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Abstract 14 
The central nucleus of the amygdala (CEA) is a brain region that integrates external and internal 15 

sensory information and executes innate and adaptive behaviors through distinct output pathways. Despite 16 

its complex functions, the diversity of molecularly defined neuronal types in the CEA and their 17 

contributions to major axonal projection targets have not been examined systematically. Here, we 18 

performed single-cell RNA-sequencing (scRNA-Seq) to classify molecularly defined cell types in the 19 

CEA and identified marker genes to map the location of these neuronal types using expansion assisted 20 

iterative fluorescence in situ hybridization (EASI-FISH). We developed new methods to integrate EASI-21 

FISH with 5-plex retrograde axonal labeling to determine the spatial, morphological, and connectivity 22 

properties of ~30,000 molecularly defined CEA neurons. Our study revealed spatio-molecular 23 

organization of the CEA, with medial and lateral CEA associated with distinct molecularly defined cell 24 

families. We also found a long-range axon projection network from the CEA, where target regions 25 

receive inputs from multiple molecularly defined cell types. Axon collateralization was found primarily 26 

among projections to hindbrain targets, which are distinct from forebrain projections. This resource 27 

reports marker gene combinations for molecularly defined cell types and axon-projection types, which 28 

will be useful for selective interrogation of these neuronal populations to study their contributions to the 29 

diverse functions of the CEA.   30 
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Introduction 31 

Neuronal heterogeneity has been characterized and classified in brains by gene expression, 32 

morphology, and connectivity. The increasing number of molecularly defined neuron types revealed by 33 

single-cell RNA sequencing (scRNA-seq) accentuates the need for integrated methods to relate gene 34 

expression, cell morphology, and axon projection patterns. Several imaging-based and sequencing-based 35 

methods have been developed to allow for spatial gene expression profiling in both thin (~10 µm) and 36 

thick (≥100 µm) tissue (Chen et al., 2015; Codeluppi et al., 2018; Moffitt et al., 2018; Nicovich et al., 37 

2019; Qian et al., 2020; Shah et al., 2016; Wang et al., 2018), including EASI-FISH (Wang et al., 2021). 38 

These methods provide spatially resolved molecular composition of neuronal types, but they can also 39 

serve as a bridge to link cell types classified using scRNA-Seq with functional attributes, such as neuronal 40 

projections (Zhang et al., 2021) and activity (Bugeon et al., 2022; Lovett-Barron et al., 2020; Xu et al., 41 

2020). Some methods, such as BARseq2 (Chen et al., 2019; Sun et al., 2021) and MERFISH (Zhang et 42 

al., 2021) have been developed for mapping neuronal projections in the cortex, but most of these methods 43 

have been performed in thin tissue sections, limiting 3D tissue context. 44 

The central nucleus of the amygdala (CEA) (Cassell et al., 1999; Cassell & Gray, 1989; Keifer et 45 

al., 2015; Moscarello & Penzo, 2022) integrates external and internal sensory information to control 46 

motivated behaviors and learning in appetitive (Cai et al., 2014; Carter et al., 2013; Hardaway et al., 47 

2019; Robinson et al., 2014) and aversive domains (Ciocchi et al., 2010; Ehrlich et al., 2009; Haubensak 48 

et al., 2010; Wilson et al., 2019). The CEA also controls a variety of innate responses such as autonomic 49 

functions (Iwata et al., 1987; Kapp et al., 1979), taste valence (Sadacca et al., 2012), food and water 50 

intake (Douglass et al., 2017; Kim et al., 2017), jaw movements (Han et al., 2017), as well as predatory 51 

behavior (Han et al., 2017). The CEA is also involved in responses to general anesthetics (Hua et al., 52 

2020), addiction (Domi et al., 2021; Torruella-Suarez et al., 2020; Venniro et al., 2020), pain (Allen et al., 53 

2021; Allen et al., 2022; Han et al., 2005; Okutsu et al., 2017; Wilson et al., 2019), and itch (Samineni et 54 

al., 2021).  55 
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CEA neurons elicit these distinct behavioral functions based on their axon projection patterns. For 56 

example, the CEA influences multiple processes associated with threat responses, such as freezing and 57 

cardiovascular adaptations, via projections to the ventrolateral periaqueductal gray (vlPAG) (Tovote et 58 

al., 2016) and the nucleus of the solitary tract (NTS) (Saha, 2005). CeA→vPAG projections are also 59 

involved in chloroquine-induced pruritic behaviors (Samineni et al., 2021). Neurons in the anterior CEA 60 

are implicated in predatory hunting responses in rodents via projections to the Parvocellular reticular 61 

formation (PCRt) and the vlPAG (Han et al., 2017). CEA projections to other hindbrain regions (Veening 62 

et al., 1984), such as the parabrachial nucleus (PBN), modulate food intake (Douglass et al., 2017),  63 

alcohol consumption (Bloodgood et al., 2021; Torruella-Suarez et al., 2020), pain responses and aversion 64 

(Allen et al., 2021; Allen et al., 2022; Han et al., 2005; Han et al., 2015; Okutsu et al., 2017; Wilson et al., 65 

2019). In addition, the CEA→lateral SN (lateral substantia nigra) pathway promotes learned behavioral 66 

responses to salient stimuli (Lee et al., 2005; Steinberg et al., 2020). 67 

The CEA consists of primarily GABAergic neurons that are organized within at least three 68 

subdivisions. In the classical view (Duvarci et al., 2011), the lateral central amygdala (CeL) is a primary 69 

target for external and internal sensory inputs that are processed and passed to the medial central 70 

amygdala (CeM), a major output nucleus projecting to hindbrain autonomic and motor control areas. For 71 

instance, activation of CeM elicits freezing behavior (Ciocchi et al., 2010), which is gated by disinhibition 72 

of a local inhibitory projection from CeL to CeM (Haubensak et al., 2010). However, long-range 73 

projections from the CeL have been reported (Cassell et al., 1999; Herry & Johansen, 2014; Li & Sheets, 74 

2018; Veening et al., 1984; Ye & Veinante, 2019), indicating direct influence of this subregion on 75 

downstream areas. In addition, the capsular central nucleus (CeC), a subdivision at the far lateral edge of 76 

the middle and posterior CEA and the anterior lateral portion of CEA, receives distinct axonal inputs 77 

(Cassell et al., 1999) and contributes to controlling defensive behaviors (Kim et al., 2017) and appetite 78 

(Carter et al., 2013). In addition to distinct projection patterns, neurons in different CEA subnuclei also 79 

showed distinct electrophysiological properties and morphology (Li et al., 2022; Li & Sheets, 2018; Mork 80 
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et al., 2022), with additional functional heterogeneity observed along the rostro-caudal topographic axis 81 

(Bowen et al., 2022) 82 

The CEA also contains multiple molecularly defined neuron populations that have been 83 

investigated for their role in appetitive and defensive behaviors. Previously used marker genes for CEA 84 

cell types include protein kinase C delta (Prkcd), somatostatin (Sst), corticotropin-releasing hormone 85 

(Crh), tachykinin-2 (Tac2) or neurotensin (Nts). Prkcd is expressed in a set of CEA neurons that reduce 86 

freezing, promote extinction learning, suppress appetite when activated (Cai et al., 2014; Haubensak et 87 

al., 2010; Kim et al., 2017), and elicit defensive behaviors when inhibited (Ciocchi et al., 2010). CEA 88 

Prkcd neurons are also associated with drug craving (Venniro et al., 2020) and alcohol addiction (Domi et 89 

al., 2021). Sst, Crh, and Tac2 neurons have been associated with the acquisition and expression of 90 

conditioned fear responses such as freezing or flight (Andero et al., 2016; Andero et al., 2014; Gafford & 91 

Ressler, 2015; Li et al., 2013; Sanford et al., 2017; Yu et al., 2016). In addition, Nts-expressing neurons 92 

are involved in feeding and reward-related behaviors (Kim et al., 2017; Torruella-Suarez et al., 2020). 93 

Additional work has demonstrated that some of these markers (Sst, Crh, Nts) have a considerable degree 94 

of overlap in the same neurons, whereas others are distinct (e.g., Prkcd) (McCullough, Morrison, et al., 95 

2018). However, the molecular diversity of CEA neurons has been incompletely examined. In addition, it 96 

has been difficult to establish the correspondence of CEA axonal projections with its many molecularly 97 

defined cell types. Therefore, the functional significance of CEA subpopulations defined by both 98 

anatomical and molecular characteristics remains largely uncharacterized.  99 

To increase understanding of the organization of the CEA, it is important to systematically 100 

classify the molecularly defined neuron types in the CEA as well as their anatomical locations in CEA 101 

subnuclei and major projection pathways. Here, we performed single-cell RNA-sequencing (scRNA-Seq) 102 

on neurons from the CEA and used these data to define molecularly defined neuron types. We then 103 

integrated retrograde axonal tracers with EASI-FISH (Wang et al., 2021) in 100-µm-thick tissue sections 104 

to determine the molecular identity and spatial distribution of neurons that project to several important 105 
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CEA output targets. This produced a molecular parcellation of the CEA, comprising multiple cell 106 

populations with complex projection patterns.  107 

 108 

Results 109 

Molecularly defined cell types in the CEA based on scRNA-Seq 110 

We used scRNA-Seq to profile gene expression diversity in CEA neurons (Figure 1-figure 111 

supplement 1A-D) and identified 13 transcriptomic neuronal types from the CEA (Figure 1A and D, 112 

also see Methods and online portal). Consistent with previous descriptions, neurons in this region 113 

expressed inhibitory markers, such as glutamate decarboxylase 1 and 2 (Gad1 and Gad2), vesicular 114 

GABA transporter (Slc32a1 encoding Vgat), as well as many neuropeptides and neuromodulatory 115 

receptors (Figure 1B and Figure 1-figure supplement 2). 116 

Clustering analysis revealed two CEA neuronal classes (class 1 and class 2), primarily 117 

distinguished by the expression of Ppp1r1b, encoding DARPP-32, a target of dopamine and glutamate 118 

signaling (Fernandez et al., 2006) (Figure 1C). Class 1 contained a family of Sst/Pdyn co-expressing 119 

neurons that was comprised of two types distinguished by additional co-expression of Crh, Tac2, Nts, and 120 

Vipr2 in seq-c7 and lacking these genes in seq-c10. Another population, seq-c5, expressed mRNA 121 

encoding D2-receptor (Drd2) and voltage-gated sodium channel β subunit Scn4b. Seq-c8 was the primary 122 

Prkcd-expressing (97%, 107.0± 6.9 UMIs/cell) population that co-expressed Cartpt at high levels (87.1%, 123 

158.0±16.8 UMIs/cell). This cluster was closely related to seq-c6, in which some neurons also expressed 124 

Prkcd (48%, 69.9±10.0 UMIs/cell) and only 20% co-expressed Cartpt at lower levels (65.7±16.6 125 

UMIs/cell), but seq-c6 differed from seq-c8 by expression of other genes, such as Cyp26b1, Crym, and 126 

Penk (Figure 1-figure supplement 2). Although calcitonin receptor-like (Calcrl) has been proposed as a 127 

distinguishing marker gene between Prkcd neuron types (Kim et al., 2017), it was expressed in a subset of 128 

cells in both seq-c6 (9.1% of neurons) and seq-c8 (36% of neurons). Seq-c1 was a Prkcd-negative 129 

population that also contained fewer Ppp1r1b-expressing neurons (30%) (Figure 1-figure supplement 130 

2), instead it was characterized by higher levels of histone variant, H2afz and thioredoxin 1 (Txn1).  131 
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Class 2 neurons lacked Ppp1r1b and many expressed Nefm. Class 2 contained three well-132 

separated cell types: seq-c9 expressed vitamin D receptor (Vdr) but lacked Nefm, seq-c3 co-expressed 133 

Gpx3 and Gal, and seq-c11 co-expressed Sema3c, Tac1, Sst, and Dlk1 (Figure 1A and C). The remaining 134 

4 cell types in Class 2 showed greater similarity (Figure 1C). Seq-c2 and seq-c4 expressed Ppia, Actg1, 135 

and Aldoa, while seq-c12 and seq-c13 did not. Seq-c2 and seq-c4 differed in their expression of Tac2.  136 

Seq-c13 expressed Dlk1 and Cyp26b1, which were absent from seq-c12. In addition, Htr2a has been 137 

previously used as a marker gene in the CEA. In this scRNA-Seq dataset, very few cells with Htr2a RNA 138 

expression were detected (Figure 1-figure supplement 2), consistent with some other reports (Hardaway 139 

et al., 2019; Kim et al., 2017).  To determine how our scRNA-Seq dataset compared with recently 140 

published CEA scRNA-Seq data (O'Leary et al., 2022), we integrated the two datasets via canonical 141 

correlation analysis (CCA) (Figure 1-figure supplement 3) and found that all neurons from the O’Leary 142 

et al. dataset mapped with neuronal clusters from our dataset, indicating that our dataset covered the 143 

molecular diversity in the CEA. Analysis of the newly combined data also did not affect clustering of 144 

most neurons (Figure 1-figure supplement 3D).  145 

For seq-c1, c4 and c12, although differentially expressed genes were identified, these genes had 146 

low selectivity in the CEA based on scRNA-Seq analysis (the fraction of neurons with marker gene 147 

expression in the cluster versus expression of that gene in the rest of the populations, pct.1 and pct.2 in 148 

Supplementary File 1). Broad expression of these genes was also apparent in Allen Brain atlas ISH 149 

images (Lein et al., 2007) (Figure 1-figure supplement 1F-H). Because of this, we de-prioritized these 150 

clusters when selecting marker genes. We selected a set of 23 marker genes whose combinations were 151 

used to define major CEA molecular types. Additionally, we included Gad1 to distinguish CEA neurons 152 

from non-neurons and five additional differentially expressed neuromodulatory GPCRs (Npy1r, Drd1, 153 

Drd2, Htr1b, and Htr2c) that showed selective expression patterns in the CEA. Based on selected marker 154 

genes (29 total, Supplementary File 2) expression, more than 60% of neurons correctly mapped to their 155 

original molecular identity, and further increasing the number of marker genes did not substantially 156 

improve this (Figure 1E). Ten out of thirteen scRNA-Seq clusters could be identified by these marker 157 



8 
 

genes, as defined by greater than 50% neurons mapped correctly from these clusters (Figure 1F). The 158 

unmapped scRNA-Seq clusters lacked highly specific marker genes (seq-c1, seq-c4, seq-c12). Instead, 159 

seq-c4 and seq-c12 can be considered as Nefm-expressing CEA neurons that lack additional marker genes 160 

(Nefm could be substituted with Fxyd6), which is also consistent with our analysis of the combined 161 

scRNA-Seq data (Figure 1-figure supplement 3E). 162 

 163 

EASI-FISH with retrograde tracing 164 

To map the spatial distribution and axon projection patterns of molecularly defined neurons 165 

identified by scRNA-Seq, we developed methods to combine EASI-FISH using 29 marker genes with 5-166 

plex retrograde tracing using fluorophore-conjugated cholera toxin subunit B (CTb) and 167 

Hydroxystilbamidine (FluoroGoldTM) (Saleeba et al., 2019), which showed good labeling in the CEA 168 

(Figure 2-figure supplement 1A-B). We selected five brain regions that have been previously identified 169 

as CEA targets/effectors and are involved in appetitive and defensive behaviors: the bed nucleus of the 170 

stria terminalis (BNST), lateral substantia nigra (lateral SN), ventrolateral PAG (vlPAG), parabrachial 171 

nucleus (PBN), and parvocellular reticular formation (PCRt) (Cai et al., 2014; Douglass et al., 2017; 172 

Fadok et al., 2017; Han et al., 2017; LeDoux et al., 1988; Steinberg et al., 2020; Tovote et al., 2016). In 173 

each mouse, retrograde tracers with distinct fluorophores were injected into all five sites to label CEA 174 

neurons that project to these regions (Figure 2-figure supplement 2A-B, also see Methods). We aimed to 175 

maximize the number of retrogradely labeled CEA projecting neurons to each brain area with injections 176 

that encompassed most of each brain region but limited spread outside of the targeted areas. However, 177 

injections into the PBN included some adjacent medial structures, such as the locus-coeruleus and peri-178 

locus coeruleus. vlPAG injections also labeled varying portions of dorsal PAG along the injection pipette 179 

track (Figure 2-figure supplement 2A-B). 180 

We developed a two-stage protocol to combine CTb and fluorogold labeling with EASI-FISH. 181 

