C). Prior to collecting tissue sections, the tissue 130 
blocks were scored to enrich for NE neuron-containing regions. Neuronal enrichment was employed 131 
with fluorescence-activated nuclear sorting (FANS) prior to library preparation to enhance capture of 132 
neuronal population diversity, and snRNA-seq assays were subsequently completed. Supplementary 133 
Table 1 provides a summary of SRT and snRNA-seq sample information and demographic 134 
characteristics of the donors. 135 
 136 
  137 
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 138 
Figure 1: Experimental design to measure the landscape of gene expression in the postmortem human 139 
locus coeruleus (LC) using spatially-resolved transcriptomics (SRT) and single-nucleus RNA-sequencing 140 
(snRNA-seq). (A) Brainstem dissections at the level of the LC were conducted to collect tissue blocks from 5 141 
neurotypical adult human brain donors. (B) Inclusion of the LC within the tissue sample block was validated using 142 
RNAscope [31,32] for a pan-neuronal marker gene (SNAP25) and two NE neuron-specific marker genes (TH and 143 
SLC6A2). High-resolution H&E stained histology images were acquired prior to SRT and snRNA-seq assays 144 
(scale bars: 2 mm in H&E stained image; 20 μm in RNAscope images). (C) Prior to collecting tissue sections for 145 
SRT and snRNA-seq assays, tissue blocks were scored to enrich for the NE neuron-containing regions. For each 146 
sample, the LC region was manually annotated by visually identifying NE neurons in the H&E stained tissue 147 
sections. 100 μm tissue sections from 3 of the same donors were used for snRNA-seq assays, which included 148 
FANS-based neuronal enrichment prior to library preparation to enrich for neuronal populations.  149 
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Spatial gene expression in the human LC 150 

After applying the 10x Genomics Visium SRT platform [28], we executed several analyses to 151 
characterize transcriptome-wide gene expression at spatial resolution within the human LC. First, we 152 
manually annotated spots within regions identified as containing LC-NE neurons, based on 153 
pigmentation, cell size, and morphology from the H&E stained histology images (Figure 2A and 154 
Supplementary Figure 1). Next, we performed additional sample-level quality control (QC) on the 155 
initial N=9 Visium capture areas (hereafter referred to as samples) by visualizing expression of two NE 156 
neuron-specific marker genes (TH and SLC6A2) (Figure 2B), which identified one sample 157 
(Br5459_LC_round2) without clear expression of these markers (Supplementary Figure 2A-B). This 158 
sample was excluded from subsequent analyses, leaving N=8 samples from 4 out of the 5 donors. For 159 
the N=8 Visium samples, the annotated regions were highly enriched in the expression of the NE 160 
neuron marker genes (TH and SLC6A2) (Figure 2C and Supplementary Figure 2C), confirming that 161 
these samples captured dense regions of LC-NE neurons within the annotated regions. We performed 162 
spot-level QC to remove low-quality spots based on QC metrics previously applied to SRT data 163 
[22,33,34] (Methods). Due to the large differences in read depth between samples (Supplementary 164 
Figure 3A, Supplementary Table 1, Methods), we performed spot-level QC independently within 165 
each sample. After filtering low-expressed genes (Methods), this resulted in a total of 12,827 genes 166 
and 20,380 spots across the N=8 samples used for downstream analyses (Supplementary Figure 167 
3B). 168 
 169 
To investigate whether the LC regions could be annotated in a data-driven manner, we applied a 170 
spatially-aware unsupervised clustering algorithm (BayesSpace [35]) after applying a batch integration 171 
tool (Harmony [36]) to remove sample-specific technical variation in the molecular measurements 172 
(Supplementary Figure 4). The spatially-aware clustering using k=5 clusters identified one cluster that 173 
overlapped with the manually annotated LC regions in several samples. However, the proportion of 174 
overlapping spots between the manually annotated LC region and this data-driven cluster (cluster 4, 175 
colored red in Supplementary Figure 5A) was relatively low and varied across samples. We 176 
quantitatively evaluated the clustering performance by calculating the precision, recall, F1 score, and 177 
adjusted Rand index (ARI) for this cluster in each sample (see Methods for definitions). We found that 178 
while precision was >0.8 in 3 out of 8 samples, recall was <0.4 in all samples, the F1 score was <0.6 in 179 
all samples, and the ARI was <0.5 in all samples (Supplementary Figure 5B). Therefore, we judged 180 
that the data-driven spatial domains identified from BayesSpace were not sufficiently reliable to use for 181 
the downstream analyses, and instead proceeded with the histology-driven manual annotations for all 182 
further analyses. In addition, we note that using the manual annotations avoids potential issues due to 183 
inflated false discoveries resulting from circularity when performing differential gene expression testing 184 
between sets of cells or spots defined by unsupervised clustering, when the same genes are used for 185 
both clustering and differential testing [37]. Next, in addition to the manually annotated LC regions, we 186 
also manually annotated a set of individual spots that overlapped with NE neuron cell bodies identified 187 
within the LC regions, based on pigmentation, cell size, and morphology from the H&E histology 188 
images (Supplementary Figure 6A). However, we observed relatively low overlap between spots with 189 
expression of NE neuron marker genes and this second set of annotated individual spots. For example, 190 
out of 706 annotated spots, only 331 spots had >=2 observed UMI counts of TH (Supplementary 191 
Figure 6B). We hypothesize that this may be due to technical factors including sampling variability in 192 
the gene expression measurements, partial overlap between spots and cell bodies, potential diffusion 193 
of mRNA molecules between spots, as well as biological variability in the expression of these marker 194 
genes. Therefore, we instead used the LC region-level manual annotations for all further analyses.  195 
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 196 
Figure 2: Spatial gene expression in the human LC using SRT. (A) Spots within manually annotated LC 197 
regions containing NE neurons (red) and non-LC regions (gray), which were identified based on pigmentation, cell 198 
size, and morphology from the H&E stained histology images, from donors Br2701 (top row) and Br8079 (bottom 199 
row). (B) Expression of two NE neuron-specific marker genes (TH and SLC6A2). Color scale indicates unique 200 
molecular identifier (UMI) counts per spot. Additional samples corresponding to A and B are shown in 201 
Supplementary Figures 1, 2A-B. (C) Boxplots illustrating the enrichment in expression of two NE neuron-202 
specific marker genes (TH and SLC6A2) in manually annotated LC regions compared to non-LC regions in the 203 
N=8 Visium samples. Values show mean log-transformed normalized counts (logcounts) per spot within the 204 
regions per sample. Additional details are shown in Supplementary Figure 2C. (D) Volcano plot resulting from 205 
differential expression (DE) testing between the pseudobulked manually annotated LC and non-LC regions, which 206 
identified 32 highly significant genes (red) at a false discovery rate (FDR) significance threshold of 10-3 and 207 
expression fold-change (FC) threshold of 3 (dashed blue lines). Horizontal axis is shown on log2 scale and vertical 208 
axis on log10 scale. Additional details and results for 437 statistically significant genes identified at an FDR 209 
threshold of 0.05 and an FC threshold of 2 are shown in Supplementary Figure 7 and Supplementary Table 2. 210 
(E) Average expression in manually annotated LC and non-LC regions for the 32 genes from D. Color scale 211 
shows logcounts in the pseudobulked LC and non-LC regions averaged across N=8 Visium samples. Genes are 212 
ordered in descending order by FDR (Supplementary Table 2). (F-G) Cross-species comparison showing 213 
expression of human ortholog genes for LC-associated genes identified in the rodent LC [25,26] using alternative 214 
experimental technologies. Boxplots show mean logcounts per spot in the manually annotated LC and non-LC 215 
regions per sample in the human data.  216 
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Next, to identify expressed genes associated with the LC regions, we performed differential expression 217 
(DE) testing between the manually annotated LC and non-LC regions by pseudobulking spots, defined 218 
as aggregating UMI counts from the combined spots within the annotated LC and non-LC regions in 219 
each sample [22]. This analysis identified 32 highly significant genes at a false discovery rate (FDR) 220 
threshold of 10-3 and expression fold-change (FC) threshold of 3 (Figure 2D and Supplementary 221 
Figure 7A). This includes known NE neuron marker genes including DBH (the top-ranked gene by FDR 222 
within this set), SLC6A2 (ranked 6th), TH (ranked 7th), and SLC18A2 (ranked 14th). Out of the 32 223 
genes, 31 were elevated in expression within the LC regions, while one (MCM5) was depleted. The set 224 
includes one long noncoding RNA (LINC00682), while the remaining 31 genes are protein-coding 225 
genes (Figure 2E and Supplementary Table 2). Alternatively, using standard significance thresholds 226 
of FDR < 0.05 and expression FC > 2, we identified a total of 437 statistically significant genes 227 
(Supplementary Figure 7B and Supplementary Table 2). 228 
 229 
As a second approach to identify genes associated with LC-NE neurons in an unsupervised manner, 230 
we applied a method to identify spatially variable genes (SVGs), nnSVG [38]. This method ranks genes 231 
in terms of the strength in the spatial correlation in their expression patterns across the tissue areas. 232 
We ran nnSVG within each contiguous tissue area containing an annotated LC region for the N=8 233 
Visium samples (total 13 tissue areas, where each Visium sample contains 1-3 tissue areas) and 234 
combined the lists of top-ranked SVGs for the multiple tissue areas by averaging the ranks per gene. In 235 
this analysis, we found that a subset of the top-ranked SVGs (11 out of the top 50) were highly-ranked 236 
in samples from only one donor (Br8079), which we determined was due to the inclusion of a section of 237 
the choroid plexus adjacent to the LC in these samples (based on expression of choroid plexus marker 238 
genes including CAPS and CRLF1) (Supplementary Figure 8A-C). In order to focus on LC-associated 239 
SVGs that were replicated across samples, we excluded the choroid plexus-associated genes by 240 
calculating an overall average ranking of SVGs that were each included within the top 100 SVGs in at 241 
least 10 out of the 13 tissue areas, which identified a list of 32 highly-ranked, replicated LC-associated 242 
SVGs. These genes included known NE neuron marker genes (DBH, TH, SLC6A2, and SLC18A2) as 243 
well as mitochondrial genes (Supplementary Figure 8D). 244 
 245 
We also compared the expression of LC-associated genes previously identified in the rodent LC from 246 
two separate studies. The first study used translating ribosomal affinity purification sequencing (TRAP-247 
seq) using an SLC6A2 bacTRAP mouse line to identify gene expression profiles of the translatome of 248 
LC neurons [25]. The second study used microarrays to assess gene expression patterns from laser-249 
capture microdissection of individual cells in tissue sections of the rat LC [26]. We converted the lists of 250 
rodent LC-associated genes from these studies to human orthologs and calculated average expression 251 
for each gene within the manually annotated LC and non-LC regions. A small number of genes from 252 
both studies were highly associated with the manually annotated LC regions in the human data, 253 
including DBH, TH, and SLC6A2 from [25], and DBH and GNAS from [26]. However, the majority of the 254 
genes from both studies were expressed at low levels in the human data, which may reflect species-255 
specific differences in biological function of these genes as well as differences due to the experimental 256 
technologies employed (Figure 2F-G). 257 
 258 
 259 
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Single-nucleus gene expression of NE neurons in the human LC 260 

To add cellular resolution to our spatial analyses, we characterized gene expression in the human LC 261 
and surrounding region at single-nucleus resolution using the 10x Genomics Chromium single cell 3’ 262 
gene expression platform [29] in 3 of the same neurotypical adult donors from the SRT analyses. 263 
Samples were enriched for NE neurons by scoring tissue blocks for the LC region and performing 264 
FANS to enhance capture of neurons. After raw data processing, doublet removal using scDblFinder 265 
[39], and standard QC and filtering, we obtained a total of 20,191 nuclei across the 3 samples (7,957, 266 
3,015, and 9,219 nuclei respectively from donors Br2701, Br6522, and Br8079) (see Supplementary 267 
Table 1 for additional details). For nucleus-level QC processing, we used standard QC metrics 268 
including the sum of UMI counts and detected genes [33] (see Methods for additional details). We 269 
observed an unexpectedly high proportion of mitochondrial reads in nuclei with expression of NE 270 
neuron marker genes (DBH, TH, and SLC6A2), which represented our rare population of interest, and 271 
hence we did not remove nuclei based on proportion of mitochondrial reads (Supplementary Figures 272 
9-10). 273 
 274 
We identified NE neuron nuclei in the snRNA-seq data by applying an unsupervised clustering workflow 275 
adapted from workflows used for snRNA-seq data in the human brain [23], using a two-stage clustering 276 
algorithm consisting of high-resolution k-means and graph-based clustering that provides sensitivity to 277 
identify rare cell populations [33]. The unsupervised clustering workflow identified 30 clusters, including 278 
clusters representing major neuronal and non-neuronal cell populations, which we labeled based on 279 
expression of known marker genes (Figure 3A-B). This included a cluster of NE neurons consisting of 280 
295 nuclei (168, 4, and 123 nuclei from donors Br2701, Br6522, and Br8079, respectively), which we 281 
identified based on expression of NE neuron marker genes (DBH, TH, and SLC6A2). In addition to the 282 
NE neuron cluster, we identified clusters representing excitatory neurons, inhibitory neurons, 283 
astrocytes, endothelial and mural cells, macrophages and microglia, oligodendrocytes, and 284 
oligodendrocyte precursor cells (OPCs), as well as several clusters with ambiguous expression profiles 285 
including pan-neuronal marker genes (SNAP25 and SYT1), which may represent damaged neuronal 286 
nuclei (Figure 3A-B and Supplementary Figure 9). 287 
 288 
To validate the unsupervised clustering, we also applied a supervised strategy to identify NE neuron 289 
nuclei by simply thresholding on expression of NE neuron marker genes (selecting nuclei with >=1 UMI 290 
counts of both DBH and TH). As described above, we noted a higher than expected proportion of 291 
mitochondrial reads in nuclei with expression of DBH and TH, and did not filter on this parameter during 292 
QC processing, in order to retain these nuclei (Supplementary Figure 10A-B). This supervised 293 
approach identified 332 NE neuron nuclei (173, 4, and 155 nuclei from donors Br2701, Br6522, and 294 
Br8079, respectively), including 188 out of the 295 NE neuron nuclei identified by unsupervised 295 
clustering (Supplementary Figure 10C). We hypothesized that the differences for nuclei that did not 296 
agree between the two approaches were due to sampling variability in the snRNA-seq measurements 297 
for these two marker genes. To confirm this, we used an alternative method (smFISH RNAscope [32]) 298 
to assess co-localization of three NE neuron marker genes (DBH, TH, and SLC6A2) within individual 299 
cells on additional tissue sections from one additional independent donor (Br8689). Visualization of 300 
high-magnification confocal images demonstrated clear co-localization of these three marker genes 301 
within individual cells (Supplementary Figure 11). Since the unsupervised clustering is based on 302 
expression of a large number of genes and is therefore less sensitive to sampling variability for 303 
individual genes, we used the unsupervised clustering results for all further downstream analyses. 304 
 305 
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We performed DE testing between the neuronal clusters and identified 327 statistically significant 306 
genes with elevated expression in the NE neuron cluster, compared to all other neuronal clusters 307 
captured in this region, at an FDR threshold of 0.05 and FC threshold of 2. These genes include known 308 
NE neuron marker genes (DBH, TH, SLC6A2, and SLC18A2) as well as the 13 protein-coding 309 
mitochondrial genes, which are highly expressed in large, metabolically active NE neurons (Figure 3C, 310 
Supplementary Figure 12A, and Supplementary Table 4). Compared to the LC-associated genes 311 
identified in the SRT samples, differences are expected since the snRNA-seq data contains 312 
measurements from nuclei at single-nucleus resolution, while the SRT samples contain reads from 313 
nuclei, cytoplasm, and cell processes from multiple cell populations within the annotated LC regions. 314 
 315 
To compare with previous results in rodents, we evaluated the expression of the rodent LC marker 316 
genes from [25,26] in the NE neuron cluster compared to all other neuronal clusters in the human 317 
snRNA-seq data (Figure 3D-E). Consistent with the SRT samples, we observed that several genes 318 
were conserved across species. However, compared to the SRT samples, we observed relatively 319 
higher expression of the conserved genes within the NE neuron cluster, which is expected since the NE 320 
neuron cluster contains reads from individual nuclei from this population only. 321 
 322 
We note that a recent publication using snRNA-seq in mice found that LC-NE neurons were highly 323 
enriched for Calca, Cartpt, Gal, and Calcr in addition to canonical NE neuron marker genes [27]. In the 324 
human data, we noted significant enrichment of GAL and CARTPT in DE testing between the manually 325 
annotated LC and non-LC regions in the SRT samples (Supplementary Table 2). While visualization 326 
of the snRNA-seq clustering suggests that CARTPT is expressed in the NE neuron cluster in the 327 
snRNA-seq data (Supplementary Figure 13), it was not identified as statistically significant in the DE 328 
testing between the NE cluster compared to all other neuronal clusters (Supplementary Table 4). For 329 
CALCA and CALCR, we observed no enrichment in the annotated LC regions in the SRT samples, nor 330 
in the NE neuron cluster in the snRNA-seq data (Supplementary Tables 2, 4 and Supplementary 331 
Figure 13). 332 
 333 