First, we imaged retrogradely labeled neurons and DAPI-stained nuclei from CEA-containing brain 182 

sections (100 µm) that were cleared using 8% sodium dodecyl sulfate (SDS) (Nicovich et al., 2019) and 183 
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refractive index matched to allow for imaging of fluorophores throughout the 100-µm-thick tissue using 184 

confocal microscopy (see Method, Figure 2-figure supplement 3A). Next, we processed the same tissue 185 

sections for EASI-FISH, which is a method based on expansion microscopy that facilitates high-quality 186 

imaging of mRNA in thick tissue sections (Wang et al., 2021). Protease treatment in the EASI-FISH 187 

procedure, which is necessary for tissue clearing and tissue expansion, also removes CTb proteins and 188 

Fluorogold (Figure 2-figure supplement 3B), thus avoiding fluorophore ambiguity between retrograde 189 

labeling and FISH (Figure 2A). The tissue clearing procedure did not compromise RNA quality (Figure 190 

2-figure supplement 3C). 191 

EASI-FISH measures gene expression using multiple rounds of FISH. To align image volumes 192 

across rounds, EASI-FISH relies on DAPI-stained RNA that conveniently labels the cytoplasm 193 

(cytoDAPI) after DNase treatment, which is used to strip oligonucleotide probes between FISH 194 

hybridization rounds but also eliminates DAPI staining of nuclei. For rapid volumetric imaging while 195 

limiting photobleaching, EASI-FISH-processed tissue is imaged using selective plane illumination 196 

microscopy (SPIM or “light-sheet” microscopy). To register confocal image volumes that contained 197 

information about neuronal projections with SPIM image volumes that contained information about gene 198 

expression, we developed an experimental and computational modification to the EASI-FISH procedure 199 

(see Methods). For this, an additional staining and imaging round (called Round 0 because marker genes 200 

were not probed) was included to “link” the confocal and the EASI-FISH image volumes at the beginning 201 

of the EASI-FISH experiment, where nuclei were labeled with DAPI, and the surrounding cytosolic 202 

region was marked with ribosomal RNA (rRNA) probes (Figure 2-figure supplement 3D). The nuclear 203 

DAPI images were used to register the first EASI-FISH image volumes with confocal images, while the 204 

cytosolic rRNA-stain was used to register with cytoDAPI in subsequent EASI-FISH rounds that probed 205 

for CEA marker genes (Figure 2-figure supplement 3E). Using this procedure, we acquired axon 206 

projection information targeting five downstream brain regions along with expression levels of 29 marker 207 

genes in individual neurons from the same tissue (Figure 2B). 29-plex marker gene expression was 208 

measured and computationally extracted using the previously described EASI-FISH procedure and data 209 
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processing pipeline (Wang et al., 2021) (https://github.com/JaneliaSciComp/multifish). This includes 210 

automatically generated three-dimensional segmentation masks for every cell in the tissue volume. High-211 

quality confocal-to-SPIM image registration using this pipeline permitted us to apply the high-resolution 212 

EASI-FISH segmentation masks to confocal images to extract fluorescence intensities from CTb or 213 

Fluorogold that indicated the neuronal projection types (Figure 2C). Importantly, this is simpler and 214 

more accurate than generating and reconciling separate segmentation masks for the same specimen across 215 

image volumes that were acquired using different modalities (confocal and SPIM).  216 

Low expressor marker genes (Oprk1, Scn4b, and Vipr2) were re-probed at the last round of 217 

EASI-FISH to evaluate RNA loss during the procedure. We found that greater than 70% of RNAs were 218 

retained with EASI-FISH after two months (Figure 2-figure supplement 3F-G). Of note, we were still 219 

able to detect nearly 60% of RNA in samples after more than one year (Figure 2-figure supplement 3F 220 

and H). 221 

 222 

Identification of EASI-FISH molecular clusters 223 

We analyzed the spatial organization of molecularly defined and projection-defined neurons in 224 

the CEA and surrounding regions at multiple levels (anterior, A; middle, M; and posterior, P) from three 225 

animals. Tissue from two animals was used for the initial analysis and data from the third animal (ANM 226 

#3) was used for cross-validation.  227 

After EASI-FISH image processing, RNA-spot counting, and cell boundary extraction, cells were 228 

clustered based on marker gene expression (Figure 3-figure supplement 1A) and non-neurons were 229 

removed based on small cell size and lack of CEA neuronal marker gene expression, such as Gad1 230 

(Figure 3-figure supplement 1B, also see Methods). We obtained 33,139 neurons from 6 samples 231 

(ANM#1 A: 5,604 neurons; ANM#1 M: 4,286 neurons; ANM#1 P: 4,728 neurons; ANM#2 A: 5,684 232 

neurons; ANM#2 M: 7,342 neurons; ANM#2 P: 5,495 neurons) (Figure 3-figure supplement 1C and 233 

Supplementary File 3). We used a de novo approach to identify cell types in the CEA and then 234 

correlated identified EASI-FISH clusters with scRNA-Seq clusters based on 29-plex marker gene 235 



11 
 

expression (online portal). Most neurons (91.4%) could be classified into 21 distinct molecular clusters 236 

(MCs) based on clustering analysis, with the remaining Gad1-expressing neurons (8.6%, denoted as MC-237 

22) showing low expression of the selected marker genes (Figure 3A-B). Among the 21 molecular 238 

clusters, 17 were from the CEA, one cluster was from the basolateral amygdala (BLA) expressing Oprk1 239 

(MC-8), one cluster was the intercalated neurons (ITCs) expressing Drd1/Penk (MC-21), and two clusters 240 

were from amygdalostriatal transition area (AST) expressing Drd1 (MC-7) or Drd2 (MC-20) (Figure 3-241 

figure supplement 2).  242 

Clusters identified by EASI-FISH showed good correspondence with scRNA-Seq (Figure 3C, 243 

Figure 3-figure supplement 1E and Figure 3-figure supplement 1-source data 1).  Neurons from the 244 

two top-level classes defined by scRNA-Seq were spatially separate (Figure 3D), with MCs from Class 1 245 

enriched in the lateral and capsular parts of the CEA and most neurons from Class 2 enriched in the 246 

medial part of the CEA (Figure 3E). We mapped all 17 EASI-FISH clusters in the CEA to the 13 247 

scRNA-Seq clusters. For example, consistent with scRNA-Seq data, we identified two major Sst/Pdyn co-248 

expressing populations using EASI-FISH. One (MC-2) co-expressed Vipr2, Nts, Crh and Tac2, 249 

corresponding to seq-c7, while MC-3 lacked expression of these genes, corresponding to seq-c10. 250 

Because many neurons were profiled with EASI-FISH, this allowed us to uncover intra-cluster 251 

heterogeneities, which lead to further subdivision of scRNA-Seq clusters. For example, seq-c3 was 252 

subdivided into Gal+ (MC-9) and Gal－ (MC-19) populations, and seq-c11 was subdivided into Tac1+ 253 

(MC-11) and Tac1－ (MC-18) populations. In addition, seq-c5, the major Drd2-expressing population 254 

mapped to two EASI-FISH clusters in the CEA, one spanning the CeC and AST (MC-5) and one enriched 255 

in CeM (MC-14).   256 

 257 

Somatic size and shape of CEA cell types 258 

Because the EASI-FISH analysis pipeline provides high-quality three-dimensional neuronal soma 259 

segmentation, we also evaluated the somatic shape of the molecularly defined CEA cell types. Most 260 
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neurons in the CEA share a similar soma size and shape (Figure 3F), consistent with the previous report 261 

from rat (Cassell & Gray, 1989). Only CEA neurons in MC-1 (Nefm/Tac2) from CeM were significantly 262 

larger (mean somatic volume: 2506.9 ± 818.5 µm3) than the mean CEA neuron soma size (1581.3 ± 263 

744.6 µm3) (p<0.0001). These neurons were also larger thanthe Tac2-expressing population from CeL 264 

(MC-2, 1829.4 ± 413.6 µm3, p<0.0001). MC-1 neurons with larger somata also expressed membrane 265 

proteins, such as Cadps2, Gpr101 and Tacr3 according to scRNA-Seq data (Figure 3-figure supplement 266 

1F). Another population. MC-9 (Gpx3/Gal) from CeM, had a significantly lower minor-to-major axis 267 

ratio, indicating that they are more elongated than most CEA cell populations. These MC-9 neurons 268 

overexpressed distinct membrane proteins, such as Syt17, Cdh11 and Grin3a (Figure 3-figure 269 

supplement 1G). CEA neurons that only expressed Gad1 but lacked specific marker genes (MC-22) also 270 

had significantly smaller somata than the mean of CEA neurons.  271 

Neuronal soma size heterogeneity was also observed in surrounding areas. The BLA (MC-8) has 272 

many large neurons and some small neurons (mean somatic volume: 2736.0 ± 1291.5 µm3), which is 273 

consistent with the previous report of principal neurons with large somata, and interneurons with smaller 274 

somata (McDonald, 2020) (Figure 3F). The ITCs (MC-21) were the smallest (906.5 ± 317.3 µm3) and the 275 

D2-receptor-expressing neurons in the AST (MC-20) were also smaller (1229.3 ± 372.6 µm3) than most 276 

CEA neurons (p<0.0001).  Because our segmentation approach is largely restricted to neuronal somata, 277 

future studies will be needed to determine how this heterogeneity in soma size and shape relates to 278 

complete neuronal morphology and functions.  279 

 280 

Parcellation of CEA 281 

Canonical subdivisions of the CEA in mouse are derived from neuroanatomical studies in rats, 282 

where three sub-nuclei (CeM, CeL, and CeC) have been identified based on cytoarchitecture, 283 

connectivity, and selected neuropeptide expression, such as enkephalin (Cassell et al., 1999). In mice, 284 

these boundaries can be difficult to discern reliably and precisely (Ye & Veinante, 2019). A consistent 285 

parcellation of the CEA would be facilitated by molecular markers that are associated with different 286 
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subregions. These genes need not be expressed in every neuron within a particular region but, instead, 287 

have a combinatorial expression pattern from which the boundaries are apparent. To identify these marker 288 

gene combinations, we examined the spatial variation of marker gene expression in the CEA and its 289 

surrounding region. Principal component analysis (PCA) of the expression patterns of 29 marker genes 290 

identified spatial patterns that explained the greatest proportion of molecular variance in the region. As 291 

expected, this revealed regional boundaries with surrounding brain areas (CEA, BLA, PAL, AST, and 292 

ITCs) (Figure 4-figure supplement 1A-B), consistent with previous findings (Zirlinger et al., 2001). 293 

Within the CEA, the principal component associated with the largest gene expression variation 294 

corresponded to differences between capsular/lateral zones and the medial zone (CeC/CeL and CeM), 295 

consistent with our scRNA-Seq hierarchical analysis (Figure 3D). PCA revealed Ppp1r1b and Nefm as 296 

marker genes with large loadings in the top 4 PCs that demarcate these subregions along the anterior-297 

posterior extent of the CEA, with Ppp1r1b expressed laterally and Nefm medially (Figure 4-figure 298 

supplement 1A-B). Additional spatial variation in gene expression was observed in the lateral part of the 299 

CEA, especially in the more posterior sections. Instead of a clear separation, a gradient of gene expression 300 

was observed in PC2-4 in most samples, with Penk showing large loadings on these PCs (Figure 4-figure 301 

supplement 1A-B). In light of this, we used Penk, which has been used previously to subdivide CeC 302 

from CeL (Cassell et al., 1986), as an additional marker gene. Using Ppp1r1b, Nefm, and Penk, we 303 

parcellated the CEA into three subdomains using probabilistic Gaussian process classification (Figure 4A 304 

and see Methods). This offers a systematic approach to define boundaries between CEA subregions in the 305 

mouse based on 3 marker genes. The CeC and CeL separation was not apparent in the anterior sections. 306 

Thus, we denoted this anterior region as CeC/L (Figure 4B and Figure 4-figure supplement 2A). 307 

Seventeen molecularly defined neuron types were spatially enriched in one or more CEA subregions 308 

(Figure 4C, Figure 4-figure supplement 2, and Figure 4-figure supplement 3). 309 

CeM 310 

We found that 9 molecularly defined neuron types were enriched in the CeM (Figure 4D and 311 

Figure 4-source data 1). MC-16 (Nefm/Htr1b/Ebf1/Drd2－/Tac2－) was the most abundant cell type in the 312 
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CeM, with the highest density in the anterior part. MC-16 is a Nefm-expressing cluster (79.0%) that can 313 

be largely defined by Htr1b and Ebf1, genes with low expression-levels. MC-16 also lacked expression of 314 

marker genes that were present in other CeM MCs, such as Drd2 and Tac2. Many neurons in this cluster 315 

expressed Npy1r (50.3%), and Drd1 (33.3%). Neurons from MC-16 corresponded to two scRNA-Seq 316 

clusters, seq-c2 (54%) and seq-c4 (40%), but they have lower cross-correlation coefficient (0.54±0.09) 317 

than the correspondence of many other FISH clusters with scRNA-Seq clusters. MC-13, which co-318 

expressed Dlk1 and Cyp26b1, was the most abundant cell type in the posterior part of the CeM and 319 

occupied a mostly separate domain lateral to MC-16 in anterior CEA that overlapped the CeM and CeL 320 

boundary. This cell type lacked expression of Ppp1r1b and corresponded to seq-c13. The two 321 

intermediate abundance cell types were neurons expressing Sema3c (MC-11 and MC-18). These neurons 322 

corresponded to seq-c11 but were split into two FISH clusters intermingled in CeM: MC-11 323 

(Sema3c/Tac1), which was the primary Tac1-expressing type in the CEA with many neurons also 324 

expressing Dlk1 (74.1%) and Sst (51.9%), and MC-18 (Sema3c/Tac1－) scattered among CeM, CeL, BLA 325 

and PAL. Five low abundance CeM cell types were found. MC-1 (Nefm/Tac2) neurons were the primary 326 

CeM Tac2 cell type, which also had the largest cell bodies in the CEA (Figure 3F) and co-expressed a 327 

variety of neuromodulatory receptors, such as kappa-opioid receptor (Oprk1), neuropeptide Y receptor 1 328 

(Npy1r), and serotonin receptor (Htr1b). MC-14 (Scn4b/Penk－) was the primary D2 receptor-expressing 329 

(Drd2) (90%) cell type in the CeM, and many neurons in this cluster also co-expressed Htr1b (79.1%). 330 

MC-15 was a vitamin D receptor (Vdr) population distributed throughout CeM that co-expressed Npy1r 331 

(74.1%). Two Gpx3-expressing cell types, MC-9 (Gpx3/Gal) and MC-19 (Gpx3/Gal－), which can be 332 

distinguished by Gal expression, were in the ventral portion of CeM and also in the adjacent medial 333 

amygdala (MEA).  334 

CeC and CeL 335 

The primary CeC and CeL cell type at middle and posterior CEA levels was MC-6 336 

(Prkcd/Cartpt). The primary anterior CeC cell type was MC-10 (Cyp26b1/Crym), with a small fraction of 337 
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MC-10 neurons scattered in CeM. MC-6 corresponded to seq-c8, and MC-10 corresponded to seq-c6, 338 

which was the main category of Prkcd-expressing neurons in the CEA (Figure 3-figure supplement 1D). 339 

In contrast to many CeC and CeL cell types, MC-10 had low Ppp1r1b expression. Two Sst/Pdyn cell 340 

types (MC-2 and MC-3), corresponding to scRNA-Seq clusters, seq-c7 and seq-c10 respectively, were 341 

also spatially separated, with MC-2 more medial and uniquely marked by Vipr2. MC-2 (Vipr2) was the 342 

most medial CeL cell type and co-expressed a variety of CeL neuropeptides, including Pdyn, Tac2, Nts, 343 

Crh, and Sst in various proportions (Supplementary File 4), and was primarily restricted to middle and 344 

posterior levels of CeL (Figure 4-source data 1). MC-3 (Sst/Pdyn/Vipr2－) was found across all levels of 345 

CeL, including medial CeC in anterior sections. MC-5 (Drd2/Scn4b/Penk) spanned the AST and the CeC. 346 

It was spatially enriched in the anterior part of this region and was mostly absent in the CeL.  347 

Although most cell types were localized to CeM, CeC or CeL, we found that MC-12 348 

(Sst/Vgf/Pdyn－/Tac1－) and MC-17 (Htr2c/Gpx3－/Sst－/Drd2－/Tac2－) were broadly distributed across the 349 

CEA subnuclei. MC-4 (Nts/Pdyn－) was a low abundance Nts cell type that was scattered in the ventral 350 

part of the CeM. We also examined the distribution of neuromodulatory GPCRs (Figure 4-figure 351 

supplement 4A-B). The serotonin receptors Htr1b and Htr2c were broadly expressed in many 352 

molecularly defined cell types, with the highest average Htr1b and Htr2c expression in MC-1 and MC-17, 353 

respectively. Htr1b was also expressed in a few other clusters, such as MC-5, MC-14, and MC-16. 354 