Identification of 5-HT neurons and diversity of inhibitory neuron subpopulations in single-334 
nucleus data 335 

In addition to NE neurons, we identified a cluster of likely 5-hydroxytryptamine (5-HT, serotonin) 336 
neurons in the unsupervised clustering analyses of the snRNA-seq data (Figure 3A-B) based on 337 
expression of 5-HT neuron marker genes (TPH2 and SLC6A4) [40]. This cluster consisted of 186 nuclei 338 
(145, 28, and 13 nuclei from donors Br2701, Br6522, and Br8079, respectively). DE testing between 339 
the neuronal clusters identified 361 statistically significant genes with elevated expression in the 5-HT 340 
neuron cluster, compared to all other neuronal clusters captured in this region, at an FDR threshold of 341 
0.05 and FC threshold of 2. These genes included the 5-HT neuron marker genes TPH2 and SLC6A4 342 
(Figure 3F, Supplementary Figure 12B, and Supplementary Table 5). To investigate the spatial 343 
distribution of this population, we visualized the spatial expression of the 5-HT neuron marker genes 344 
TPH2 and SLC6A4 in the N=9 initial Visium samples, which showed that this population was distributed 345 
across both the LC and non-LC regions (Supplementary Figure 14A-B). Similarly, we did not observe 346 
significant spatial enrichment of TPH2 and SLC6A4 expression within the manually annotated LC 347 
regions (Supplementary Figure 14C). To further confirm this finding, we applied RNAscope [32] to 348 
visualize expression of an NE neuron marker gene (TH) and 5-HT neuron marker genes (TPH2 and 349 
SLC6A4) within additional tissue sections from donor Br6522, which demonstrated that the NE and 5-350 
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HT marker genes were expressed within distinct cells and these neuronal populations were not 351 
localized within the same regions (Supplementary Figure 15). 352 
 353 
We also investigated the diversity of inhibitory neuronal subpopulations within the snRNA-seq data from 354 
the human LC and surrounding region by applying a secondary round of unsupervised clustering to the 355 
inhibitory neuron nuclei identified in the first round of clustering. This identified 14 clusters representing 356 
inhibitory neuronal subpopulations, which varied in their expression of several inhibitory neuronal 357 
marker genes including CALB1, CALB2, TAC1, CNR1, and VIP (additional marker genes shown in 358 
Supplementary Figures 13, 16). In addition, similar to recently published results from mice [27], we 359 
found that expression of neuropeptides PNOC, TAC1, and PENK varied across the individual inhibitory 360 
neuronal populations (Supplementary Figure 13). 361 
 362 
In order to integrate the single-nucleus and spatial data, we also applied a spot-level deconvolution 363 
algorithm, cell2location [41], to map the spatial coordinates of NE and 5-HT neurons within the Visium 364 
samples. This algorithm integrates the snRNA-seq and SRT data by estimating the cell abundance of 365 
the snRNA-seq populations, which are used as reference populations at cellular resolution, at each 366 
spatial location (spot) in the Visium samples. This successfully mapped the NE neuron population from 367 
the snRNA-seq data to the manually annotated LC regions in the Visium samples (Supplementary 368 
Figure 17A). Similarly, for the 5-HT neurons, this population was mapped to the regions where this 369 
population was previously identified based on expression of marker genes (Supplementary Figure 370 
17B). However, the estimated absolute cell abundance of these neuronal populations per spot was 371 
higher than expected, which may be due to their relatively large size and high transcriptional activity, 372 
especially for NE neurons, compared to other neuronal and non-neuronal cell populations. 373 
 374 

Co-expression of cholinergic marker genes within NE neurons 375 

We observed expression of cholinergic marker genes, including SLC5A7, which encodes the high-376 
affinity choline transporter, and ACHE, within the NE neuron cluster in the snRNA-seq data 377 
(Supplementary Figure 13). Because this result was unexpected, we experimentally confirmed co-378 
expression of SLC5A7 transcripts with transcripts for NE neuron marker genes in individual cells using 379 
RNAscope [32] on independent tissue sections from donors Br6522 and Br8079. We used RNAscope 380 
probes for SLC5A7 and TH (NE neuron marker), and imaged stained sections at 63x magnification to 381 
generate high-resolution images, which allowed us to definitively localize expression of individual 382 
transcripts within cell bodies. This confirmed co-expression of SLC5A7 and TH in individual cells in a 383 
tissue section from donor Br8079 (Supplementary Figure 18), validating that these transcripts are 384 
expressed within the same cells. To further investigate the spatial distribution of the cholinergic marker 385 
genes, we visualized expression of SLC5A7 and ACHE in the Visium samples, which showed that 386 
these genes were expressed both within and outside the annotated LC regions (Supplementary 387 
Figure 19). 388 
 389 
  390 
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Figure 3: Single-nucleus gene expression in the human LC using snRNA-seq. We applied an unsupervised 393 
clustering workflow to identify cell populations in the snRNA-seq data. (A) Unsupervised clustering identified 30 394 
clusters representing populations including NE neurons (red), 5-HT neurons (purple), and other major neuronal 395 
and non-neuronal cell populations (additional colors). Marker genes (columns) were used to identify clusters 396 
(rows). Cluster IDs are shown in labels on the right, and numbers of nuclei per cluster are shown in horizontal 397 
bars on the right. Heatmap values represent mean logcounts per cluster. (B) UMAP representation of nuclei, with 398 
colors matching cell populations from heatmap. (C) DE testing between neuronal clusters identified a total of 327 399 
statistically significant genes with elevated expression in the NE neuron cluster, at an FDR threshold of 0.05 and 400 
FC threshold of 2. Heatmap displays the top 70 genes, ranked in descending order by FDR, excluding 401 
mitochondrial genes, with NE neuron marker genes described in text highlighted in red. The full list of 327 genes 402 
including mitochondrial genes is provided in Supplementary Table 4. Heatmap values represent mean logcounts 403 
in the NE neuron cluster and mean logcounts per cluster averaged across all other neuronal clusters. (D-E) 404 
Cross-species comparison showing expression of human ortholog genes for LC-associated genes identified in the 405 
rodent LC [25,26] using alternative experimental technologies. Boxplots show logcounts per nucleus in the NE 406 
neuron cluster and all other neuronal clusters. Boxplot whiskers extend to 1.5 times interquartile range, and 407 
outliers are not shown. (F) DE testing between neuronal clusters identified a total of 361 statistically significant 408 
genes with elevated expression in the 5-HT neuron cluster, at an FDR threshold of 0.05 and FC threshold of 2. 409 
Heatmap displays the top 70 genes, ranked in descending order by FDR, with 5-HT neuron marker genes 410 
described in text highlighted in red. The full list of 361 genes is provided in Supplementary Table 5. 411 
 412 
 413 

Interactive and accessible data resources 414 

We provide freely accessible data resources containing all datasets described in this manuscript, in the 415 
form of both interactive web-accessible and downloadable resources (Table 1). The interactive 416 
resources can be explored in a web browser via a Shiny [42] app for the Visium SRT data and an iSEE 417 
[43] app for the snRNA-seq data (Supplementary Figure 20). The data resources are also available 418 
from an R/Bioconductor ExperimentHub data package as downloadable objects in the 419 
SpatialExperiment [44] and SingleCellExperiment [33] formats, which can be loaded in an R session 420 
and contain meta-data including manual annotation labels and cluster labels. 421 
 422 
Resource Data Format Link 

Shiny [42] web app Visium SRT Interactive web app https://libd.shinyapps.io/locus-c_Visium/ 

iSEE [43] web app snRNA-seq Interactive web app https://libd.shinyapps.io/locus-c_snRNA-seq/ 

R/Bioconductor 
ExperimentHub 
data package 

Visium SRT 
and 
snRNA-seq 

Downloadable 
R/Bioconductor objects in 
SpatialExperiment [44] and 
SingleCellExperiment [33] 
formats 

https://bioconductor.org/packages/WeberDivechaLCdata 
(available in Bioconductor release version 3.16 from  
Nov 2, 2022 onwards) 

 423 
Table 1: Summary of data resources providing access to datasets described in this manuscript. All 424 
datasets described in this manuscript are freely accessible in the form of interactive web apps and downloadable 425 
R/Bioconductor objects. 426 
 427 
 428 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 28, 2022. ; https://doi.org/10.1101/2022.10.28.514241doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.28.514241
http://creativecommons.org/licenses/by/4.0/


14 

Discussion 429 

Due to the small size and inaccessibility of the LC within the brainstem, this region has been relatively 430 
understudied in the human brain, despite its involvement in numerous functions and disease 431 
mechanisms. Our dataset provides the first transcriptome-wide characterization of the gene expression 432 
landscape of the human locus coeruleus (LC) using spatially-resolved transcriptomics (SRT) and 433 
single-nucleus RNA-sequencing (snRNA-seq). Analysis of these data identified a population of 434 
norepinephrine (NE) neurons as well as a population of 5-hydroxytryptamine (5-HT, serotonin) neurons, 435 
and spatially localized them within the LC and surrounding region. We evaluated expression of 436 
previously known marker genes for these populations and identified novel sets of significant 437 
differentially expressed (DE) genes, and assessed how their expression varies in space across the 438 
neuroanatomy of the region. We compared our findings from the human LC to molecular profiles of LC 439 
and peri-LC neurons that were previously characterized in rodents using alternative technological 440 
platforms, which confirmed partial conservation of LC-associated genes across these species. Finally, 441 
we validated our results using smFISH RNAscope to assess co-localization of marker genes on 442 
independent tissue sections. 443 
 444 
Identifying genes whose expression is enriched in NE neurons is important because the LC-NE system 445 
is implicated in multiple neuropsychiatric and neurological disorders [4,8], and prominent loss of NE 446 
cells in the LC occurs in neurodegenerative disorders [8–10]. Unbiased analysis of the snRNA-seq and 447 
SRT data identified a number of genes that are enriched in the human LC region and in LC-NE neurons 448 
themselves. As expected, these analyses validated enrichment of genes involved in NE synthesis and 449 
packaging (TH, SLC18A2, DBH) as well as NE reuptake (SLC6A2). We also noted expression 450 
selectively in LC-NE neurons of a number of genes whose expression is altered in animal models or in 451 
human disease in the LC (SSTR2, PHOX2A, PHOX2A) [45,46]. We identified LC enrichment of a 452 
number of genes that have been associated at the cellular level with apoptosis, cell loss, or pathology 453 
in the context of neurodegeneration (RND3, P2RY1) [47–50]. We also noted enrichment of NT5DC2 in 454 
LC, a gene which has been associated with attention-deficit hyperactivity disorder (ADHD) and 455 
regulates catecholamine synthesis in vitro [51,52]. Localization of these genes to the LC in humans, 456 
and LC-NE neurons in particular, may provide important biological insights about physiological function 457 
of these neurons and provide context about underlying mechanistic links between these genes and 458 
disease risk. Future work using the transcriptome-wide molecular expression profiles of NE neurons at 459 
single-nucleus resolution and the LC region at spatial resolution generated here could investigate 460 
associations with individual genes and gene sets from genome-wide association studies (GWAS) for 461 
these disorders as well as genes more generally associated with aging-related processes. 462 
 463 
Our study has several limitations. The SRT data using the 10x Genomics Visium platform captures 464 
around 1-10 cells per measurement location in the human brain, and future studies could apply a 465 
higher-resolution platform to characterize expression at single-cell or sub-cellular spatial resolution. In 466 
the single-nucleus data, we identified a relatively small number of NE neurons, which may be related to 467 
technical factors that affect the recovery of this population due to their relatively large size and fragility. 468 
These technical factors may have also contributed to the unexpectedly high proportion of mitochondrial 469 
reads that we observed in NE neurons in the snRNA-seq data. While mitochondrial reads are not 470 
expected in the nuclear compartment, recent studies reported contamination of nuclear preparations in 471 
snRNA-seq data with ambient mRNAs from abundant cellular transcripts [53]. Given the relatively 472 
elevated energy demand and increased metabolic activity of NE neurons, higher than expected 473 
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mitochondrial contamination in the nuclear preparation of LC tissue may be plausible. Because NE 474 
neurons were the population of highest interest to profile in this dataset, we opted not to perform QC 475 
filtering on the proportion of mitochondrial reads, in order to retain this population. Further optimizing 476 
technical procedures for cell sorting and cryosectioning to avoid cellular damage, as well as for 477 
straining for large cells, could enhance recovery of this population for future, larger-scale snRNA-seq 478 
studies in this brain region. 479 
 480 
Since the identification of 5-HT neurons in the single-nucleus data was an unexpected finding, the 481 
experimental procedures were not designed to optimally recover this population, and the precise 482 
anatomical origin of the 5-HT neurons recovered in this dataset is not entirely clear. It is possible that 483 
these cells were close to the borders of the LC dissections, residing within the dorsal raphe nucleus, 484 
which is neuroanatomically adjacent to the LC. Supporting this hypothesis, RNAscope data in 485 
Supplementary Figure 15 from an independent tissue section shows that TPH2 and SLC6A4 486 
expression appears to be distinct from the LC region containing a high density of NE cells. However, 487 
there is some evidence for expression of serotonergic markers within the LC region in rodents 488 
[26,54,55], and our SRT data does support this possibility in the human brain, although further 489 
characterization is needed. Comprehensively understanding the full molecular diversity of 5-HT 490 
neurons in the human brain would require dissections that systematically sample across the extent of 491 
the dorsal raphe nucleus. Similarly, the identification of cholinergic marker gene expression, particularly 492 
the robust expression of SLC5A7 within NE neurons, was unexpected. While previous studies have 493 
identified small populations of cholinergic interneurons within or adjacent to the LC in rodents [27], 494 
analysis of our data did not classify any of the other neuronal populations as cholinergic per se. 495 
However, both the SRT and RNAscope data (Supplementary Figure 18) supports the hypothesis that 496 
expression of cholinergic markers occurs in NE cells themselves, as well as in sparse populations of 497 
cholinergic neurons adjacent to the LC region that do not express NE marker genes. We note that our 498 
snRNA-seq data may be underpowered to fully identify and classify these sparse populations, and 499 
future experiments designed to specifically investigate this finding in more detail could lead to a better 500 
understanding of cholinergic signaling within the LC of the human brain. Similarly, our snRNA-seq may 501 
be underpowered to perform gene set enrichment studies [56] to identify whether the NE and 5-HT 502 
neurons harbor aggregated genetic risk for psychiatric disorders, but these data could be aggregated 503 
with future snRNA-seq data generated from the LC to address this question. To facilitate further 504 
exploration of these data, we provide a freely accessible data resource that includes the snRNA-seq 505 
and SRT data in both web-based and R-based formats, as well as reproducible code for the 506 
computational analysis workflows for the snRNA-seq and SRT data. 507 
 508 
  509 
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Materials and Methods 510 

Postmortem human brain tissue samples for RNAscope, SRT, and snRNA-seq assays 511 