Neuropeptide Y receptor 1 (Npy1r) was expressed in a restricted group of CeM clusters (MC-1, MC-15, 355 

and MC-16). The dopamine receptors, Drd1 and Drd2 both showed strong expression in the AST. Drd1 356 

was also expressed in the intercalated neurons. Drd1 expression was mostly in the CeM, detected 357 

in >10% of the neurons in multiple clusters (MC-1, MC-11, MC-12, MC-16, and MC-18: seq-c2, seq-c4, 358 

seq-c11), whereas Drd2 was expressed in both CeM (MC-14) and CeC cell types (MC-5). In addition, the 359 

opioid receptor kappa 1 (Oprk1) was primarily expressed in MC-1 and a subset of BLA neurons (MC-8). 360 

The vasoactive intestinal peptide (VIP) receptor 2 (Vipr2) was selectively expressed in MC-2, the Sst 361 

cluster in the CeL/CeC that co-expressed Crh and Tac2.  362 
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 363 

Projections of molecularly defined cell types in the CEA 364 

CEA neurons showed distinct groupings of axonal projection patterns (Figure 5A, Figure 5-365 

figure supplement 1A, and Figure 5-source data 1-5). The CEA→BNST projection was most distinct 366 

from the other four projection types, with BNST-projecting neurons enriched primarily in the ventral 367 

CeM and some at the border between CeM and CeC/L. CEA neurons with descending projections to 368 

lateral SN, PBN, PCRt and vlPAG were largely intermingled. CEA→PBN projecting neurons were the 369 

most abundant projection class, with enrichment in CeM and posterior CeC and CeL. The CEA→lateral 370 

SN projection, followed a similar pattern with retrogradely labeled neurons in anterior CeM and posterior 371 

CeM and CeC/L. Neurons from the adjacent amygdalostriatal transition area (AST) projected to lateral 372 

SN, consistent with previous observation  (Steinberg et al., 2020). CEA→PCRt neurons primarily 373 

originated from the anterior portion of the CeM. CEA→vlPAG neurons were observed in the CeM and 374 

the posterior CeL. Neurons co-projecting to PBN and PCRt (n=132, 6.7%), PBN and lateral SN (n=76, 375 

3.8%), PBN and vlPAG (n=49, 2.5%), were observed at low frequency (Figure 5-figure supplement 376 

1C).  377 

A subset of molecularly defined CEA neurons projected to at least one of these five target areas 378 

(Figure 5B and Figure 5-figure supplement 1B). In the CeM, MC-16 (Nefm/Htr1b/Ebf1/Drd2－/Tac2－) 379 

was the major cell type that projects to PBN (Figure 5C). MC-11 (Tac1/Sema3c) was modestly enriched 380 

for this projection, and most other CeM cell types showed scattered projections to PBN. In the CeC and 381 

CeL, MC-3 (Sst/Pdyn/Vipr2-) was the major PBN-projecting cell type. In contrast, MC-2, which was 382 

adjacent to MC-3 and co-expressed Sst/Pdyn, did not show a strong projection to PBN (Figure 5D). The 383 

different projection patterns of the two transcriptomically similar Sst cell types in the CeL may indicate 384 

functional differences between these populations. However, both MC-2 and MC-3 neurons project to 385 

vlPAG along with a major contribution from CeM cell type, MC-16, and minor contributions from MC-386 

11 (Sema3c/Tac1) and MC-13 (Cyp26b1/Dlk1). MC-3 and MC-16 clusters were also major lateral SN 387 
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projecting cell types. MC-7, a D1 receptor-expressing population primarily in the AST, also showed 388 

greater abundance of lateral SN projection compared to the D2-receptor-expressing AST population, MC-389 

20, consistent with canonical direct and indirect striatal pathways to the midbrain (Gerfen et al., 1990). 390 

MC-3 and MC-16 were also major cell types that project to PCRt. Most neurons with axon 391 

collateralizations were from MC-3 or MC-16, with more PBN and lateral SN collaterals observed from 392 

MC-3 (61.4%) and more PBN and vlPAG collaterals observed from MC-16 (54.0%) (Figure 5-figure 393 

supplement 1C). PBN and PCRt collaterals were observed from MC-3, MC-11, and MC-16.    394 

Despite MC-16 being a major CeM descending projection type, neurons in the CeM projecting to 395 

BNST were predominantly from MC-13 (Cyp26b1/Dlk1) with minor contributions from MC-16, MC-17, 396 

and MC-19. MC-6 (Prkcd) and MC-10 (Cyp26b1/Crym－), two CeC/CeL cell types with Prkcd-397 

expression, also projected to BNST (Figure 5-figure supplement 1B-E). Selected cell clusters and their 398 

projections were validated in a third mouse (ANM #3) (Figure 5-figure supplement 1F). Consistent with 399 

the other two animals, MC-13 (Cyp26b1/Dlk1) was the predominant projection type to BNST, and MC-400 

16 (Nefm/Htr1b/Ebf1/Drd2－/Tac2－) was the major CeM projection type to PBN.  401 

  402 

Marker genes predict projection classes 403 

We found that each brain region investigated here received axonal projections originating from 404 

multiple CEA neuron types, while only a subset of all cell types in the CEA contributed to these 405 

projections. Because neuron types were defined by combinations of marker genes and several genes were 406 

expressed by multiple types, we also investigated whether marker genes were predictive of projection 407 

targets. For this, we trained a logistic regression classifier that used the marker gene expression in neurons 408 

to predict their axonal projections to the five selected brain regions as well as neurons lacking projections 409 

to these brain regions (6 classes: 'PBN', 'vlPAG', 'PCRt', 'lateral SN', 'BNST', 'Unlabeled') (Figure 6A). 410 

The model had an average AUC-ROC (area under the receiver-operating characteristic curve) of 0.80 411 

(Figure 6-figure supplement 1A-B) and f1 score of 0.58 (Figure 6B), significantly better in performance 412 
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compared to data where the relationship between gene expression of individual neurons and their 413 

projections was shuffled (p<0.01) (see Methods, Figure 6-figure supplement 1A and Figure 6B), 414 

indicating high predictive power of marker genes for axon projection targets. The confusion matrix 415 

showed that the model had the highest performance predicting BNST (71%) and lateral SN (66%) 416 

projections, with more incorrect predictions for hindbrain projections (PBN, PCRt and vlPAG) (Figure 417 

6C). One possibility that could explain lower performance for hindbrain targets was potentially 418 

incomplete retrograde labeling of neurons with collateralizations among hindbrain regions, which is 419 

indicated by a report of collateralization in axonal reconstructions from rats (Veinante & Freund-Mercier, 420 

2003). When we trained a model in which the hindbrain projections were grouped (four classes: 421 

‘Hindbrain’, ‘lateral SN’, ‘BNST’, ‘Unlabeled’), the prediction scores were improved (AUC-ROC score: 422 

0.81, f1 score: 0.59) (Figure 6D and Figure 6-figure supplement 1C). Consistent with the 6-class 423 

model, the BNST projection, which had the greatest anatomical separation from the other projection 424 

targets, was best predicted by gene expression information (74%). Marker gene expression correctly 425 

predicted 73% lateral SN projections and 67% hindbrain projections (Figure 6E). The predictions for 426 

neurons lacking projections to these regions in both models were lower (43%). Most of the incorrect 427 

predictions were false positive predictions, where unlabeled neurons were predicted to project to 3 428 

projection classes (BNST: 22%, Hindbrain: 17% and lateral SN: 18%). Among them, 33% of false 429 

positive predictions to BNST were from MC-13 neurons and 35% and 34% of unlabeled neurons 430 

predicted to project to hindbrain regions and lateral SN, respectively, were from MC-16 and MC-3. This 431 

is potentially related to incomplete retrograde labeling of projection neurons (78% co-labeling efficiency 432 

based on CTB and FG co-injection, Figure 2-figure supplement 1C-D).  433 

We used the feature coefficients from these models to quantify the relative importance of each 434 

gene for predicting the projection types (Figure 6-figure supplement 1D) and identified the optimal 435 

combination of marker gene(s) to predict neuronal projections based on recursive feature elimination 436 

(Figure 6F). We found that Dlk1 had the highest contribution in predicting BNST projection. Expression 437 

of Drd1 and the absence of Sema3c expression were predictive of lateral SN projections. Pdyn, Htr1b, 438 



19 
 

and Ebf1 were highly predictive of PBN projection. Expression of Crh predicted PCRt projections and 439 

vlPAG projections, which is consistent with previous studies where Crh+ neurons were shown to project 440 

to lateral PAG (Fadok et al., 2017). Although the aforementioned genes best predicted axon projection 441 

targets, we found that they can be largely compensated by additional genes (Figure 6-figure supplement 442 

1E). We validated the predictive power of Dlk1, Pdyn and Crh to projection types in a third animal (ANM 443 

#3). Consistent with the first two animals, we found that Dlk1 predicted projections to the BNST, Pdyn 444 

was predictive of PBN projections and Crh predicted projections to vlPAG (Figure 6-figure supplement 445 

1F). Taken together, genes identified in these analyses enriched for CEA neurons projecting to 446 

downstream targets, however, they were not fully selective for these projections. 447 

 448 

Discussion 449 
Here, we report a new method for integrating axonal projections with molecular profiling using 450 

EASI-FISH in thick tissue samples. This revealed the molecular, spatial, morphological, and connectional 451 

diversity in the CEA within a three-dimensional tissue context and uncovered molecularly defined cell 452 

types that projected to specific brain regions.  453 

Technical considerations 454 

Our technical objectives were to extend the EASI-FISH procedure by mapping the location of 455 

molecularly defined neuron types using marker genes from scRNA-Seq and correlating this with the 456 

location of axon projection types in the same samples. We aimed to do this in thick tissue sections 457 

because this will eventually facilitate experiments that incorporate EASI-FISH with other experimental 458 

modalities such as calcium imaging or electrophysiology. Finally, we configured our experiments so that 459 

the automated EASI-FISH analysis pipeline was suitable for the joint analysis of gene expression and 460 

retrograde tracer labeling. We opted to develop EASI-FISH for use in conjunction with traditional high-461 

efficiency retrograde tracers, such as CTb and Fluorogold (Saleeba et al., 2019). This is because 462 

alternative retrograde viral axon tracing tools have considerable tropism for different cell types, and in 463 

preliminary experiments, we found poor efficiency of canine adenovirus, AAV2/retro (Tervo et al., 2016), 464 
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and other retrograde viral tools when applied to the CEA projections (Figure 2-figure supplement 1A-465 

B). CTb and FG do not survive the tissue digestion step associated with expansion microscopy (ExM), 466 

which led us to perform an initial tissue clearing and confocal microscopy step to obtain projection 467 

information as well as to develop methods for automatic registration of confocal and SPIM image 468 

volumes, which has been challenging in the past. We chose tissue thickness of 100 µm (instead of 300 µm 469 

in the previous EASI-FISH study (Wang et al., 2021)) due to the long imaging time and photobleaching 470 

associated with confocal imaging as well as compromised image quality due to tissue scattering in thicker 471 

tissue sections when using confocal imaging before the expansion microscopy procedure. 472 

Here we evaluated 22 cell types, using 29 marker genes, for their contribution to 5 projection-473 

types, which is more than previous studies for individual samples using retrograde tracers. High quality 474 

neuron somata segmentation provided cell body size and shape information for each neuron, which could 475 

be related to neuronal classifications. Our approach to systematically evaluate all CEA cell types for 476 

retrograde labeling from 5 projection targets offers a comprehensive view of the relative contributions of 477 

different cell types to each axon projection target. Nevertheless, the absolute number of neurons from 478 

each cell type that contribute to each projection is difficult to determine. Although the labeling efficiency 479 

of neurons by CTb and FG was high, CEA neurons may arborize in portions of the five target brain 480 

regions that were not completely filled with the retrograde tracer by our stereotaxic injection (Figure 2-481 

figure supplement 2A) and increasing the amount of tracer comes with the tradeoff of overflowing the 482 

boundary of the targeted structure. Underfilling the axon-target region may lead to false negatives for 483 

classifying neuron contributions to each projection based on measurements of retrogradely labeled 484 

neurons, thus underestimating the number of neurons projecting to these regions. Furthermore, this would 485 

lead to an undercount of axon collateralization, for which there is prior evidence based on a limited set of 486 

single neuron axon projection reconstructions that have been performed for CEA neurons from rats 487 

(Veinante & Freund-Mercier, 2003). This means that the gene-based predictive model for axon projection 488 

target potentially underestimated the predictive power of marker genes due to incomplete retrograde 489 

labeling (false-negative labeling). In addition, the current study with 5-plex retrograde axon labeling does 490 
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not include all possible CEA projection targets, such as hypothalamic areas or the nucleus of the solitary 491 

tract. Increasing the number of axonal projection targets using this approach will require additional 492 

differentially labeled fluorescent retrograde tracers as well as spectral unmixing of the emission of these 493 

fluorophores. In this study, we only analyzed samples from male animals, and additional experiments will 494 

be needed in female animals to evaluate whether there are differences in molecularly defined cell types or 495 

their projections. However, scRNA-seq data from (Peters et al., 2022) using CEA neurons of both male 496 

and female animals did not report sex-specific differences. Ultimately, combining EASI-FISH with 497 

fluorescent retrograde tracers enables the profiling of tens-of-thousands of cells for gene expression and 498 

projections. In the future, the development of technology for single neuron axon reconstructions (Gao et 499 

al., 2022; Winnubst et al., 2019) combined with detailed multi-gene expression information would enable 500 

evaluation of the complete collateralization of molecularly defined neurons. Overall, our methodology for 501 

EASI-FISH combined with fluorescent retrograde axonal tracers is a systematic approach for profiling the 502 

gene expression and axon projection targets of single cells in thick tissue volumes.  503 

 504 

Biological insights 505 

The CEA is a major output nucleus of the amygdala, and functional investigation of the CEA has 506 

uncovered roles for both defensive and appetitive outputs, which are associated, in some cases, with 507 

distinct molecularly defined neuronal populations (Fadok et al., 2017; Yu et al., 2016). However, it has 508 

also been reported that neurons with the same marker gene can be involved in opposite behaviors (Botta 509 

et al., 2015; Bowen et al., 2022; Cai et al., 2014; Fadok et al., 2017; Griessner et al., 2021; Kim et al., 510 

2017; Yu et al., 2016), raising the possibility that further molecular or anatomical subdivisions exist 511 

(Fadok et al., 2018; Moscarello & Penzo, 2022). We identified molecularly defined cell types in the CEA 512 

from scRNA-Seq and mapped their detailed spatial locations as well as axonal projections to five major 513 

CEA projection targets. This uncovered many new CEA cell types, their participation in CEA circuitry, 514 

and revealed their relationships to previously identified CEA marker genes. Recently, single nucleus 515 

RNA sequencing from the CEA in rat identified 13 neuronal types (11/13 neuronal types were from CEA) 516 
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(Dilly et al., 2022). We found good correspondence with major CEA cell types identified by Dilly, et al., 517 

such as the Prkcd and the Crh neurons in the CeC and CeL, and the Drd1 and Drd2 neurons in the CeM. 518 

However, the separation of rat CEA Sst subtypes in Dilly, et al. was not clear. In addition to these major 519 

cell types, our study revealed additional cell type diversity in the mouse CEA, especially in the CeM, 520 

which had been largely underdefined. In addition, our molecularly defined mouse CEA cluster also 521 

matched well with two recent studies in mouse CEA (O'Leary et al., 2022; Peters et al., 2022) (Figure 1-522 

figure supplement 3).  523 

 524 

Molecular definition of CEA subnuclei molecular boundaries  525 

We found that the primary distinction between molecularly defined CEA cell types corresponded 526 

to an anatomical split between CeM and CeC/CeL. This revealed a fundamental distinction between the 527 

cellular makeup of these CEA subdivisions, and most cell types mapped specifically to one of these 528 

subdomains. Importantly, we used the spatial variation of CEA gene expression to determine 529 

combinations of molecular markers to automatically define the boundary of CeL, CeC, and CeM, which 530 

have been difficult to determine in the mouse. This provides an approach to increase consistency of 531 

anatomical assignments in different studies across animals. 532 

 533 

Molecularly defined CEA neuron types in CeM 534 

We identified many previously undescribed CeM neuron types. For example, MC-16 535 

(Nefm/Htr1b/Ebf1/Drd2－/Tac2－) is the most abundant CeM cell type but was not previously reported, 536 

possibly due to the lack of neuropeptide marker genes. In rats, CeM has been reported to be the primary 537 

origin of hindbrain projections (Cassell et al., 1999). We found that MC-16 neurons projected primarily to 538 

hindbrain and midbrain targets. MC-13 (Cyp26b1/Dlk1) is another abundant cell type that is present in 539 

both CeM and CeL, and MC-13 projected to the BNST in the forebrain. The different projections of these 540 

two cell types are consistent with earlier single-cell anterograde tracing studies that ignored molecular 541 
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identity but showed subsets of neurons that had axon projections to either BNST or hindbrain targets 542 

(Veinante & Freund-Mercier, 2003). Moreover, we found that CeM neurons with ascending versus 543 

descending projection targets have spatially separate anatomical distributions, with BNST-projecting 544 

CeM neurons located more ventrally compared to hindbrain-projecting CeM projecting neurons.  545 

Although CeM neurons have been reported to be associated with neuropeptide marker genes 546 

(Kim et al., 2017; McCullough, Morrison, et al., 2018), we found that these neuropeptide-expressing cell 547 

types made up only a small proportion of the cells in the CeM. MC-1 is the primary CeM cell type 548 

expressing Tac2, and we discovered that these cell types have the largest somata in the CEA. Tac2-549 

expressing CeM neurons have been previously reported to be associated with appetitive behaviors (Kim et 550 

al., 2017), but it is challenging to use stereotaxic methods to target these selectively from CeL Tac2 (MC-551 

2) neurons in mice. We found that this population can be specified by co-expression with Nefm, which 552 

could potentially be used for the intersectional targeting of this cell type. Tac1 neurons in the CeM (MC-553 

11) co-expressed Sema3c, and this intersection distinguished this population from overlying Drd1 554 

neurons in the AST that also expressed Tac1. In addition, most CeM Sst neurons belonged to MC-12, 555 

although Sst was also found in a subset of Tac1-expressing MC-11 neurons. MC-15 was a rare cell type 556 

defined by expression of vitamin D receptor (Vdr). Although Vdr expression has been observed 557 

previously in the amygdala (Liu et al., 2021; Stumpf & O'Brien, 1987) and its expression was shown to be 558 

elevated in proestrus rats during the pain response to chicken pox infection (Hornung et al., 2020), the 559 

functional importance of this Vdr-expressing cell type has not been examined. In addition, two other CeM 560 

cell types, MC-18 (Sema3c/Tac1-) and MC-19 (Gpx3/Gal-) also has not been examined previously. MC-561 

19 was in the ventral CeM and had projections to the BNST, whereas MC-18 had a broader distribution, 562 

with projections to PBN and PCRt. Other previously reported CeM markers were expressed in more than 563 

one molecularly defined cell type. For example, Pnoc (Hardaway et al., 2019) was broadly expressed 564 

across most major CeM cell types (Figure 1-figure supplement 2). While the D2-receptor (Drd2) was 565 

primarily expressed in two CeM clusters (MC-5 and MC-14, both corresponding to seq-c5 but differing in 566 

Penk expression), the D1-receptor (Drd1) was primarily expressed in the AST cluster (MC-7) and the 567 
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intercalated cells (MC-21). Drd1 was also detected (>10%) in multiple CeM clusters (MC-1, MC-11, 568 

MC-12, MC-16, and MC-18: seq-c2, seq-c4, seq-c11) (Figure 1-figure supplement 3 and Figure 4-569 

figure supplement 4), largely consistent with a previous report (Kim et al., 2017). 570 

 571 

Molecularly defined CEA neuron types in CeL and CeC 572 

The lateral and capsular portions of the CEA contained five primary cell types. Prkcd neurons 573 

(primarily in MC-6) were the predominant neuron type in the posterior and middle portions of the CeL 574 

and CeC. Neurons expressing Prkcd have been shown to be suppressed by conditioned stimuli predicting 575 

an aversive stimulus (Haubensak et al., 2010), to modulate anxiety (Botta et al., 2015; Cai et al., 2014; 576 

Griessner et al., 2021), and to suppress food intake associated with either satiety or illness (Cai et al., 577 

2014). We identified two populations with Prkcd expression, one in rostral CEA (MC-10 corresponds to 578 

seq-c6) and one in caudal CEA (MC-6 corresponds to seq-c8) with a higher fraction of neurons 579 

expressing Prkcd, which likely correspond to the rCEA Calcrl+ and cCEA Calcrl+ neurons identified in 580 

(Bowen et al., 2022). A small proportion of neurons in these two populations MC-6 and MC-10 showed 581 

projections to BNST, as previously described (Cai et al., 2014). Prkcd-expressing neurons have been 582 

reported to be the primary projections from CeC/CeL→BNST (Ye & Veinante, 2019), however, we 583 

found that this marker gene is associated with a small proportion (15.2%) of CeC/CeL neurons that 584 

project to BNST. Instead, most BNST projecting neurons are from MC-13 (31%), which straddles the 585 

boundary between CeL and CeM, and the second-most abundant BNST-projecting population was MC-586 

10 (8.1%). We did not evaluate intra-CeA connectivity, but Prkcd neurons of the CeC and CeL have been 587 

reported to also form connections with CeM neurons (Ye & Veinante, 2019), some of which go on to 588 

project to the PAG (Haubensak et al., 2010). In addition, Prkcd-neurons are also engaged in a recursive 589 

inhibitory local circuit with CeL Sst neurons (Fadok et al., 2017; Hunt et al., 2017). 590 

Consistent with previous reports, we detected significant levels of co-localization in CeC/CeL of 591 

previously used marker genes such as Sst, Crh, Nts and Tac2, which were distinct from Prkcd-expressing 592 

neurons (Kim et al., 2017; McCullough, Morrison, et al., 2018; Ye & Veinante, 2019). Yet, we identified 593 
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separate CeC/CeL Sst-expressing subpopulations that can be selectively targeted based on the co-594 

expression of previously unknown molecular markers. MC-3 strongly expressed Sst and was spatially 595 

intermingled with Prkcd neurons. A closely related Sst-expressing cell type, MC-2, expressed Vipr2, was 596 

partially offset to the medial portion of the CeL and co-expressed varying proportions of Sst, Nts, Crh 597 

(Kim et al., 2017; McCullough, Morrison, et al., 2018). MC-2 was restricted to posterior and middle CEA 598 

sections, while MC-3 was also in anterior CeC. These Sst-expressing clusters might correspond to distinct 599 

functional subpopulations and could explain seemingly contradictory reports on the behavioral role of 600 

SST and CRH neurons in the CEA (Fadok et al., 2017; Kim et al., 2017; Yu et al., 2016). Indeed, Sst-601 

expressing neurons from the CeL have been reported to be the primary projection to PBN, and we found 602 

that it was the MC-3 population that was the major descending projection from CeC/CeL to the PBN, 603 

PCRt and lateral SN. Both MC-3 and MC-2 neurons participate in projections to vlPAG. The functional 604 

significance of two Sst neuron populations in CeL is not known, but functional activation of CeLCRH 605 

neurons, possibly projecting to vlPAG (likely MC-2), has been shown to promote flight responses 606 

(Andero et al., 2014), whereas activation of CeLSST projecting to vlPAG (likely MC-2 and MC-3) 607 

promotes freezing (Fadok et al., 2017; Kim et al., 2017; Yu et al., 2016). However, these earlier studies 608 

may include contributions from neurons expressing these genes in CeM, thus state-dependent effects 609 

(Fadok et al., 2018; Moscarello & Penzo, 2022) that primarily affect separate CEA subpopulations cannot 610 

be excluded. 611 

In the anterior CeC/L, the predominant cell type, MC-10 (Cyp26b1/Crym－), has not been reported 612 

previously and, as mentioned above, is the primary CeC/L projection to BNST. The anterior CeC also 613 

contained a Drd2 cell type co-expressing Scn4b (MC-5) that extended ventrally from the AST and 614 

projected to lateral SN, which likely corresponded to previously reported Drd2 neurons in and around 615 

CEA that enhance conditioned freezing (McCullough, Daskalakis, et al., 2018). However, Drd2 616 

expression is not limited to MC-5 (e.g., MC-14 in CeM), and we anticipate that the use of intersectional 617 

targeting with Drd2/Scn4b will facilitate selective targeting of this CeC cell type. A previous study 618 
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reported that most Prkcd-expressing neurons co-expressed Drd2 and that most CeC/L Drd2 was 619 

expressed in these neurons using a Drd2::EGFP transgenic mouse (De Bundel et al., 2016). In contrast, 620 

we find that direct detection of RNAs by scRNA-Seq as well as high sensitivity EASI-FISH identified 621 

Drd2 expression in only a proportion of Prkcd-expressing neurons (7.7% scRNA-Seq, 43.0% FISH).  622 

 623 

Long-range projections of CEA molecular cell types 624 

We observed a complex set of relationships in the long-range neuronal projection network of the 625 

CEA, where target regions receive inputs from multiple molecularly defined cell types, with molecularly 626 

defined cell types projecting to more than one target region. We also observed distinct projection patterns 627 

from closely related cell types. For example, the MC-3 Sst-expressing cell type in the CeL projects to 628 

multiple descending brain areas but the closely related and anatomically intermingled MC-2 629 

(Sst/Vipr/Nts/Tac2 co-expressing) cell type had ~11-fold lower proportion of retrogradely labeled 630 

neurons. The most abundant projections from CEA were to PBN and involved 11 (50% of total) 631 

molecularly defined cell types in the CEA, while MC-16 from CeM and MC-3 from CeC/CeL were the 632 

primary cell types projecting to lateral SN, PBN, and PCRt. Thus, dual control of CEA projection targets 633 

by CeL and CeM is a common organizational characteristic of CEA output. However, it remains to be 634 

investigated whether these distinct molecular clusters with common projection targets serve specific 635 

functions, such as associative learning to salient stimuli, feeding or predatory behavior which have been 636 

previously linked to CEA projections to the lateral SN, PBN or PCRt, respectively (Douglass et al., 2017; 637 

Han et al., 2017; Steinberg et al., 2020). Of note, two of the CeM clusters with distinct projection patterns 638 

identified in this study likely corresponded to the novel CeM cell types identified in (O'Leary et al., 639 

2022). MC-16 that projects to multiple hindbrain targets corresponds to Isl1+ neurons, while MC-13 that 640 

showed a spatial distribution between CeL and CeM, likely corresponds to Nr2f2+ neurons. And we show 641 

in this study that MC-13 is a major BNST projecting population. In addition to these findings, our study 642 

offers a more comprehensive view of the co-projection relationships of all CEA clusters in CEA 643 

subnuclei that is not limited by retrograde viral tropism.    644 
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We also evaluated the predictive accuracy of marker genes for individual projection types. 645 

Because multiple cell types contributed to each projection type, it is important to determine whether 646 

marker genes expressed across multiple cell types would be associated with an axon projection. Overall 647 

predictive scores (auROC) ranging from 0.78-0.83 indicate good predictability. When we examined the 648 

predictive power of top-ranked marker genes, we found, on average, that single marker genes would be 649 

associated with ~70%/30% split between true positives and false positives for a given projection type 650 

(~80%/20% for Crh prediction of vlPAG). However, the prediction scores for these marker genes may be 651 

underestimated because of false negative neurons that projected to portions of the targeted regions not 652 

contacted by the tracer injections and were thus unlabeled by tracers. Nevertheless, applications involving 653 

selective transgene expression in molecularly distinct neuronal projection types, are likely best achieved 654 

using retrograde viral approaches, possibly in conjunction with marker genes that represent the distinct 655 

cell types contributing to that projection.  656 

Together, our findings define the molecular neuronal subtypes of the CEA, reveal major 657 

differences in the molecular cytoarchitecture of CeC, CeL and CeM, and relate molecular subtypes to 658 

major projection targets. Future work will be required to establish conditions for targeting these cell types 659 

in mice with transgenes. In addition, previous studies indicate that local CEA circuitry is highly organized 660 

(Fadok et al., 2017; Haubensak et al., 2010; Hunt et al., 2017; Li et al., 2013). It remains to be 661 

investigated to which extent molecular identity predicts local connectivity within and across CEA 662 

subnuclei. This study will provide a basis to use marker genes to facilitate experiments that address 663 

whether distinct molecular CEA cell types, in conjunction with their projection targets, control distinct 664 

motivated appetitive and aversive behaviors and whether CEA output pathways convey more abstract, 665 

scalable, and state-dependent information.  666 
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Materials and Methods 667 

Key Resources Table 
Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
informatio
n 

peptide, 
recombinant 
protein 

Cholera Toxin Subunit 
B (Alexa Fluor-488) Thermo Fisher Cat. # C34775 

 

peptide, 
recombinant 
protein 

Cholera Toxin Subunit 
B (Alexa Fluor-555) Thermo Fisher Cat. # C34776 

 

peptide, 
recombinant 
protein 

Cholera Toxin Subunit 
B (Alexa Fluor-594) Thermo Fisher Cat. # C34777 

 

peptide, 
recombinant 
protein 

Cholera Toxin Subunit 
B (Alexa Fluor-647) Thermo Fisher Cat. # C34778 

 

chemical 
compound, 
drug Fluoro-Gold Fluorochrome  

 

chemical 
compound, 
drug Melphalan 

Cayman 
Chemicals Cat. # 16665 

 

chemical 
compound, 
drug Acryloyl-X, SE Thermo Fisher 

Cat. # 
A20770 

 

commercial 
assay or kit 

RNase-Free DNase 
Set (50) Qiagen Cat. # 79254 

 

commercial 
assay or kit Proteinase K NEB Cat. # P8107S 

 

chemical 
compound, 
drug DAPI Sigma Cat. # D9542 

 

chemical 
compound, 
drug 

Janelia Fluor® 669, 
SE Tocris Cat. # 6420 

 

chemical 
compound, 
drug 

N,N,N′,N′-
Tetramethyl 
ethylenediamine Sigma Cat. # T22500 

 

chemical 
compound, 
drug Ammonium persulfate Sigma Cat. # A3678 

 

chemical 
compound, 
drug Acrylamide solution Sigma Cat. # A4058 
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chemical 
compound, 
drug 4-Hydroxy-TEMPO Sigma Cat. # 176141 

 

chemical 
compound, 
drug 

N, N'-
Methylenebisacrylami
de Sigma Cat. # M7279 

 

chemical 
compound, 
drug Acrylamide Sigma Cat. # A9099 

 

chemical 
compound, 
drug Acrylic Acid Sigma Cat. # 147230 

 

chemical 
compound, 
drug DMSO Sigma Cat. # 570672 

 

chemical 
compound, 
drug MOPS buffer Sigma Cat. # M1254 

 

chemical 
compound, 
drug 20x SSC Thermo Fisher 

Cat. # 
AM9763 

 

chemical 
compound, 
drug Nuclease-free water Thermo Fisher 

Cat. # 
AM9932 

 

chemical 
compound, 
drug NaOH 

Fisher 
scientific Cat. # SS267 

 

chemical 
compound, 
drug Poly-L-Lysine Pelco Cat. # 18026 

 

chemical 
compound, 
drug 

DEXTRAN 
SULFATE 50%, 
100ML Sigma Cat. # S4030 

 

chemical 
compound, 
drug Formamide 

Fisher 
scientific 

Cat. # BP227-
100 

 

chemical 
compound, 
drug PBS 

Fisher 
scientific 

Cat. # 
BP24384 

 

chemical 
compound, 
drug 

RNase away/DNase 
away 

Fisher 
scientific 

Cat. # 
10328011 

 

chemical 
compound, 
drug Photo-Flo 200 EMS  Cat. # 74257 
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commercial 
assay or kit 

QIAquick Nucleotide 
Removal Kit (50) Qiagen Cat. # 28304 

 

strain, strain 
background 
(Mouse, male) 