Brain donations in the Lieber Institute for Brain Development (LIBD) Human Brain Repository were 512 
collected from the Office of the Chief Medical Examiner of the State of Maryland under the Maryland 513 
Department of Health’s IRB protocol #12-24, and from the Western Michigan University Homer Stryker 514 
MD School of Medicine, Department of Pathology, and the Department of Pathology, University of 515 
North Dakota School of Medicine and Health Sciences, both under WCG IRB protocol #20111080. 516 
Clinical characterization, diagnoses, and macro- and microscopic neuropathological examinations were 517 
performed on all samples using a standardized paradigm, and subjects with evidence of macro- or 518 
microscopic neuropathology were excluded. Details of tissue acquisition, handling, processing, 519 
dissection, clinical characterization, diagnoses, neuropathological examinations, RNA extraction, and 520 
quality control measures have been described previously [57,58]. We obtained tissue blocks from 5 521 
male neurotypical brain donors of European ancestry. To select tissue blocks for study inclusion, we 522 
identified the LC in transverse slabs of the pons from fresh-frozen human brain. The LC was identified 523 
through visual inspection of the slab, based on neuroanatomical landmarks and the presence of 524 
neuromelanin pigmentation. For each donor, a tissue block was dissected from the dorsal aspect of the 525 
pons, centered around the LC, using a dental drill. The tissue block was taken at the level of the motor 526 
trigeminal nucleus and superior cerebellar peduncle. Tissue blocks were kept at -80 °C until sectioning 527 
for experiments. We cut 10 μm tissue sections for performing SRT assays using the 10x Genomics 528 
Visium SRT platform [28]. High-resolution images of the H&E stained histology were acquired prior to 529 
on-slide cDNA synthesis and completing the Visium assays. Assays were performed on 2-4 tissue 530 
sections collected from each of the 5 donors, and the tissue blocks were scored to fit 2-3 tissue 531 
sections from the same donor onto a single Visium capture area to maximize the use of the Visium 532 
slides. This resulted in a total of N=9 Visium capture areas (hereafter referred to as samples) in the 533 
SRT dataset. For 3 of the 5 donors, we cut additional 100 μm cryosections for snRNA-seq assays using 534 
the 10x Genomics Chromium snRNA-seq platform [29]. Supplementary Table 1 provides information 535 
on brain donor demographics as well as sample information for the SRT and snRNA-seq datasets. 536 

Multiplexed smFISH using RNAscope 537 

For RNAscope experiments, tissue blocks were sectioned at 10 μm and single-molecule fluorescent in 538 
situ hybridization assays were performed with RNAscope technology [32] using the Fluorescent 539 
Multiplex Kit v.2 and 4-plex Ancillary Kit (catalog no. 323100, 323120 ACD) according to the 540 
manufacturer’s instructions. Briefly, 10 μm tissue sections (2-4 sections per donor) were fixed with 10% 541 
neutral buffered formalin solution (catalog no. HT501128, Sigma-Aldrich) for 30 min at room 542 
temperature, series dehydrated in increasing concentrations of ethanol (50%, 70%, 100%, and 100%), 543 
pretreated with hydrogen peroxide for 10 min at room temperature and treated with protease IV for 544 
30 min. For QC experiments to confirm LC inclusion in the tissue block (Figure 1B showing example for 545 
additional independent donor Br8689), tissue sections were incubated with 3 different probes (2 LC-NE 546 
neuron markers and one pan-neuronal marker): SLC6A2 (catalog no. 526801-C1, Advanced Cell 547 
Diagnostics) encoding the norepinephrine transporter, TH (catalog no. 441651-C2, Advanced Cell 548 
Diagnostics) encoding tyrosine hydroxylase, and SNAP25 (catalog no. 518851-C3, Advanced Cell 549 
Diagnostics). To confirm co-expression of LC-NE marker genes within individual cells (Supplementary 550 
Figure 11), we used SLC6A2 (catalog no. 526801-C1, Advanced Cell Diagnostics), TH (catalog no. 551 
441651-C2, Advanced Cell Diagnostics), and DBH (catalog no. 545791-C3, Advanced Cell 552 
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Diagnostics) encoding dopamine beta-hydroxylase. To localize serotonergic and cholinergic markers 553 
within the LC (Supplementary Figure 15), we used TH (catalog no. 441651-C2, Advanced Cell 554 
Diagnostics) encoding tyrosine hydroxylase, TPH2 (catalog no. 471451-C1, Advanced Cell 555 
Diagnostics) encoding tryptophan hydroxylase 2, SLC6A4 (catalog no. 604741-C3, Advanced Cell 556 
Diagnostics) encoding the serotonin transporter, and SLC5A7 (catalog no. 564671-C4, Advanced Cell 557 
Diagnostics) encoding the high-affinity choline transporter. After probe labeling, sections were stored 558 
overnight in 4x saline-sodium citrate buffer (catalog no. 10128-690, VWR). After amplification steps 559 
(AMP1-3), probes were fluorescently labeled with Opal Dyes 520, 570, and 690 (catalog no. 560 
FP1487001KT, FP1488001KT, and FP1497001KT, Akoya Biosciences; 1:500 dilutions for all the dyes) 561 
and counter-stained with DAPI (4′,6-diamidino-2-phenylindole) to label cell nuclei. Lambda stacks were 562 
acquired in z-series using a Zeiss LSM780 confocal microscope equipped with 20x, 0.8 numerical 563 
aperture (NA) and 63x, 1.4 NA objectives, a GaAsP spectral detector, and 405-, 488-, 561- and 633-nm 564 
lasers. All lambda stacks were acquired with the same imaging settings and laser power intensities. 565 
After image acquisition, lambda stacks in z-series were linearly unmixed using Zen Black (weighted; no 566 
autoscale) using reference emission spectral profiles previously created in Zen for the dotdotdot 567 
software (git hash v.4e1350b) [31], stitched, maximum intensity projected, and saved as Carl Zeiss 568 
Image (.czi) files. 569 

Visium SRT with H&E staining data generation and sequencing 570 

Tissue blocks were embedded in OCT medium and cryosectioned at 10 μm on a cryostat (Leica 571 
Biosystems). Briefly, Visium Gene Expression Slides were cooled inside the cryostat and tissue 572 
sections were then adhered to the slides. Tissue sections were fixed with methanol and then stained 573 
with hematoxylin and eosin (H&E) according to manufacturer’s staining and imaging instructions (User 574 
guide CG000160 Rev C). Images of the H&E stained slides were acquired using a CS2 slide scanner 575 
(Leica Biosystems) equipped with a color camera and a 20x, 0.75 NA objective and saved as a Tagged 576 
Image File (.tif). Following H&E staining and acquisition of images, slides were processed for the 577 
Visium assay according to manufacturer’s reagent instructions (Visium Gene Expression protocol User 578 
guide CG000239, Rev D) as previously described [22]. In brief, the workflow includes permeabilization 579 
of the tissue to allow access to mRNA, followed by reverse transcription, removal of cDNA from the 580 
slide, and library construction. Tissue permeabilization experiments were conducted on a single LC 581 
sample used in the study and an optimal permeabilization time of 18 minutes was identified and used 582 
for all sections across donors. Sequencing libraries were quality controlled and then sequenced on the 583 
MiSeq, NextSeq, or NovaSeq Illumina platforms. Sequencing details and summary statistics for each 584 
sample are reported in Supplementary Table 1. 585 

snRNA-seq data generation and sequencing 586 

Following SRT data collection, three tissue blocks (Br6522, Br8079, and Br2701) were used for snRNA-587 
seq. Prior to tissue collection for snRNA-seq assays, tissue blocks were further scored based on the 588 
RNAscope and SRT data to enrich tissue collection to the localized site of LC-NE neurons. After 589 
scoring the tissue blocks, samples were sectioned at 100 μm and collected in cryotubes. The sample 590 
collected for Br6522 contained 10 sections, weighing 51 mg, and the samples from Br8079 and Br2701 591 
each contained 15 sections, weighing 60.9 mg and 78.9 mg, respectively. These samples were 592 
processed following a modified version of the ‘Frankenstein’ nuclei isolation protocol as previously 593 
described [23]. Specifically, chilled EZ lysis buffer (MilliporeSigma) was added to the LoBind 594 
microcentrifuge tube (Eppendorf) containing cryosections, and the tissue was gently broken up, on ice, 595 
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via pipetting. This lysate was transferred to a chilled dounce, rinsing the tube with additional EZ lysis 596 
buffer. The tissue was then homogenized using part A and B pestles, respectively, for ~10 strokes, 597 
each, and the homogenate was strained through a 70 µm cell strainer. After lysis, the samples were 598 
centrifuged at 500 g at 4 °C for 5 min, supernatant was removed, then the sample was resuspended in 599 
EZ lysis buffer. Following a 5 min incubation, samples were centrifuged again. After supernatant 600 
removal, wash/resuspension buffer (PBS, 1% BSA, and 0.2 U/uL RNasin), was gently added to the 601 
pellet for buffer interchange. After a 5 min incubation, each pellet was again washed, resuspended and 602 
centrifuged three times. 603 
 604 
For staining, each pellet was resuspended in a wash/resuspension buffer with 3% BSA, and stained 605 
with AF488-conjugated anti-NeuN antibody (MiliporeSigma, catalog no. MAB377X), for 30 min on ice 606 
with frequent, gentle mixing. After incubation, these samples were washed with 1 mL 607 
wash/resuspension buffer, then centrifuged, and after the supernatant was aspirated, the pellet was 608 
resuspended in wash/resuspension buffer with propidium iodide (PI), then strained through a 35 µm cell 609 
filter attached to a FACS tube. Each sample was then sorted on a Bio-Rad S3e Cell Sorter on ‘Purity’ 610 
mode into a 10x Genomics reverse transcription mix, without enzyme. A range of 5637-9000 nuclei 611 
were sorted for each sample, aiming for an enrichment of ~60% singlet, NeuN+ nuclei. Then the 10x 612 
Chromium reaction was completed following the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 613 
(Dual Index) revision A protocol, provided by the manufacturer (10x Genomics) to generate libraries for 614 
sequencing. The number of sequencing reads and platform used per sample are shown in 615 
Supplementary Table 1. 616 