C57Bl/6 Jackson 
Laboratory 

JAX stock 
#000664 

 

sequence-
based reagent 

HCR probes Molecular 
Instrument 

N/A  

sequence-
based reagent 

HCR Amplifier B1 Molecular 
Instrument 

N/A  

sequence-
based reagent 

HCR Amplifier B2 Molecular 
Instrument 

N/A  

sequence-
based reagent 

HCR Amplifier B3 Molecular 
Instrument 

N/A  

sequence-
based reagent 

HCR Amplifier B4 Molecular 
Instrument 

N/A  

sequence-
based reagent 

HCR Amplifier B5 Molecular 
Instrument 

N/A  

sequence-
based reagent 

Custom-DNA probe this study Ribosomal 
RNA probes 

Sequence: 
gcgggtcgcca
cgtctgatctga
ggtcgcg/3A
TTO550N/ 

software, 
algorithm 

EASI-FISH pipeline Wang, et al. 
2021 

 https://githu
b.com/Janeli
aSciComp/
multifish 

software, 
algorithm 

Seurat 4.0.1 Stuart et al., 
2019 

RRID: 
SCR_016341 

Satijalab.org
; 

software, 
algorithm 

Fiji ImageJ https://imagej.
net/software/fi
ji/ 

 

software, 
algorithm 

Python v3.7  RRID: SCR 
008394 

Python.org; 

software, 
algorithm 

n5-viewer Saalfeld lab  https://githu
b.com/saalfe
ldlab/n5-
viewer 

software, 
algorithm 

Napari napari-
contributors, 
2019 

 https://napar
i.org/ 
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other Zeiss Lightsheet Z.1 
microscope 

Zeiss  https://www
.zeiss.com/
microscopy/
us/products/
imaging-
systems/ligh
t-sheet-
microscope-
for-lsfm-
imaging-of-
live-and-
cleared-
samples-
lightsheet-
7.html 

commercial 
assay or kit 

Press-to-Seal™ 
Silicone Isolator with 
Adhesive 

Thermo Fisher Cat. # P24743  

commercial 
assay or kit 

8mm glass coverslip Harvard 
Apparatus 

Cat. # BS4 
64-0701 

 

other Zeiss Lightsheet Z.1 
imaging holder 

Svoboda Lab 
and Janelia 
Experimental 
Technology 

 The design 
of the 
imaging 
holder can 
be found 
here: 
https://www
.janelia.org/
open-
science/zeis
s-lightsheet-
z1-sample-
holder 

other CEA scRNA-Seq this study GEO: 
GSE213828 

Sequencing 
data 
included in 
this study is 
available 
through 
GEO: 
https://www
.ncbi.nlm.ni
h.gov/geo/ 
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other CEA EASI-FISH data this study  FISH and 
projection 
data 
included in 
this study 
are publicly 
available 
through the 
following 
links: 
https://figsh
are.com/s/a0
31a8dfca1b
4d25d3de; 
http://multif
ish-
data.janelia.
org/ 

 668 
 669 

 670 

 671 

Animal model and subject details 672 

Adult C57Bl/6J male mice (8 weeks old at the beginning of the experiments) were used. All 673 

methods for animal care and use were conducted according to National Institutes of Health guidelines for 674 

animal research and approved by the Institutional Animal Care and Use Committee (IACUC) at Janelia 675 

Research Campus (Protocol number: 19-174). Mice were housed in a 12 h light/12 h dark cycle and had 676 

ad libitum access to water and chow diet. 677 

Single-cell RNA sequencing 678 

Single-cell RNA sequencing was focused on the central amygdala (CEA). For visually guided 679 

dissection of the CEA, we used the fluorescent boundaries of the robust PBN→CEA axon projection. 680 

This has the advantage of marking the CEA without directly expressing a transgene in neurons to be 681 

analyzed by scRNA-Seq. For this, male C57Bl/6J mice were bilaterally injected with AAV2/1-CAG-GFP 682 

(Capsid from AAV1 and ITR from AAV2) (titer 5.5E+12 vg/ml; Janelia Viral Tools facility) into the 683 
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parabrachial nucleus (PBN; 100 nl per hemisphere, coordinates from bregma: anterior-posterior (AP) -5.2 684 

mm, medial-lateral (ML) 1.15 mm, dorsal-ventral (DV) 3.25 mm). For AAV injection under stereotaxic 685 

control, mice were anesthetized using isoflurane (3–5% for induction, 1–2% for maintenance) in oxygen 686 

and fixed on a stereotactic frame (Model 1900, Kopf Instruments). Injections of buprenorphine 687 

(0.1 mg per kg body weight subcutaneously before anesthesia) and ketoprofen (5 mg per kg body weight 688 

after the surgery and every 24 h for two days postoperatively) were provided for analgesia. Ophthalmic 689 

ointment was applied to avoid eye drying. The body temperature of the animal was maintained at 36 °C 690 

using a feedback-controlled heating pad. A pulled glass pipette (tip diameter ~20 μm) was connected to a 691 

microinjection system (Oil Microinjector, Narishige) and lowered into the brain at the desired coordinates 692 

with the stereotaxic micro-positioner (Model 1940, Kopf Instruments). After a waiting time of 10 min, the 693 

pipette was slowly removed, and the wound was closed with a surgical suture.  694 

Four weeks after PBN injection, mice were sacrificed to collect CEA neurons for single-cell 695 

RNA-sequencing. The manual sorting procedure to isolate cell bodies from micro-dissected brain slices 696 

was similar to a previously described protocol (Hempel et al., 2007). Briefly, mice were deeply 697 

anesthetized with isoflurane and decapitated to collect 300-μm coronal brain slices. The CEA was 698 

manually dissected with spring scissors using the GFP signal as guidance. Afferent fibers from the PBN 699 

specifically labelled the CEA but not surrounding nuclei such as the basolateral or medial amygdala, or 700 

the amygdala-striatal transition zone, and thus allowed for specific dissection of the CEA without 701 

expression of the fluorescent protein in CEA neurons (Figure 1-figure supplement 1). Two to three 702 

tissue sections from each animal were taken to cover the entire CEA and subjected to protease digestion, 703 

after which cells were dissociated. Intact neurons were manually selected into individual wells. Neurons 704 

collected from seven animals were pooled for sequencing. Sorted single cells were lysed with 3µl lysis 705 

buffer (0.2% Triton X-100 (Sigma) and 0.1 U/µl RNase inhibitor (Lucigen)) and cDNAs were prepared 706 

using the Smart-SCRB chemistry as described previously (Cembrowski et al., 2018; Xu et al., 2020). 707 

Barcoded cDNAs were then pooled to make cDNA libraries, and the cDNA libraries were sequenced on a 708 

NextSeq 550 high-output flowcell with 26 bp in read 1 to obtain the barcode and UMI, and 50 bp in read 709 
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2 for cDNA. PhiX control library (Illumina) was spiked in at a final concentration of 15% to improve 710 

color balance in read 1. Libraries were sequenced to an average depth of 6,611,566 ± 92,440 (mean ± 711 

S.D.) reads per cell. 712 

Sequencing alignment was performed similar to a previous report (Gur et al., 2020).  Sequencing 713 

adapters were trimmed from the sequencing reads with Cutadapt v2.10 (Martin, 2011) prior to alignment 714 

with STAR v2.7.5c (Dobin et al., 2013) to the M. musculus GRCm38.90. genome assembly from 715 

Ensembl (ensembl.org). Gene counts were generated using the STARsolo algorithm 716 

(https://github.com/alexdobin/STAR/blob/master/docs/STARsolo.md). Gene counts for the subset of 717 

barcodes used in each library were extracted using custom R scripts.  718 

 719 

scRNA-Seq analysis 720 

First, genes that were expressed in less than 5 cells and cells with fewer than 200 detected genes 721 

were removed from the dataset. Cell doublets/multiplets and low-quality cells were filtered based on the 722 

total number of detected genes (1,500-7,500), relative abundance of mitochondrial transcripts 723 

(percent.mito < 0.055) and number of unique molecular identifiers (nUMI) per cell (< 2 × 105), 724 

respectively. The resulting dataset consisted of 1,626 cells and 33,372 genes. Next, gene expression in 725 

remaining cells were normalized to total expression and log transformed. The top 5,000 highly variable 726 

features were selected after variance-stabilizing transformation (vst) (Hafemeister & Satija, 2019). Gene 727 

expression was then z-score transformed after regressing out the effects of latent variables including 728 

nUMI, and percent.mito. Principal component analysis (PCA) was performed on z-score normalized data. 729 

The top 40 PCs from the PCA analysis were used for clustering analysis and Uniform Manifold 730 

Approximation and Projection (UMAP) dimensional reduction. Non-neuronal clusters were identified by 731 

expression of non-neuronal markers (e.g., Aqp4, Olig1, Olig2, Opalin, Pdgfra, Ctss, Flt1, Epas1, Esam, 732 

Krt18, Jchain, Pecam1) and absence of neuronal markers (Snap25, Syp, Tubb3, Map1b, Elavl2, Gad1, 733 

Gad2, etc.) and removed. Neuronal clusters outside of the CEA (based on expression of Neurod6, 734 



35 
 

Slc17a7, Slc17a6, Lhx8 and Lhx6) were also removed from subsequent analysis. The resulting dataset 735 

consisted of 1,393 cells and 33,372 genes. 736 

Next, as described above, variable features were identified and used for dimensionality reduction 737 

and clustering analysis. The shared nearest neighbor (SNN) with modularity optimization (Louvain 738 

algorithm with multilevel refinement procedure and 10 iterations) clustering algorithm implemented in 739 

Seurat was used to identify cell clusters. Silhouette score and the Jaccard index distribution after 740 

bootstrapping were used to determine the optimal resolution and neighborhood size for clustering, as 741 

described previously (Wang et al., 2021). The Silhouette score is a measure of how similar a cell is to its 742 

own cluster compared to other clusters, and the silhouette score for each cell in a specified cluster was 743 

calculated as the euclidean distance in PCA space using the CalculateSilhouette function in Seurat. For 744 

bootstrap analysis, we randomly selected 80% of cells from the integrated dataset and performed 745 

dimensionality reduction and clustering. We then calculated the Jaccard similarity index between the most 746 

similar new cluster and the original cluster.  This procedure was repeated 100 times and the distribution of 747 

Jaccard similarity index across clusters were plotted and used to evaluate cluster stability. Clusters with 748 

high stability have consistently high Jaccard similarity index with bootstrapping. This bootstrap analysis 749 

was performed using scclusteval package in R (Tang et al., 2020) with modifications.  Based on these 750 

evaluations (Figure 1-figure supplement 1E), the following parameters were chosen for graph-based 751 

clustering of the CEA neurons: k.param=25,  resolution=1.5. Clustering analysis identified 13 neuronal 752 

clusters, whose identities were assigned based on expression of enriched genes. BuildClusterTree() 753 

function in Seurat was used to generate the dendrogram representing transcriptomic relationships of 754 

neuronal clusters. It constructs a phylogenetic tree based on a distance matrix constructed in the PCA 755 

space on averaged cell from each cluster. For data visualization, the top 30 PCs were used to calculate the 756 

UMAP, with n.neighbors=30L and min.dist=0.3.  Differential gene expression analysis was performed 757 

using the FindAllMarkers function in Seurat (Wilcoxon rank sum test, logfc.threshold = 0.75, min.pct = 758 

0.25), with p-values adjusted based on the Bonferroni correction. The top 50 enriched genes for each 759 

neuronal cluster are provided in Supplementary File 1.   760 
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 761 

Marker gene selection for EASI-FISH 762 

To identify marker genes for EASI-FISH, we first started with the list of differentially expressed 763 

genes as outlined in Supplementary File 1. We applied a series of selection criteria designed to allow 764 

classification of a maximum number of unique cell types using the fewest number of genes possible. As 765 

such, in addition to limiting our search to genes with an adjusted p-value cutoff of at least 0.05 and an 766 

average log-fold change of 0.55 or over, we also specifically selected markers with as close to binary 767 

“on/off” expression patterns in the cell type of interest as possible, based on high percentage of marker 768 

positive cells in the target population compared to low percentage of marker positive cells outside the 769 

target population (displayed as pct.1 and pct.2 in Supplementary File 1, respectively). This provided us 770 

with a candidate gene list, which we cross-validated with Allen ISH data (Lein et al., 2007) based on 771 

marker gene expression in the CEA. To independently validate marker gene selection, we also built a 772 

combinatorial marker gene panel with a greedy algorithm implemented in mfishtools, where marker genes 773 

were selected one at a time to maximize the fraction of neurons that can be correctly assigned to the 774 

correct identity.  775 

In addition to marker genes, differentially expressed GPCRs (e.g., Npy1r, Drd1, Drd2, Htr1b, and 776 

Htr2c) were included because of their potential interest as neuromodulatory receptors. A total of 29 777 

marker genes were chosen and we note that this is not the only combination of genes that could feasibly 778 

serve to represent these molecularly defined cell types. Based on cross-correlation analysis, we were able 779 

to correctly assign cluster identity to around 60% of neurons in the scRNA-Seq dataset based on selected 780 

marker genes. Addition of another 71 marker genes (total of 100) provided only modest improvement in 781 

the assignment accuracy to 65%. With all genes in the dataset, the cross-correlation analysis assigned 782 

87.8% of neurons to their original identity, with the lowest assignment accuracy in seq-c13 (70%).  783 

 784 

Integration of scRNA-Seq datasets 785 
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We compared our scRNA-Seq data with a recently published scRNA-Seq dataset in the CEA 786 

(O'Leary et al., 2022) by integrating the two datasets using the canonical-correlation analysis (CCA) 787 

implemented in Seurat (v4.2.0). Processed gene count expression and metadata matrices for the O’Leary 788 

et al. dataset were directly downloaded from Gene Expression Omnibus (GEO). First of all, gene 789 

expressions were normalized to total expression and then log-transformed. Then the top 5000 highly 790 

variable features were selected from each dataset after variance-stabilizing transformation (vst) 791 

(Hafemeister & Satija, 2019) and used to identify integration anchors through the FindIntegrationAnchors 792 

function in Seurat (parameters used: dims=1:50, k.score=30, reduction=’cca’, anchor.features=5000). 793 

3,118 anchors were selected and used to compute a weighted integration vector (k. weight=100), which is 794 

then used to transform the two datasets into a common space (merging O’Leary et al. dataset into our 795 

dataset) using Seurat's IntegrateData function. The integrated dataset with a total of 2,222 cells was then 796 

used as input for dimensionality reduction and clustering. UMAP was computed and used for 797 

visualization with the following parameters (dims=1:30, n.neighbors=30L, min.dist=0.30, n.epochs=500, 798 

seed.use=6). SNN based clustering was performed on integrated data with the following parameters: 799 

k.param=25,  resolution=1.0. To compare scRNA-Seq clusters between the integrated data and our study 800 

in Figure 1,  Jaccard similarity index was computed using scclusteval package in R (Tang et al., 2020) 801 

with modifications.   802 

 803 
Projection-FISH method 804 
 805 
Retrograde labeling 806 

C57Bl/6J male mice (8 weeks old) were used for all EASI-FISH experiments with retrograde 807 

tracer labeling. The non-toxic retrograde tracers cholera toxin b (CTB) conjugated with different 808 

fluorophores (Alexa Fluor-488, Alexa Fluor-555, Alexa Fluor-594, Alexa Fluor-647; all Thermo Fisher, 809 

0.5%) and fluorogold (FG; Fluorochorome, 2%) were injected into the left hemisphere of five selected 810 

projection areas of the CEA: the bed nucleus of the stria terminalis (BNST; coordinates from bregma: AP 811 

0.25 mm, ML 1.0 mm, DV 4.4 mm), the lateral part of the substantia nigra (lateral SN; AP -3.65 mm, ML 812 
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1.8 mm, DV 3.8 mm), the ventrolateral PAG (vlPAG; AP -4.65 mm, ML 0.5 mm, DV 2.35 mm), the 813 

parabrachial nucleus (PBN; AP -5.2 mm, ML 1.15 mm, DV 3.25 mm) and the parvocellular reticular 814 

nucleus (PCRt; AP -6.4 mm, ML 1.25 mm, DV 4.7 mm). The surgery was performed as described above. 815 

Animals received up to 0.5 ml 0.9% saline/0.5 ml 5% glucose (subcutaneously) during the surgery. 50 nl 816 

of retrograde tracer was injected into each region. For animal #1, BNST was injected with FG, lateral SN 817 

CTB-647, vlPAG CTB-594, PBN CTB-555, and PCRt CTB-488. For animal #2, BNST was injected with 818 

FG, lateral SN CTB-647, vlPAG CTB-488, PBN CTB-555, and PCRt CTB-594. For animal #3, BNST 819 

was injected with FG, lateral SN CTB-594, vlPAG CTB-647, PBN CTB-555, and PCRt CTB-488. 820 

 821 
Tissue fixation and preparation 822 

8-10 weeks after CTB and FG injection, animals were anesthetized with isoflurane and perfused 823 

with RNase-free PBS (15 ml) followed by ice-cold 4% paraformaldehyde (PFA) (50 ml). Brain tissue was 824 

dissected and fixed in 4% PFA overnight before sectioning on a vibratome. Brain coronal slices (100 µm) 825 

were sectioned and stored in 70% ethanol (to preserve RNA) at 4 ℃ for up to 6 months. The CEA region 826 

(approximately -0.7 to -1.9 mm AP from bregma) was cut out using anatomical landmarks as boundaries. 827 

Three sections per animal were analyzed, an anterior section (located between -0.7 to -1.0 mm AP from 828 

bregma), a medial section (-1.1 to -1.5 mm), and a posterior section (-1.6 to -1.9 mm). For ease of 829 

orientation and optimal imaging, the tissue was cut as a rectangle (~2.5 × 4 mm). An RNase-free 830 

paintbrush was used for tissue handling.  831 

 832 

Tissue clearing and projection class imaging 833 

The tissue slice was rehydrated in PBS at room temperature (RT) (2 × 15 min) and incubated in 834 

PBS with 8% SDS (Fisher Scientific) at RT (4 h) for tissue clearing. Cleared tissue was rinsed in 2 × SSC 835 

(2 × 1 h) and stained in PBS with 200 ng/ml DAPI (30 min), followed by rinsing in PBS (2 × 30 min). 836 

Next, the sample was transferred to a glass-bottom 6-well plate and mounted with index-matched imaging 837 

medium (60% sucrose in PBS) and cover-slipped. The Zeiss 880 confocal with Plan-Apochromat 20×/0.8 838 
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M27 objective was used to collect CTB, FG and nuclear DAPI fluorescence signals. The following four 839 

image tracks (z-stack) were collected sequentially. Track 1: CTB-594 was excited by 594nm laser and 840 

signals in the range of 597-633nm were collected. Track 2: CTB-555 and CTB-647 were excited 841 

simultaneously with 561nm and 633nm laser and signals in the range of 562-597nm were collected for 842 

CTB-555 and 650-690nm for CTB-647. Track 3: CTB-488 was excited by 488nm laser and signal 843 

detected in the range of 500-571nm. Track 4: Nuclear DAPI and FG were excited with 405nm laser, with 844 

DAPI signal collected in the range of 410-480nm and FG in the range of 500-695nm. Single color tissue 845 

samples were used and imaged separately to correct for signal crosstalk post hoc using Fiji spectral 846 

unmixing plugin. Tiled fluorescent images were taken with 10% overlap between tiles, with pixel size 847 

0.73 µm in x and y dimension and z step size of 0.77 µm.  848 

To determine whether the tissue clearing and imaging procedure compromise RNA quality, genes 849 

uniquely expressed in selected neuronal subset with known expression levels according to scRNA-Seq 850 

data (Ezr in Prkcd+ neurons and Igf1 in Pmch+ neurons) were used to determine RNA quality with EASI-851 

FISH. Transcript spot counts in conditions with and without 8% SDS clearing and confocal imaging were 852 

assessed and compared.   853 

 854 

EASI-FISH procedure modifications 855 

After confocal imaging, the tissue sample was recovered and rinsed in PBS (2 × 15 min) and 856 

incubated in MOPS buffer (20 mM, pH 7.7, 30 min). Tissue was incubated overnight (37 ℃) in MOPS 857 

buffer (50 µl) with 1 mg/ml MelphaX and gelled according to the EASI-FISH protocol (Wang et al., 858 

2021). Proteinase K digestion in EASI-FISH procedure removes most proteins, including retrograde 859 

tracers, and frees up all fluorescence channels. To register confocal image volumes with EASI-FISH 860 

images from light-sheet fluorescence imaging, round 0 imaging was performed before DNase I digestion. 861 

Fluorescence in situ hybridization with a ribosomal RNA probe produced a cytosolic stain and was used 862 

to register to cytoDAPI in EASI-FISH rounds and nuclear DAPI staining was applied to allow registration 863 

to confocal imaging.  Specifically, tissue-gel sample was first equilibrated in hybridization buffer (500 µl) 864 
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for 30 min at 37 ℃. Samples were then hybridized with a ribosomal RNA probe (sequence: 865 

gcgggtcgccacgtctgatctgaggtcgcg/3ATTO550N/) (1 µM) in hybridization buffer (300 µl) overnight at 866 

37 ℃. The next morning, samples were washed in probe wash buffer (2 × 30 min), followed by PBS (2 × 867 

30 min) at 37 ℃. The tissue-gel sample was then stained in PBS with 200 ng/ml DAPI (30 min), followed 868 

by rinsing in PBS (2 × 30min), and imaged on a Zeiss Z.1 Lightsheet microscope. After imaging, the 869 

tissue-gel sample was DNase I digested and processed according to the EASI-FISH protocol (Wang et al., 870 

2021).  871 

 872 
Projection-FISH data analysis 873 
 874 
EASI-FISH data processing 875 

EASI-FISH data analyses, including image stitching, registration, segmentation, spot detection, 876 

and assignment, were performed using the pipeline described before (Wang et al., 2021). For determining 877 

the number of cells expressing a gene, we first calculated the number of background spots in samples 878 

lacking that gene to account for non-specific spots in tissue samples, this gives on average 10 background 879 

spots/cell. Based on this, we set the threshold to define positive cells as any cell with a spot count greater 880 

than 10.  881 

Projection data analysis 882 

First, projection images were aligned to EASI-FISH images using nuclear DAPI signals. Nuclear 883 

DAPI signal from projection image taken by confocal microscope (moving) was used to register to 884 

nuclear DAPI signal in round 0 EASI-FISH image (fixed) using Bigstream 885 

(https://github.com/GFleishman/bigstream) with modifications. First, 50 features on average were 886 

manually selected from both images, matched with RANSAC to calculate the global affine transform for 887 

moving image. After applying this global affine transformation, the transformed image volumes were 888 

split into overlapping chunks for further processing as described before. Another round of feature 889 

selection using Laplacian of Gaussian (LoG) filter and RANSAC-based affine transformation was 890 

performed on image chunks, followed by deformable registration. All registration steps on image chunks 891 
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were executed in parallel. The global affine, piecewise affine, and piecewise deformable transforms were 892 

composed to a single displacement vector field stored in N5 format. The forward transform was applied to 893 

all projection channels to align them to EASI-FISH images (fixed).  894 

The EASI-FISH segmentation mask was applied to registered, crosstalk corrected confocal 895 

images to calculate the average fluorescence intensity of CTB and FG signals in each neuron (ROI). The 896 

fluorescence intensities from each neuron were thresholded based on the Receiver Operating 897 

Characteristic (ROC) curve to determine projection types. Briefly, signal intensities were z-score 898 

normalized for each projection. Neurons were then randomly sampled (100 neurons from each projection 899 

at each selected normalized threshold) and manually inspected at different fluorescence intensity cut point 900 

to generate the Receiver Operating Characteristic (ROC) curve. The Youden Index (J) was used to 901 

determine the optimal threshold for each projection and neurons with fluorescence intensity above this 902 

threshold were classified as targetX-projecting and neurons below this threshold were classified as 903 

unlabeled.   904 

 905 
FISH clustering analysis 906 
 907 

Cells were first clustered after Principal component analysis using graph-based SNN clustering 908 

method implemented in Seurat (4.0.1) with Louvain algorithm with multilevel refinement to remove non-909 

neurons as well as neurons outside of the CEA. Parameters for clustering were determined with bootstrap 910 

analysis by subsampling 80% of the data for 100 times (k params: 25 and resolution: 0.2). The non-911 

neurons were identified based on small cell body volume and lack of neuronal marker gene expression 912 

and removed. 33,139 out of 42,619 cells from 6 samples (Supplementary File 3, ANM#1 A: 6,979 913 

neurons; ANM#1 M: 5,644 neurons; ANM#1 P: 4,728 neurons; ANM#2 A: 7,271 neurons; ANM#2 M: 914 

9,233 neurons; ANM#2 P: 7,205 neurons) were used for downstream analysis. As described before, the 915 

clustering analysis was performed after PCA analysis of z-score normalized spot counts (without 916 

logarithmic transformation to minimize the weight of false positive spot detections).  917 
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Subsequent clustering was performed on CEA neurons with parameters optimized with 918 

bootstrapping analysis to maximize the number of stable clusters (k parameter: 45, resolution: 1.0). Two 919 

confusing clusters were merged, and the clusters were reordered (from high to low) based on the cluster-920 

average total spot counts. For visualization, normalized expression of 29 marker genes were used to 921 

calculate the UMAP, with n.neighbors=30L and min.dist=0.3.   922 

 923 

FISH to scRNA-Seq data mapping 924 

To map FISH data to scRNA-Seq clusters, we first z-score normalized the scRNA-Seq data and 925 

calculated the average marker gene expression in each scRNA-Seq cluster. Marker gene expression 926 

measured via EASI-FISH was also z-score normalized. Pearson's cross-correlation was computed 927 

between EASI-FISH neurons and the averaged marker gene expression from scRNA-Seq clusters. Each 928 

EASI-FISH neuron was assigned the scRNA-Seq cluster identity with the highest correlation. We then 929 

calculated the fraction of neurons from each EASI-FISH cluster that mapped to each scRNA-Seq cluster 930 

and assigned correspondence based on the highest fraction of neurons from EASI-FISH cluster that 931 

mapped to scRNA-Seq clusters. MC-7, MC-8, MC-20, and MC-21 were excluded from this analysis as 932 

most neurons from these clusters were not in the CEA.  933 

 934 
Spatial parcellation in the CEA and surrounding area 935 

As described before (Wang et al., 2021), principal component analysis was performed on the 936 

expression patterns of 29 marker genes from each sample to identify the most variable and highly 937 

correlated spatial patterns. Marker gene expression from EASI-FISH data were first z-score normalized 938 

and mapped in 3D to reconstruct the expression patterns. Images containing expression patterns of 29 939 

marker genes were decomposed into principal components (PCs). The eigen-images from the top 4 PCs 940 

explained on average 71.3 ± 4.3% of variance in each sample. We selected genes that on average have the 941 

largest magnitude of weight on each principal component as candidates for structural parcellation. Based 942 

on this criterion, Penk, Ppp1r1b and Nefm were chosen for parcellation in all samples. Neighboring brain 943 
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regions (BLA, ITCs, PAL, AST) were prominent from the PCA analysis, the boundaries were also 944 

confirmed with cell size, soma morphology, and density.  945 

To parcellate the CEA into subregions, neurons were first classified based on their expression of 946 

Penk, Ppp1r1b and Nefm. Otsu’s method implemented in Python scikit-image was used to identify the 947 

optimal threshold for this classification. Then Gaussian process classifier with the radial basis function 948 

(RBF) kernel (length scale: 1.0) was used (implementation in scikit-learn) to generate the probabilistic 949 

segmentation (1µm isotropic resolution). Probability greater than 0.5 was used as threshold for the 950 

segmentation mask. This segmentation was performed separately on each CEA sample. Analysis on 951 

spatial distribution of molecularly defined cell types were the same as described previously (Wang et al., 952 

2021).  953 

Logistic regression to predict projection class with gene expression 954 

Prediction of projection classes from marker gene expression was assessed using binomial 955 

logistic regression. Due to the small number of neurons (1%) with collateral projections (Figure 5-figure 956 

supplement 1C), these neurons were excluded from this analysis. Neuronal projection types were 957 

binarized for each projection class and z-score normalized gene expression matrix was used as input to 958 

train a multiclass logistic regression classifier to predict its projection probability for each target. Logistic 959 

regression was implemented using the scikit-learn package linear_model.LogisticRegressionCV() class 960 

with liblinear solver and L2 regularization. To account for data imbalance, the class weights were 961 

adjusted inversely proportional to class frequencies from the input data. The performance scores were 962 

calculated with 20 randomized repeats of stratified 5-folds cross-validation. P-value was calculated with 963 

permutation test, where the projection classes were shuffled 100 times to generate randomized data to 964 

compute the empirical p-value against the null hypothesis that projection classes and marker gene 965 

expression are independent.  966 

 967 
 968 
Data availability  969 
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All data generated in this study have been deposited at figshare 970 

(https://figshare.com/s/a031a8dfca1b4d25d3de). We also provide an interactive data portal for data 971 

visualization at http://multifish-data.janelia.org/. The single-cell RNA-seq dataset generated in this study 972 

has been deposited to GEO (Gene Expression Omnibus, https://www.ncbi.nlm.nih.gov/geo/) with 973 

accession number GSE213828 (secure token: ypspouscrjeztwr). Any additional information required to 974 

reanalyze the data reported in this paper is available from the lead contacts upon request. 975 

  976 

Acknowledgments 977 

We thank the following people and groups for their support. J. Clements: consultation and help on web 978 

portal; T. Wang: consultation on experimental procedure; C. Stringer: consultation on data analysis; D. 979 

Alcor, M. DeSantis: microscopy support; A. Hu, M. Copeland, S. C. Michael, K. M. McGowan: animal 980 

perfusion and tissue sectioning; Janelia Vivarium team: animal care. This work was conducted as part of 981 

the multiFISH Project Team at Janelia Research Campus and research funding was from Howard Hughes 982 

Medical Institute (HHMI). SK was supported by a Career Development Award from Dementia Research 983 

Switzerland – Synapsis Foundation and the Janelia Research Campus Visitor Program. 984 

 985 

References 986 

Allen, H. N., Bobnar, H. J., & Kolber, B. J. (2021). Left and right hemispheric lateralization of the 987 
amygdala in pain. Prog Neurobiol, 196, 101891. 988 
https://doi.org/10.1016/j.pneurobio.2020.101891  989 

Allen, H. N., Chaudhry, S., Hong, V. M., Lewter, L. A., Sinha, G. P., Carrasquillo, Y., Taylor, B. K., & 990 
Kolber, B. J. (2022). A parabrachial-to-amygdala circuit that determines hemispheric 991 
lateralization of somatosensory processing. bioRxiv, 2022.2009.2006.506763. 992 
https://doi.org/10.1101/2022.09.06.506763  993 

Allen Institute for Brain Science. (2011). Allen Reference Atlas – Mouse Brain Coronal Atlas. 994 
Available from atlas.brain-map.org.  995 

Andero, R., Daniel, S., Guo, J. D., Bruner, R. C., Seth, S., Marvar, P. J., Rainnie, D., & Ressler, K. J. 996 
(2016). Amygdala-Dependent Molecular Mechanisms of the Tac2 Pathway in Fear 997 
Learning. Neuropsychopharmacology, 41(11), 2714-2722. 998 
https://doi.org/10.1038/npp.2016.77  999 



45 
 

Andero, R., Dias, B. G., & Ressler, K. J. (2014). A role for Tac2, NkB, and Nk3 receptor in normal 1000 
and dysregulated fear memory consolidation. Neuron, 83(2), 444-454. 1001 
https://doi.org/10.1016/j.neuron.2014.05.028  1002 

Bloodgood, D. W., Hardaway, J. A., Stanhope, C. M., Pati, D., Pina, M. M., Neira, S., Desai, S., 1003 
Boyt, K. M., Palmiter, R. D., & Kash, T. L. (2021). Kappa opioid receptor and dynorphin 1004 
signaling in the central amygdala regulates alcohol intake. Mol Psychiatry, 26(6), 2187-1005 
2199. https://doi.org/10.1038/s41380-020-0690-z  1006 

Botta, P., Demmou, L., Kasugai, Y., Markovic, M., Xu, C., Fadok, J. P., Lu, T., Poe, M. M., Xu, L., 1007 
Cook, J. M., Rudolph, U., Sah, P., Ferraguti, F., & Luthi, A. (2015). Regulating anxiety with 1008 
extrasynaptic inhibition. Nat Neurosci, 18(10), 1493-1500. 1009 
https://doi.org/10.1038/nn.4102  1010 

Bowen, A., Huang, W., Chen, J., Pauli, J., Campos, C., & Palmiter, R. (2022). Topographic 1011 
representation of current and future threats in the nociceptive amygdala. PREPRINT 1012 
(Version 1) available at Research Square(13 October). 1013 
https://doi.org/https://doi.org/10.21203/rs.3.rs-2117915/v1  1014 

Bugeon, S., Duffield, J., Dipoppa, M., Ritoux, A., Prankerd, I., Nicoloutsopoulos, D., Orme, D., 1015 
Shinn, M., Peng, H., Forrest, H., Viduolyte, A., Reddy, C. B., Isogai, Y., Carandini, M., & 1016 
Harris, K. D. (2022). A transcriptomic axis predicts state modulation of cortical 1017 
interneurons. Nature, 607(7918), 330-338. https://doi.org/10.1038/s41586-022-04915-1018 
7  1019 

Cai, H., Haubensak, W., Anthony, T. E., & Anderson, D. J. (2014). Central amygdala PKC-delta(+) 1020 
neurons mediate the influence of multiple anorexigenic signals. Nat Neurosci, 17(9), 1021 
1240-1248. https://doi.org/10.1038/nn.3767  1022 