Analysis of Visium SRT data 617 

This section describes additional details on the computational analyses of the Visium SRT data that are 618 
not included in the main text. 619 
 620 
Manual alignment of the H&E stained histology images to the expression spot grid was performed using 621 
the 10x Genomics Loupe Browser software (v. 5.1.0). The raw sequencing data files (FASTQ files) for 622 
the sequenced library samples were processed using the 10x Genomics Space Ranger software (v. 623 
1.3.0) [59] using the human genome reference transcriptome version GRCh38 2020-A (July 7, 2020) 624 
provided by 10x Genomics. Sequencing summary statistics for each sample are provided in 625 
Supplementary Table 1. 626 
 627 
For spot-level QC filtering, we removed outlier spots that were more than 3 median absolute deviations 628 
(MADs) above or below the median sum of UMI counts or the median number of detected genes per 629 
spot [33]. We did not use the proportion of mitochondrial reads per spot for spot-level QC filtering, since 630 
we observed a high proportion of mitochondrial reads in the NE nuclei in the snRNA-seq data (for more 631 
details, see Results and Supplementary Figure 9), so using this QC metric would risk removing the 632 
rare population of NE nuclei of interest in the snRNA-seq data. Therefore, for consistency with the 633 
snRNA-seq analyses, we did not use the proportion of mitochondrial reads for spot-level QC filtering in 634 
the SRT data. Due to the large differences in read depth between samples (e.g. median sum of UMI 635 
counts ranged from 118 for sample Br6522_LC_2_round1 to 2,252 for sample Br6522_LC_round3; see 636 
Supplementary Figure 3A and Supplementary Table 1 for additional details), we performed spot-637 
level QC independently within each sample. The spot-level QC filtering identified a total of 287 low-638 
quality spots (1.4% out of 20,667 total spots) from the N=8 Visium samples that passed sample-level 639 
QC. These spots were removed from subsequent analyses (Supplementary Figure 3B). For gene-640 
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level QC filtering, we removed low-expressed genes with a total of less than 80 UMI counts summed 641 
across the N=8 Visium samples. 642 
 643 
For the evaluation of the spatially-aware clustering with BayesSpace [35] to identify the LC regions in a 644 
data-driven manner, precision is defined as the proportion of spots in the selected cluster that are from 645 
the true annotated LC region, recall is defined as the proportion of spots in the true annotated LC 646 
region that are in the selected cluster, F1 score is defined as the harmonic mean of precision and recall 647 
(values ranging from 0 to 1, with 1 representing perfect accuracy), and the adjusted Rand index is 648 
defined as the percentage of correct assignments, adjusted for chance (values ranging from 0 for 649 
random assignment to 1 for perfect assignment). 650 
 651 
For the pseudobulked DE testing, we aggregated the reads within the LC and non-LC regions using the 652 
scater package [60], and then used the limma package [61] to calculate empirical Bayes moderated DE 653 
tests. 654 

Analysis of snRNA-seq data 655 

This section describes additional details on the computational analyses of the snRNA-seq data that are 656 
not included in the main text. 657 
 658 
We aligned sequencing reads using the 10x Genomics Cell Ranger software [62] (version 6.1.1, 659 
cellranger count, with option --include-introns), using the human genome reference transcriptome 660 
version GRCh38 2020-A (July 7, 2020) provided by 10x Genomics. We called nuclei (distinguishing 661 
barcodes containing nuclei from empty droplets) using Cell Ranger (“filtered” outputs), which recovered 662 
8,979, 3,220, and 10,585 barcodes for donors Br2701, Br6522, and Br8079, respectively. We applied 663 
scDblFinder [39] using default parameters to computationally identify and remove doublets, which 664 
removed 1,022, 205, and 1,366 barcodes identified as doublets for donors Br2701, Br6522, and 665 
Br8079, respectively. 666 
 667 
We performed nucleus-level QC processing by defining low-quality nuclei as nuclei with outlier values 668 
more than 3 median absolute deviations (MADs) above or below the median sum of UMI counts or the 669 
median number of detected genes [33], which did not identify any low-quality nuclei, so all nuclei were 670 
retained. We did not use the proportion of mitochondrial reads for QC processing, since we observed a 671 
high proportion of mitochondrial reads in nuclei with expression of NE neuron markers (DBH and TH) 672 
(for more details, see Results and Supplementary Figure 10). Therefore, QC filtering on the 673 
proportion of mitochondrial reads would risk removing the rare population of NE neuron nuclei of 674 
interest. We performed gene-level QC filtering by removing low-expressed genes with less than 30 UMI 675 
counts summed across all nuclei. After doublet removal and QC processing, we obtained a total of 676 
7,957, 3,015, and 9,219 nuclei from donors Br2701, Br6522, and Br8079, respectively. 677 
 678 
For the unsupervised clustering, we used a two-stage clustering algorithm consisting of high-resolution 679 
k-means and graph-based clustering that provides sensitivity to identify rare cell populations [33]. For 680 
the first round of clustering (results in Figure 3A-B, Supplementary Figure 13), we used 2,000 681 
clusters for the k-means step, and 10 nearest neighbors and Walktrap clustering for the graph-based 682 
step. For the secondary clustering of inhibitory neurons (Supplementary Figure 16), we used 1,000 683 
clusters for the k-means step, and 10 nearest neighbors and Walktrap clustering for the graph-based 684 
step. We did not perform any batch integration prior to clustering, since batch integration algorithms 685 
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may strongly affect rare populations but these algorithms have not yet been independently evaluated 686 
on datasets with rare populations (<1% of cells). We calculated highly variable genes, log-transformed 687 
normalized counts (logcounts), and performed dimensionality reduction using the scater and scran 688 
packages [34,60]. 689 
 690 
For the DE testing, we performed pairwise DE testing between all neuronal clusters, using the 691 
findMarkers() function from the scran package [34]. We tested for genes with log2-fold-changes 692 
(log2FC) significantly greater than 1 (lfc = 1, direction = “up”) to identify genes with elevated expression 693 
in any of the neuronal clusters compared to all other neuronal clusters. 694 
 695 
For the spot-level deconvolution using cell2location [41], we used the following parameters for human 696 
brain data from the Visium platform: detection_alpha = 20, N_cells_per_location = 3. 697 
 698 
  699 
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Supplementary Tables 700 