Carter, M. E., Soden, M. E., Zweifel, L. S., & Palmiter, R. D. (2013). Genetic identification of a 1023 
neural circuit that suppresses appetite. Nature, 503(7474), 111-114. 1024 
https://doi.org/10.1038/nature12596  1025 

Cassell, M. D., Freedman, L. J., & Shi, C. (1999). The intrinsic organization of the central 1026 
extended amygdala. Ann N Y Acad Sci, 877, 217-241. https://doi.org/10.1111/j.1749-1027 
6632.1999.tb09270.x  1028 

Cassell, M. D., & Gray, T. S. (1989). Morphology of peptide-immunoreactive neurons in the rat 1029 
central nucleus of the amygdala. J Comp Neurol, 281(2), 320-333. 1030 
https://doi.org/10.1002/cne.902810212  1031 

Cassell, M. D., Gray, T. S., & Kiss, J. Z. (1986). Neuronal architecture in the rat central nucleus of 1032 
the amygdala: a cytological, hodological, and immunocytochemical study. J Comp 1033 
Neurol, 246(4), 478-499. https://doi.org/10.1002/cne.902460406  1034 

Cembrowski, M. S., Phillips, M. G., DiLisio, S. F., Shields, B. C., Winnubst, J., Chandrashekar, J., 1035 
Bas, E., & Spruston, N. (2018). Dissociable Structural and Functional Hippocampal 1036 
Outputs via Distinct Subiculum Cell Classes. Cell, 173(5), 1280-1292 e1218. 1037 
https://doi.org/10.1016/j.cell.2018.03.031  1038 

Chen, K. H., Boettiger, A. N., Moffitt, J. R., Wang, S., & Zhuang, X. (2015). RNA imaging. Spatially 1039 
resolved, highly multiplexed RNA profiling in single cells. Science, 348(6233), aaa6090. 1040 
https://doi.org/10.1126/science.aaa6090  1041 

Chen, X., Sun, Y. C., Zhan, H., Kebschull, J. M., Fischer, S., Matho, K., Huang, Z. J., Gillis, J., & 1042 
Zador, A. M. (2019). High-Throughput Mapping of Long-Range Neuronal Projection 1043 



46 
 

Using In Situ Sequencing. Cell, 179(3), 772-786 e719. 1044 
https://doi.org/10.1016/j.cell.2019.09.023  1045 

Ciocchi, S., Herry, C., Grenier, F., Wolff, S. B., Letzkus, J. J., Vlachos, I., Ehrlich, I., Sprengel, R., 1046 
Deisseroth, K., Stadler, M. B., Muller, C., & Luthi, A. (2010). Encoding of conditioned fear 1047 
in central amygdala inhibitory circuits. Nature, 468(7321), 277-282. 1048 
https://doi.org/10.1038/nature09559  1049 

Codeluppi, S., Borm, L. E., Zeisel, A., La Manno, G., van Lunteren, J. A., Svensson, C. I., & 1050 
Linnarsson, S. (2018). Spatial organization of the somatosensory cortex revealed by 1051 
osmFISH. Nat Methods, 15(11), 932-935. https://doi.org/10.1038/s41592-018-0175-z  1052 

De Bundel, D., Zussy, C., Espallergues, J., Gerfen, C. R., Girault, J. A., & Valjent, E. (2016). 1053 
Dopamine D2 receptors gate generalization of conditioned threat responses through 1054 
mTORC1 signaling in the extended amygdala. Mol Psychiatry, 21(11), 1545-1553. 1055 
https://doi.org/10.1038/mp.2015.210  1056 

Dilly, G. A., Kittleman, C. W., Kerr, T. M., Messing, R. O., & Mayfield, R. D. (2022). Cell-type 1057 
specific changes in PKC-delta neurons of the central amygdala during alcohol 1058 
withdrawal. Transl Psychiatry, 12(1), 289. https://doi.org/10.1038/s41398-022-02063-0  1059 

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., & 1060 
Gingeras, T. R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 29(1), 1061 
15-21. https://doi.org/10.1093/bioinformatics/bts635  1062 

Domi, E., Xu, L., Toivainen, S., Nordeman, A., Gobbo, F., Venniro, M., Shaham, Y., Messing, R. O., 1063 
Visser, E., van den Oever, M. C., Holm, L., Barbier, E., Augier, E., & Heilig, M. (2021). A 1064 
neural substrate of compulsive alcohol use. Sci Adv, 7(34). 1065 
https://doi.org/10.1126/sciadv.abg9045  1066 

Douglass, A. M., Kucukdereli, H., Ponserre, M., Markovic, M., Grundemann, J., Strobel, C., Alcala 1067 
Morales, P. L., Conzelmann, K. K., Luthi, A., & Klein, R. (2017). Central amygdala circuits 1068 
modulate food consumption through a positive-valence mechanism. Nat Neurosci, 1069 
20(10), 1384-1394. https://doi.org/10.1038/nn.4623  1070 

Duvarci, S., Popa, D., & Pare, D. (2011). Central amygdala activity during fear conditioning. J 1071 
Neurosci, 31(1), 289-294. https://doi.org/10.1523/JNEUROSCI.4985-10.2011  1072 

Ehrlich, I., Humeau, Y., Grenier, F., Ciocchi, S., Herry, C., & Luthi, A. (2009). Amygdala inhibitory 1073 
circuits and the control of fear memory. Neuron, 62(6), 757-771. 1074 
https://doi.org/10.1016/j.neuron.2009.05.026  1075 

Fadok, J. P., Krabbe, S., Markovic, M., Courtin, J., Xu, C., Massi, L., Botta, P., Bylund, K., Muller, 1076 
C., Kovacevic, A., Tovote, P., & Luthi, A. (2017). A competitive inhibitory circuit for 1077 
selection of active and passive fear responses. Nature, 542(7639), 96-100. 1078 
https://doi.org/10.1038/nature21047  1079 

Fadok, J. P., Markovic, M., Tovote, P., & Luthi, A. (2018). New perspectives on central amygdala 1080 
function. Curr Opin Neurobiol, 49, 141-147. https://doi.org/10.1016/j.conb.2018.02.009  1081 

Fernandez, E., Schiappa, R., Girault, J. A., & Le Novere, N. (2006). DARPP-32 is a robust 1082 
integrator of dopamine and glutamate signals. PLoS Comput Biol, 2(12), e176. 1083 
https://doi.org/10.1371/journal.pcbi.0020176  1084 

Gafford, G. M., & Ressler, K. J. (2015). GABA and NMDA receptors in CRF neurons have 1085 
opposing effects in fear acquisition and anxiety in central amygdala vs. bed nucleus of 1086 



47 
 

the stria terminalis. Horm Behav, 76, 136-142. 1087 
https://doi.org/10.1016/j.yhbeh.2015.04.001  1088 

Gao, L., Liu, S., Gou, L., Hu, Y., Liu, Y., Deng, L., Ma, D., Wang, H., Yang, Q., Chen, Z., Liu, D., Qiu, 1089 
S., Wang, X., Wang, D., Wang, X., Ren, B., Liu, Q., Chen, T., Shi, X., . . . Yan, J. (2022). 1090 
Single-neuron projectome of mouse prefrontal cortex. Nat Neurosci, 25(4), 515-529. 1091 
https://doi.org/10.1038/s41593-022-01041-5  1092 

Gerfen, C. R., Engber, T. M., Mahan, L. C., Susel, Z., Chase, T. N., Monsma, F. J., Jr., & Sibley, D. 1093 
R. (1990). D1 and D2 dopamine receptor-regulated gene expression of striatonigral and 1094 
striatopallidal neurons. Science, 250(4986), 1429-1432. 1095 
https://doi.org/10.1126/science.2147780  1096 

Griessner, J., Pasieka, M., Bohm, V., Grossl, F., Kaczanowska, J., Pliota, P., Kargl, D., Werner, B., 1097 
Kaouane, N., Strobelt, S., Kreitz, S., Hess, A., & Haubensak, W. (2021). Central amygdala 1098 
circuit dynamics underlying the benzodiazepine anxiolytic effect. Mol Psychiatry, 26(2), 1099 
534-544. https://doi.org/10.1038/s41380-018-0310-3  1100 

Gur, D., Bain, E. J., Johnson, K. R., Aman, A. J., Pasoili, H. A., Flynn, J. D., Allen, M. C., Deheyn, D. 1101 
D., Lee, J. C., Lippincott-Schwartz, J., & Parichy, D. M. (2020). In situ differentiation of 1102 
iridophore crystallotypes underlies zebrafish stripe patterning. Nat Commun, 11(1), 1103 
6391. https://doi.org/10.1038/s41467-020-20088-1  1104 

Hafemeister, C., & Satija, R. (2019). Normalization and variance stabilization of single-cell RNA-1105 
seq data using regularized negative binomial regression. Genome Biol, 20(1), 296. 1106 
https://doi.org/10.1186/s13059-019-1874-1  1107 

Han, J. S., Li, W., & Neugebauer, V. (2005). Critical role of calcitonin gene-related peptide 1 1108 
receptors in the amygdala in synaptic plasticity and pain behavior. J Neurosci, 25(46), 1109 
10717-10728. https://doi.org/10.1523/JNEUROSCI.4112-05.2005  1110 

Han, S., Soleiman, M. T., Soden, M. E., Zweifel, L. S., & Palmiter, R. D. (2015). Elucidating an 1111 
Affective Pain Circuit that Creates a Threat Memory. Cell, 162(2), 363-374. 1112 
https://doi.org/10.1016/j.cell.2015.05.057  1113 

Han, W., Tellez, L. A., Rangel, M. J., Jr., Motta, S. C., Zhang, X., Perez, I. O., Canteras, N. S., 1114 
Shammah-Lagnado, S. J., van den Pol, A. N., & de Araujo, I. E. (2017). Integrated Control 1115 
of Predatory Hunting by the Central Nucleus of the Amygdala. Cell, 168(1-2), 311-324 1116 
e318. https://doi.org/10.1016/j.cell.2016.12.027  1117 

Hardaway, J. A., Halladay, L. R., Mazzone, C. M., Pati, D., Bloodgood, D. W., Kim, M., Jensen, J., 1118 
DiBerto, J. F., Boyt, K. M., Shiddapur, A., Erfani, A., Hon, O. J., Neira, S., Stanhope, C. M., 1119 
Sugam, J. A., Saddoris, M. P., Tipton, G., McElligott, Z., Jhou, T. C., . . . Kash, T. L. (2019). 1120 
Central Amygdala Prepronociceptin-Expressing Neurons Mediate Palatable Food 1121 
Consumption and Reward. Neuron, 102(5), 1088. 1122 
https://doi.org/10.1016/j.neuron.2019.04.036  1123 

Haubensak, W., Kunwar, P. S., Cai, H., Ciocchi, S., Wall, N. R., Ponnusamy, R., Biag, J., Dong, H. 1124 
W., Deisseroth, K., Callaway, E. M., Fanselow, M. S., Luthi, A., & Anderson, D. J. (2010). 1125 
Genetic dissection of an amygdala microcircuit that gates conditioned fear. Nature, 1126 
468(7321), 270-276. https://doi.org/10.1038/nature09553  1127 

Hempel, C. M., Sugino, K., & Nelson, S. B. (2007). A manual method for the purification of 1128 
fluorescently labeled neurons from the mammalian brain. Nat Protoc, 2(11), 2924-2929. 1129 
https://doi.org/10.1038/nprot.2007.416  1130 



48 
 

Herry, C., & Johansen, J. P. (2014). Encoding of fear learning and memory in distributed 1131 
neuronal circuits. Nat Neurosci, 17(12), 1644-1654. https://doi.org/10.1038/nn.3869  1132 

Hornung, R., Pritchard, A., Kinchington, P. R., & Kramer, P. R. (2020). Comparing Gene 1133 
Expression in the Parabrachial and Amygdala of Diestrus and Proestrus Female Rats 1134 
after Orofacial Varicella Zoster Injection. Int J Mol Sci, 21(16). 1135 
https://doi.org/10.3390/ijms21165749  1136 

Hua, T., Chen, B., Lu, D., Sakurai, K., Zhao, S., Han, B. X., Kim, J., Yin, L., Chen, Y., Lu, J., & Wang, 1137 
F. (2020). General anesthetics activate a potent central pain-suppression circuit in the 1138 
amygdala. Nat Neurosci, 23(7), 854-868. https://doi.org/10.1038/s41593-020-0632-8  1139 

Hunt, S., Sun, Y., Kucukdereli, H., Klein, R., & Sah, P. (2017). Intrinsic Circuits in the Lateral 1140 
Central Amygdala. eNeuro, 4(1). https://doi.org/10.1523/ENEURO.0367-16.2017  1141 

Iwata, J., Chida, K., & LeDoux, J. E. (1987). Cardiovascular responses elicited by stimulation of 1142 
neurons in the central amygdaloid nucleus in awake but not anesthetized rats resemble 1143 
conditioned emotional responses. Brain Research, 418(1), 183-188. 1144 
https://doi.org/10.1016/0006-8993(87)90978-4  1145 

Kapp, B. S., Frysinger, R. C., Gallagher, M., & Haselton, J. R. (1979). Amygdala central nucleus 1146 
lesions: effect on heart rate conditioning in the rabbit. Physiology & Behavior, 23(6), 1147 
1109-1117. https://doi.org/10.1016/0031-9384(79)90304-4  1148 

Keifer, O. P., Jr., Hurt, R. C., Ressler, K. J., & Marvar, P. J. (2015). The Physiology of Fear: 1149 
Reconceptualizing the Role of the Central Amygdala in Fear Learning. Physiology 1150 
(Bethesda), 30(5), 389-401. https://doi.org/10.1152/physiol.00058.2014  1151 

Kim, J., Zhang, X., Muralidhar, S., LeBlanc, S. A., & Tonegawa, S. (2017). Basolateral to Central 1152 
Amygdala Neural Circuits for Appetitive Behaviors. Neuron, 93(6), 1464-1479 e1465. 1153 
https://doi.org/10.1016/j.neuron.2017.02.034  1154 

LeDoux, J. E., Iwata, J., Cicchetti, P., & Reis, D. J. (1988). Different projections of the central 1155 
amygdaloid nucleus mediate autonomic and behavioral correlates of conditioned fear. J 1156 
Neurosci, 8(7), 2517-2529. https://www.ncbi.nlm.nih.gov/pubmed/2854842  1157 

Lee, H. J., Groshek, F., Petrovich, G. D., Cantalini, J. P., Gallagher, M., & Holland, P. C. (2005). 1158 
Role of amygdalo-nigral circuitry in conditioning of a visual stimulus paired with food. J 1159 
Neurosci, 25(15), 3881-3888. https://doi.org/10.1523/JNEUROSCI.0416-05.2005  1160 

Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., Boe, A. F., Boguski, M. 1161 
S., Brockway, K. S., Byrnes, E. J., Chen, L., Chen, L., Chen, T. M., Chin, M. C., Chong, J., 1162 
Crook, B. E., Czaplinska, A., Dang, C. N., Datta, S., . . . Jones, A. R. (2007). Genome-wide 1163 
atlas of gene expression in the adult mouse brain. Nature, 445(7124), 168-176. 1164 
https://doi.org/10.1038/nature05453  1165 

Li, H., Penzo, M. A., Taniguchi, H., Kopec, C. D., Huang, Z. J., & Li, B. (2013). Experience-1166 
dependent modification of a central amygdala fear circuit. Nat Neurosci, 16(3), 332-339. 1167 
https://doi.org/10.1038/nn.3322  1168 

Li, J. N., Chen, K., & Sheets, P. L. (2022). Topographic organization underlies intrinsic and 1169 
morphological heterogeneity of central amygdala neurons expressing corticotropin-1170 
releasing hormone. J Comp Neurol, 530(13), 2286-2303. 1171 
https://doi.org/10.1002/cne.25332  1172 



49 
 

Li, J. N., & Sheets, P. L. (2018). The central amygdala to periaqueductal gray pathway comprises 1173 
intrinsically distinct neurons differentially affected in a model of inflammatory pain. J 1174 
Physiol, 596(24), 6289-6305. https://doi.org/10.1113/JP276935  1175 

Liu, H., He, Y., Beck, J., da Silva Teixeira, S., Harrison, K., Xu, Y., & Sisley, S. (2021). Defining 1176 
vitamin D receptor expression in the brain using a novel VDR(Cre) mouse. J Comp 1177 
Neurol, 529(9), 2362-2375. https://doi.org/10.1002/cne.25100  1178 