 701 
Supplementary Table 1: Summary of experimental design, sample information, and donor 702 
demographic details. Information includes the types of assays performed, donor demographic details, 703 
sample IDs, number of Visium tissue areas per sample, and sequencing summary statistics for each 704 
sample. The table is provided as an .xlsx file. 705 
 706 
Supplementary Table 2: Differential expression (DE) testing results in pseudobulked Visium 707 
SRT data. Columns include gene ID, gene name, mean log-transformed normalized counts (logcounts) 708 
in manually annotated LC and non-LC regions (“mean_logcounts_LC” and “mean_logcounts_nonLC”), 709 
log2 fold change (log2FC), p-value, false discovery rate (FDR), and columns identifying significant (FDR 710 
< 0.05 and FC > 2) and highly significant (FDR < 10-3 and FC > 3) genes. The table is provided as a 711 
.csv file. 712 
 713 
Supplementary Table 3: Spatially variable genes (SVGs) in Visium SRT data. Results for SVGs 714 
identified using nnSVG in Visium SRT data. Columns include gene ID, gene name, overall rank of 715 
SVGs identified in replicated tissue areas (“replicated_overall_rank”, i.e. top LC-associated SVGs; see 716 
Results), overall rank of identified SVGs according to average rank across tissue areas (“overall_rank”, 717 
i.e. including choroid plexus-associated SVGs from one donor; see Results), average rank of identified 718 
SVGs across individual tissue areas (“average_rank”), number of times (tissue areas) identified within 719 
top 100 SVGs (“n_withinTop100”), and ranks within each individual tissue area. The table is provided 720 
as a .csv file. 721 
 722 
Supplementary Table 4: Differential expression (DE) testing results for NE neuron cluster in 723 
snRNA-seq data. DE testing results comparing NE neuron cluster against all other neuronal clusters in 724 
snRNA-seq data. Columns include gene ID, gene name, sum of UMI counts across all nuclei 725 
(“sum_gene”), average log-transformed normalized counts (logcounts) within the NE neuron cluster 726 
(“self_average”), average of average logcounts within all other neuronal clusters (“other_average”), 727 
combined p-value, false discovery rate (FDR), summary log2 fold change in the pairwise comparison 728 
with the lowest p-value (“summary_logFC”), and column identifying significant (FDR < 0.05 and FC > 2) 729 
genes. The table is provided as a .csv file. 730 
 731 
Supplementary Table 5: Differential expression (DE) testing results for 5-HT neuron cluster in 732 
snRNA-seq data. DE testing results comparing 5-HT neuron cluster against all other neuronal clusters 733 
in snRNA-seq data. Columns include gene ID, gene name, sum of UMI counts across all nuclei 734 
(“sum_gene”), average log-transformed normalized counts (logcounts) within the 5-HT neuron cluster 735 
(“self_average”), average of average logcounts within all other neuronal clusters (“other_average”), 736 
combined p-value, false discovery rate (FDR), summary log2 fold change in the pairwise comparison 737 
with the lowest p-value (“summary_logFC”), and column identifying significant (FDR < 0.05 and FC > 2) 738 
genes. The table is provided as a .csv file. 739 
 740 
  741 
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Supplementary Figures 742 

 743 

 744 
 745 
Supplementary Figure 1: Spot-plot visualizations of manually annotated Visium spots within regions 746 
identified as containing LC-NE neurons in SRT data. For each of the N=9 Visium capture areas (hereafter 747 
referred to as samples), the spots were manually annotated as being within the LC regions (red) or within the non-748 
LC regions (gray) based on spots containing NE neurons, which were identified by pigmentation, cell size, and 749 
morphology on the H&E stained histology images. 750 
 751 
  752 
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 754 
Supplementary Figure 2: Spatial expression of two NE neuron-specific marker genes in Visium samples 755 
for quality control (QC) in SRT data. (A-B) Spot-plot visualizations of NE neuron marker gene expression (TH 756 
and SLC6A2, A and B, respectively) in the N=9 Visium samples. Color scale shows UMI counts per spot. One 757 
sample (Br5459_LC_round2) did not show clear expression of the NE neuron marker genes. This sample was 758 
excluded from subsequent analyses, leaving N=8 Visium capture areas (samples) from 4 out of the 5 donors. (C) 759 
Enrichment of NE neuron marker gene expression (TH and SLC6A2) within manually annotated LC regions 760 
compared to non-LC regions in the N=8 Visium samples. Boxplots show values as mean log-transformed 761 
normalized counts (logcounts) per spot within each region per sample, with samples represented by shapes. 762 
 763 
  764 
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 766 
Supplementary Figure 3: Spot-level quality control (QC) data visualizations for Visium samples in SRT 767 
data. (A) QC metrics, medians per sample (from left to right: sum of UMI counts per spot, number of detected 768 
genes per spot, and proportion of mitochondrial reads per spot). Boxplots show median for each QC metric per 769 
sample, with samples represented by shapes. (B) Applying thresholds of 3 median absolute deviations (MADs) to 770 
the sum of UMI counts and number of detected genes for each sample identified a total of 287 low-quality spots 771 
(red) (1.4% out of 20,667 total spots), which were removed from subsequent analyses. We did not use the 772 
proportion of mitochondrial reads for spot-level QC filtering (see Methods for more details). 773 
 774 
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 777 
Supplementary Figure 4: Dimensionality reduction embeddings before and after batch integration across 778 
Visium samples in SRT data. We applied a batch integration tool (Harmony [36]) to remove technical variation in 779 
the molecular measurements between the N=8 Visium samples from 4 donors. The integrated measurements 780 
were subsequently used as the input for spatially-aware clustering using BayesSpace [35]. (A) Principal 781 
component analysis (PCA) (top 2 PCs) calculated on molecular expression measurements, with spots labeled 782 
(left to right) by donor ID, round ID, and sample ID, without applying any batch integration. (B) Harmony 783 
embeddings (top 2 Harmony embedding dimensions) after applying Harmony batch integration on sample IDs, 784 
with spots labeled (left to right) by donor ID, round ID, and sample ID, demonstrating that the technical variation 785 
has been reduced. 786 
 787 
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 790 
Supplementary Figure 5: Identifying LC and non-LC regions in a data-driven manner by spatially-aware 791 
unsupervised clustering in SRT data. We applied a spatially-aware unsupervised clustering algorithm 792 
(BayesSpace [35]) to investigate whether the LC and non-LC regions in each Visium sample could be annotated 793 
in a data-driven manner. (A) Using BayesSpace with k=5 clusters, we clustered spots from the N=8 Visium 794 
samples using the Harmony batch-integrated molecular measurements. Cluster 4 (red) corresponds most closely 795 
to the manually annotated LC regions. (B) BayesSpace clustering performance evaluated in terms of 796 
concordance between cluster 4 (red) and the manually annotated LC region in each sample. Clustering 797 
performance was evaluated in terms of precision, recall, F1 score, and adjusted Rand index (ARI) (see Methods 798 
for definitions). 799 
 800 
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 803 
Supplementary Figure 6: Comparison of spot-level and region-level manual annotations in SRT data. (A) 804 
We manually annotated individual Visium spots (black) overlapping with NE neuron cell bodies within the 805 
previously manually annotated LC regions (red), based on pigmentation, cell size, and morphology from the H&E 806 
stained histology images, in the N=8 Visium samples. (B) We observed relatively low overlap between spots with 807 
expression of the NE neuron marker gene TH (>=2 observed UMI counts per spot) and the set of annotated 808 
individual spots. The differences included both false positives (annotated spots that were not TH+) and false 809 
negatives (TH+ spots that were not annotated). Therefore, we did not use the spot-level annotations for 810 
subsequent analyses, and instead used the LC region-level annotations for all further analyses. 811 
 812 
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 815 
Supplementary Figure 7: Results from differential expression (DE) analysis to identify expressed genes 816 
associated with LC regions in SRT data. We performed DE testing between the manually annotated LC and 817 
non-LC regions by pseudobulking spots, defined as aggregating UMI counts from the combined set of spots, 818 
within the annotated LC and non-LC regions in each sample. (A) Using a false discovery rate (FDR) significance 819 
threshold of 10-3 and an expression fold-change (FC) threshold of 3 (dashed blue lines), we identified 32 highly 820 
significant genes (red points). (B) Using standard significance thresholds of FDR < 0.05 and expression FC > 2, 821 
we identified 437 significant genes (red). Vertical axes are on reversed log10 scale, and horizontal axes are on 822 
log2 scale. Additional details are provided in Supplementary Table 2. 823 
 824 
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Supplementary Figure 8: Results from applying nnSVG to identify spatially variable genes (SVGs) in SRT 827 
data. We applied nnSVG [38], a method to identify spatially variable genes (SVGs), in the Visium SRT samples. 828 
We ran nnSVG within each contiguous tissue area containing a manually annotated LC region (13 tissue areas in 829 
the N=8 Visium samples) and calculated an overall ranking of top SVGs by averaging the ranks per gene from 830 
each tissue area. (A) The top 50 ranked SVGs from this analysis included a subset (11 out of 50) of genes that 831 
were highly ranked in samples from only one donor (Br8079, genes highlighted in maroon). We determined that 832 
this was due to the inclusion of a section of the choroid plexus adjacent to the LC for this donor. Bars show the 833 
number of times (out of 13 tissue areas) each gene was included within the top 100 SVGs. Rows are ordered by 834 
overall average ranking in descending order. (B) Spatial expression of CAPS, a choroid plexus marker gene, in 835 
the N=8 Visium samples. (C) Histology image showing the two tissue areas for sample Br8079_LC_round3. (D) In 836 
order to focus on LC-associated SVGs, we calculated an overall average ranking of SVGs that were each 837 
included within the top 100 SVGs in at least 10 out of the 13 tissue areas, which identified 32 highly-ranked, 838 
replicated LC-associated SVGs. Boxplots show the ranks in each tissue area. Rows are ordered by the overall 839 
average ranking in descending order.  840 
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 842 
Supplementary Figure 9: Distribution of nucleus-level quality control (QC) metrics across unsupervised 843 
clusters in snRNA-seq data. (A) Sum of UMI counts per nucleus and cluster, (B) total number of detected genes 844 
per nucleus and cluster, (C) percentage of mitochondrial reads per nucleus and cluster, and (D) number of nuclei 845 
per cluster. We observed an unexpectedly high percentage of mitochondrial reads in the NE neuron cluster 846 
(cluster 6, red, C). Since NE neurons were of particular interest for analysis, we did not remove nuclei with a high 847 
percentage of mitochondrial reads during QC filtering. 848 
 849 
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 852 
Supplementary Figure 10: Supervised identification of NE neuron nuclei by thresholding on expression of 853 
NE neuron marker genes in snRNA-seq data. We applied a supervised strategy to identify NE neuron nuclei by 854 
simply thresholding on expression of NE neuron marker genes (selecting nuclei with >=1 UMI counts of both DBH 855 
and TH). We observed a higher than expected proportion of mitochondrial reads within this set of nuclei, and did 856 
not filter on this parameter during QC processing, in order to retain these nuclei. (A) Percentage of mitochondrial 857 
reads within the supervised set of nuclei by donor (Br2701, Br6522, and Br8079). (B) Histogram showing 858 
percentage of mitochondrial reads within the supervised set of nuclei across all donors. (C) Venn diagram 859 
showing overlap between NE neuron cluster identified by unsupervised clustering (left) and NE neuron population 860 
identified by supervised thresholding (right). Values display number of nuclei. 861 
 862 
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 866 
Supplementary Figure 11: Expression of NE neuron marker genes in individual cells using RNAscope and 867 
high-magnification confocal imaging. We applied RNAscope [32] and high-magnification confocal imaging to 868 
visualize expression of NE neuron marker genes (DBH in yellow, TH in green, and SLC6A2 in pink, with white 869 
representing all three colors overlapping) and DAPI stain for nuclei (blue) on additional tissue sections from an 870 
additional independent donor, Br8689. The figure displays a region from a single tissue section, demonstrating 871 
clear co-localization of expression of the three NE neuron marker genes (white points) within individual cells. 872 
Scale bar: 20 μm. 873 
 874 
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 877 
Supplementary Figure 12: DE testing results between neuronal clusters in the LC and surrounding region 878 
in snRNA-seq data. (A) Volcano plot showing 327 statistically significant DE genes (FDR < 0.05 and FC > 2) 879 
elevated in expression within the NE neuron cluster compared to all other neuronal clusters captured in this 880 
region. The significant DE genes include known NE neuron marker genes (DBH, TH, SLC6A2, and SLC18A2) 881 
and mitochondrial genes. (B) Volcano plot showing 361 statistically significant DE genes (FDR < 0.05 and FC > 2) 882 
elevated in expression within the 5-HT neuron cluster compared to all other neuronal clusters captured in this 883 
region. The significant DE genes include known 5-HT neuron marker genes (TPH2 and SLC6A4). Vertical axes 884 
are on reversed log10 scale, and horizontal axes are on log2 scale. Additional details are provided in 885 
Supplementary Tables 4, 5. 886 
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 891 
Supplementary Figure 13: Unsupervised clustering results showing additional inhibitory neuronal, 892 
miscellaneous, and cholinergic marker genes in snRNA-seq data. Extended form of heatmap displayed in 893 
Figure 3A, showing additional inhibitory neuronal marker genes (light blue), miscellaneous marker genes 894 
including neuropeptides and receptors included for comparison with [27] (dark blue-purple), and cholinergic 895 
marker genes (yellow). We observed diversity in expression of inhibitory neuronal marker genes across inhibitory 896 
neuronal subpopulations (additional results in Supplementary Figure 16), and we observed expression of 897 
cholinergic marker genes within NE neurons (additional results in Supplementary Figure 18). 898 
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 902 
Supplementary Figure 14: Spatial expression and enrichment analysis of 5-HT neuron marker genes in 903 
Visium SRT samples. (A-B) We visualized the spatial expression of 5-HT (5-hydroxytryptamine or serotonin) 904 
neuron marker genes (TPH2 and SLC6A4) in the N=9 initial Visium SRT samples within the Visium SRT samples, 905 
which showed that the population of 5-HT neurons was distributed across both the LC and non-LC regions. (C) 906 
Enrichment of 5-HT neuron marker gene expression (TPH2 and SLC6A4) within manually annotated LC regions 907 
compared to non-LC regions in the N=8 Visium SRT samples. Boxplots show values as mean log-transformed 908 
normalized counts (logcounts) per spot within each region per sample, with samples represented by shapes. 909 
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Supplementary Figure 15: Expression of NE neuron and 5-HT neuron marker genes using RNAscope. We 914 
applied RNAscope [32] to visualize expression of an NE neuron marker gene (TH) as well as 5-HT neuron marker 915 
genes (TPH2 and SLC6A4) within an additional tissue section from donor Br6522, demonstrating that the NE and 916 
5-HT marker genes were expressed within distinct cells and that the NE and 5-HT neuron populations were not 917 
localized within the same regions. Scale bar: 500 μm. 918 
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 922 
 923 
Supplementary Figure 16: Inhibitory neuronal subpopulations identified by secondary unsupervised 924 
clustering on inhibitory neurons in snRNA-seq data. We applied a secondary round of unsupervised 925 
clustering to the inhibitory neuron nuclei identified in the first round of clustering. This identified 14 clusters 926 
representing inhibitory neuronal subpopulations. Heatmap displays expression of neuronal marker genes (black) 927 
and inhibitory neuron marker genes (light blue) (columns) in the 14 clusters (rows). Cluster IDs are shown in 928 
labels on the right, and numbers of nuclei per cluster are shown in horizontal bars on the right. Heatmap values 929 
represent mean log-transformed normalized counts (logcounts) per cluster. 930 
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 934 
Supplementary Figure 17: Spot-level deconvolution to map the spatial coordinates of snRNA-seq 935 
populations within the Visium SRT samples. We applied a spot-level deconvolution algorithm (cell2location 936 
[41]) to integrate the snRNA-seq and SRT data by estimating the cell abundance of the snRNA-seq populations, 937 
which are used as reference populations, at each spatial location (spot) in the Visium SRT samples. This correctly 938 
mapped (A) NE neurons (cluster 6) and (B) 5-HT neurons (cluster 21) to the spatial regions where these 939 
populations were previously identified based on expression of marker genes (Supplementary Figures 2 and 14). 940 
However, the estimated absolute cell abundance of these populations per spot was higher than expected. 941 
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 945 
 946 
Supplementary Figure 18: High-resolution images demonstrating co-expression of cholinergic marker 947 
gene within NE neurons. We applied RNAscope [32] and high-resolution imaging at 63x magnification to 948 
visualize expression of SLC5A7 (cholinergic marker gene encoding the high affinity choline transporter, shown in 949 
pink) and TH (NE neuron marker gene encoding tyrosine hydroxylase, shown in green), and DAPI stain for nuclei 950 
(blue), in a tissue section from donor Br8079. This confirmed co-expression of SLC5A7 and TH within individual 951 
cells. Scale bar: 25 μm. 952 
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 956 
Supplementary Figure 19: Spatial expression of cholinergic marker genes in Visium SRT samples. We 957 
visualized the spatial expression of cholinergic marker genes (A) SLC5A7 and (B) ACHE in the N=9 initial Visium 958 
SRT samples, which showed that these genes were expressed both within and outside the annotated LC regions. 959 
Color scale shows UMI counts per spot. 960 
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 964 
Supplementary Figure 20: Interactive web-accessible data resources. All datasets described in this 965 
manuscript are freely accessible via interactive web apps and downloadable R/Bioconductor objects (see Table 1 966 
for details). (A) Screenshot of Shiny [42] web app providing interactive access to Visium SRT data. (B) 967 
Screenshot of iSEE [43] web app providing interactive access to snRNA-seq data. 968 
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