Lovett-Barron, M., Chen, R., Bradbury, S., Andalman, A. S., Wagle, M., Guo, S., & Deisseroth, K. 1179 
(2020). Multiple convergent hypothalamus-brainstem circuits drive defensive behavior. 1180 
Nat Neurosci, 23(8), 959-967. https://doi.org/10.1038/s41593-020-0655-1  1181 

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing 1182 
reads. EMBnet.journal, 17(1). https://doi.org/10.14806/ej.17.1.200  1183 

McCullough, K. M., Daskalakis, N. P., Gafford, G., Morrison, F. G., & Ressler, K. J. (2018). Cell-1184 
type-specific interrogation of CeA Drd2 neurons to identify targets for pharmacological 1185 
modulation of fear extinction. Transl Psychiatry, 8(1), 164. 1186 
https://doi.org/10.1038/s41398-018-0190-y  1187 

McCullough, K. M., Morrison, F. G., Hartmann, J., Carlezon, W. A., Jr., & Ressler, K. J. (2018). 1188 
Quantified Coexpression Analysis of Central Amygdala Subpopulations. eNeuro, 5(1). 1189 
https://doi.org/10.1523/ENEURO.0010-18.2018  1190 

McDonald, A. J. (2020). Functional neuroanatomy of the basolateral amygdala: Neurons, 1191 
neurotransmitters, and circuits. Handb Behav Neurosci, 26, 1-38. 1192 
https://doi.org/10.1016/b978-0-12-815134-1.00001-5  1193 

Moffitt, J. R., Bambah-Mukku, D., Eichhorn, S. W., Vaughn, E., Shekhar, K., Perez, J. D., 1194 
Rubinstein, N. D., Hao, J., Regev, A., Dulac, C., & Zhuang, X. (2018). Molecular, spatial, 1195 
and functional single-cell profiling of the hypothalamic preoptic region. Science, 1196 
362(6416). https://doi.org/10.1126/science.aau5324  1197 

Mork, B. E., Lamerand, S. R., Zhou, S., Taylor, B. K., & Sheets, P. L. (2022). Sphingosine-1-1198 
phosphate receptor 1 agonist SEW2871 alters membrane properties of late-firing 1199 
somatostatin expressing neurons in the central lateral amygdala. Neuropharmacology, 1200 
203, 108885. https://doi.org/10.1016/j.neuropharm.2021.108885  1201 

Moscarello, J. M., & Penzo, M. A. (2022). The central nucleus of the amygdala and the 1202 
construction of defensive modes across the threat-imminence continuum. Nat Neurosci, 1203 
25(8), 999-1008. https://doi.org/10.1038/s41593-022-01130-5  1204 

Nicovich, P. R., Taormina, M. J., Baker, C. A., Nguyen, T. N., Thomsen, E. R., Garren, E., Long, B., 1205 
Gorham, M., Miller, J. A., Hage, T., Bosma-Moody, A., Murphy, G. J., Levi, B. P., Close, J. 1206 
L., Tasic, B., Lein, E. S., & Zeng, H. (2019). Multimodal cell type correspondence by 1207 
intersectional mFISH in intact tissues. bioRxiv, 525451. https://doi.org/10.1101/525451  1208 

O'Leary, T. P., Kendrick, R. M., Bristow, B. N., Sullivan, K. E., Wang, L., Clements, J., Lemire, A. L., 1209 
& Cembrowski, M. S. (2022). Neuronal cell types, projections, and spatial organization of 1210 
the central amygdala. iScience, 25(12), 105497. 1211 
https://doi.org/10.1016/j.isci.2022.105497  1212 

Okutsu, Y., Takahashi, Y., Nagase, M., Shinohara, K., Ikeda, R., & Kato, F. (2017). Potentiation of 1213 
NMDA receptor-mediated synaptic transmission at the parabrachial-central amygdala 1214 
synapses by CGRP in mice. Mol Pain, 13, 1744806917709201. 1215 
https://doi.org/10.1177/1744806917709201  1216 



50 
 

Peters, C., He, S., Fermani, F., Lim, H., Mayer, C., & Klein, R. (2022). Transcriptomics reveals 1217 
amygdala neuron regulation by fasting and ghrelin thereby promoting feeding. bioRxiv, 1218 
2022.2010.2021.513224. https://doi.org/10.1101/2022.10.21.513224  1219 

Qian, X., Harris, K. D., Hauling, T., Nicoloutsopoulos, D., Munoz-Manchado, A. B., Skene, N., 1220 
Hjerling-Leffler, J., & Nilsson, M. (2020). Probabilistic cell typing enables fine mapping of 1221 
closely related cell types in situ. Nat Methods, 17(1), 101-106. 1222 
https://doi.org/10.1038/s41592-019-0631-4  1223 

Robinson, M. J., Warlow, S. M., & Berridge, K. C. (2014). Optogenetic excitation of central 1224 
amygdala amplifies and narrows incentive motivation to pursue one reward above 1225 
another. J Neurosci, 34(50), 16567-16580. https://doi.org/10.1523/JNEUROSCI.2013-1226 
14.2014  1227 

Sadacca, B. F., Rothwax, J. T., & Katz, D. B. (2012). Sodium concentration coding gives way to 1228 
evaluative coding in cortex and amygdala. Journal of Neuroscience, 32(29), 9999-10011. 1229 
https://doi.org/10.1523/jneurosci.6059-11.2012  1230 

Saha, S. (2005). Role of the central nucleus of the amygdala in the control of blood pressure: 1231 
descending pathways to medullary cardiovascular nuclei. Clin Exp Pharmacol Physiol, 1232 
32(5-6), 450-456. https://doi.org/10.1111/j.1440-1681.2005.04210.x  1233 

Saleeba, C., Dempsey, B., Le, S., Goodchild, A., & McMullan, S. (2019). A Student's Guide to 1234 
Neural Circuit Tracing. Front Neurosci, 13, 897. 1235 
https://doi.org/10.3389/fnins.2019.00897  1236 

Samineni, V. K., Grajales-Reyes, J. G., Grajales-Reyes, G. E., Tycksen, E., Copits, B. A., Pedersen, 1237 
C., Ankudey, E. S., Sackey, J. N., Sewell, S. B., Bruchas, M. R., & Gereau, R. W. (2021). 1238 
Cellular, circuit and transcriptional framework for modulation of itch in the central 1239 
amygdala. Elife, 10. https://doi.org/10.7554/eLife.68130  1240 

Sanford, C. A., Soden, M. E., Baird, M. A., Miller, S. M., Schulkin, J., Palmiter, R. D., Clark, M., & 1241 
Zweifel, L. S. (2017). A Central Amygdala CRF Circuit Facilitates Learning about Weak 1242 
Threats. Neuron, 93(1), 164-178. https://doi.org/10.1016/j.neuron.2016.11.034  1243 

Shah, S., Lubeck, E., Zhou, W., & Cai, L. (2016). In Situ Transcription Profiling of Single Cells 1244 
Reveals Spatial Organization of Cells in the Mouse Hippocampus. Neuron, 92(2), 342-1245 
357. https://doi.org/10.1016/j.neuron.2016.10.001  1246 

Steinberg, E. E., Gore, F., Heifets, B. D., Taylor, M. D., Norville, Z. C., Beier, K. T., Foldy, C., 1247 
Lerner, T. N., Luo, L., Deisseroth, K., & Malenka, R. C. (2020). Amygdala-Midbrain 1248 
Connections Modulate Appetitive and Aversive Learning. Neuron, 106(6), 1026-1043 1249 
e1029. https://doi.org/10.1016/j.neuron.2020.03.016  1250 

Stumpf, W. E., & O'Brien, L. P. (1987). 1,25 (OH)2 vitamin D3 sites of action in the brain. An 1251 
autoradiographic study. Histochemistry, 87(5), 393-406. 1252 
https://doi.org/10.1007/BF00496810  1253 

Sun, Y. C., Chen, X., Fischer, S., Lu, S., Zhan, H., Gillis, J., & Zador, A. M. (2021). Integrating 1254 
barcoded neuroanatomy with spatial transcriptional profiling enables identification of 1255 
gene correlates of projections. Nat Neurosci, 24(6), 873-885. 1256 
https://doi.org/10.1038/s41593-021-00842-4  1257 

Tang, M., Kaymaz, Y., Logeman, B. L., Eichhorn, S., Liang, Z. S., Dulac, C., & Sackton, T. B. (2020). 1258 
Evaluating Single-Cell Cluster Stability Using The Jaccard Similarity Index. Bioinformatics. 1259 
https://doi.org/10.1093/bioinformatics/btaa956  1260 



51 
 

Tervo, D. G., Hwang, B. Y., Viswanathan, S., Gaj, T., Lavzin, M., Ritola, K. D., Lindo, S., Michael, 1261 
S., Kuleshova, E., Ojala, D., Huang, C. C., Gerfen, C. R., Schiller, J., Dudman, J. T., 1262 
Hantman, A. W., Looger, L. L., Schaffer, D. V., & Karpova, A. Y. (2016). A Designer AAV 1263 
Variant Permits Efficient Retrograde Access to Projection Neurons. Neuron, 92(2), 372-1264 
382. https://doi.org/10.1016/j.neuron.2016.09.021  1265 

Torruella-Suarez, M. L., Vandenberg, J. R., Cogan, E. S., Tipton, G. J., Teklezghi, A., Dange, K., 1266 
Patel, G. K., McHenry, J. A., Hardaway, J. A., Kantak, P. A., Crowley, N. A., DiBerto, J. F., 1267 
Faccidomo, S. P., Hodge, C. W., Stuber, G. D., & McElligott, Z. A. (2020). Manipulations of 1268 
Central Amygdala Neurotensin Neurons Alter the Consumption of Ethanol and Sweet 1269 
Fluids in Mice. J Neurosci, 40(3), 632-647. https://doi.org/10.1523/JNEUROSCI.1466-1270 
19.2019  1271 

Tovote, P., Esposito, M. S., Botta, P., Chaudun, F., Fadok, J. P., Markovic, M., Wolff, S. B., 1272 
Ramakrishnan, C., Fenno, L., Deisseroth, K., Herry, C., Arber, S., & Luthi, A. (2016). 1273 
Midbrain circuits for defensive behaviour. Nature, 534(7606), 206-212. 1274 
https://doi.org/10.1038/nature17996  1275 

Veening, J. G., Swanson, L. W., & Sawchenko, P. E. (1984). The organization of projections from 1276 
the central nucleus of the amygdala to brainstem sites involved in central autonomic 1277 
regulation: a combined retrograde transport-immunohistochemical study. Brain Res, 1278 
303(2), 337-357. https://doi.org/10.1016/0006-8993(84)91220-4  1279 

Veinante, P., & Freund-Mercier, M. J. (2003). Branching patterns of central amygdaloid nucleus 1280 
efferents in the rat - Single-axon reconstructions. Amygdala in Brain Function: Bacic and 1281 
Clinical Approaches, 985, 552-553. <Go to ISI>://WOS:000182918800060  1282 

Venniro, M., Russell, T. I., Ramsey, L. A., Richie, C. T., Lesscher, H. M. B., Giovanetti, S. M., 1283 
Messing, R. O., & Shaham, Y. (2020). Abstinence-dependent dissociable central 1284 
amygdala microcircuits control drug craving. Proc Natl Acad Sci U S A, 117(14), 8126-1285 
8134. https://doi.org/10.1073/pnas.2001615117  1286 

Wang, X., Allen, W. E., Wright, M. A., Sylwestrak, E. L., Samusik, N., Vesuna, S., Evans, K., Liu, C., 1287 
Ramakrishnan, C., Liu, J., Nolan, G. P., Bava, F.-A., & Deisseroth, K. (2018). Three-1288 
dimensional intact-tissue sequencing of single-cell transcriptional states. Science, 1289 
361(6400), eaat5691. https://doi.org/10.1126/science.aat5691  1290 

Wang, Y., Eddison, M., Fleishman, G., Weigert, M., Xu, S., Wang, T., Rokicki, K., Goina, C., Henry, 1291 
F. E., Lemire, A. L., Schmidt, U., Yang, H., Svoboda, K., Myers, E. W., Saalfeld, S., Korff, 1292 
W., Sternson, S. M., & Tillberg, P. W. (2021). EASI-FISH for thick tissue defines lateral 1293 
hypothalamus spatio-molecular organization. Cell, 184(26), 6361-6377 e6324. 1294 
https://doi.org/10.1016/j.cell.2021.11.024  1295 

Wilson, T. D., Valdivia, S., Khan, A., Ahn, H. S., Adke, A. P., Martinez Gonzalez, S., Sugimura, Y. 1296 
K., & Carrasquillo, Y. (2019). Dual and Opposing Functions of the Central Amygdala in 1297 
the Modulation of Pain. Cell Rep, 29(2), 332-346 e335. 1298 
https://doi.org/10.1016/j.celrep.2019.09.011  1299 

Winnubst, J., Bas, E., Ferreira, T. A., Wu, Z., Economo, M. N., Edson, P., Arthur, B. J., Bruns, C., 1300 
Rokicki, K., Schauder, D., Olbris, D. J., Murphy, S. D., Ackerman, D. G., Arshadi, C., 1301 
Baldwin, P., Blake, R., Elsayed, A., Hasan, M., Ramirez, D., . . . Chandrashekar, J. (2019). 1302 
Reconstruction of 1,000 Projection Neurons Reveals New Cell Types and Organization of 1303 



52 
 

Long-Range Connectivity in the Mouse Brain. Cell, 179(1), 268-281 e213. 1304 
https://doi.org/10.1016/j.cell.2019.07.042  1305 

Xu, S., Yang, H., Menon, V., Lemire, A. L., Wang, L., Henry, F. E., Turaga, S. C., & Sternson, S. M. 1306 
(2020). Behavioral state coding by molecularly defined paraventricular hypothalamic cell 1307 
type ensembles. Science, 370(6514). https://doi.org/10.1126/science.abb2494  1308 

Ye, J., & Veinante, P. (2019). Cell-type specific parallel circuits in the bed nucleus of the stria 1309 
terminalis and the central nucleus of the amygdala of the mouse. Brain Struct Funct, 1310 
224(3), 1067-1095. https://doi.org/10.1007/s00429-018-01825-1  1311 

Yu, K., Garcia da Silva, P., Albeanu, D. F., & Li, B. (2016). Central Amygdala Somatostatin 1312 
Neurons Gate Passive and Active Defensive Behaviors. J Neurosci, 36(24), 6488-6496. 1313 
https://doi.org/10.1523/JNEUROSCI.4419-15.2016  1314 

Zhang, M., Eichhorn, S. W., Zingg, B., Yao, Z., Cotter, K., Zeng, H., Dong, H., & Zhuang, X. (2021). 1315 
Spatially resolved cell atlas of the mouse primary motor cortex by MERFISH. Nature, 1316 
598(7879), 137-143. https://doi.org/10.1038/s41586-021-03705-x  1317 

Zirlinger, M., Kreiman, G., & Anderson, D. J. (2001). Amygdala-enriched genes identified by 1318 
microarray technology are restricted to specific amygdaloid subnuclei. Proc Natl Acad 1319 
Sci U S A, 98(9), 5270-5275. https://doi.org/10.1073/pnas.091094698  1320 

 1321 

 1322 

 1323 

 1324 

 1325 

Figure legends 1326 

Figure 1. CEA scRNA-Seq data analysis. 1327 

(A) UMAP for molecularly defined neuron clusters in the CEA, with cell types color-coded by scRNA-1328 
Seq clusters. A total of 1,643 cells were subjected to single-cell RNA sequencing, with an average depth 1329 
of 6,611,566 ± 92,440 (mean ± S.D.) reads per cell. Among them, 1,393 CEA neurons were identified.  1330 
(B) Heatmap of marker genes from scRNA-Seq clusters. Colormap indicates z-score normalized data. (C) 1331 
Dendrogram representing transcriptional relationships of molecularly defined neuronal types from 1332 
scRNA-Seq. (D) Fraction of neurons in each scRNA-Seq cluster. (E) Percent of correctly mapped 1333 
neurons with increasing numbers of marker genes. The dotted vertical line indicates the cut-off for marker 1334 
genes selected in this study. The top 100 most differentially expressed marker genes were included for 1335 
this analysis. (F) Heatmap showing fraction of neurons that were correctly assigned to their original 1336 
scRNA-Seq cluster using 29 selected marker genes. 1337 
 1338 
Figure 2. Method to combine EASI-FISH with projection class mapping in the central amygdala. 1339 
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(A) Schematics of the procedure. Fluorophore-labeled CTBs and fluorogold were used to retrogradely 1340 
trace neurons in the CEA that project to BNST, lateral SN, vlPAG, PBN and PCRt. Confocal images were 1341 
collected to identify projection classes in the CEA. Retrograde tracer fluorescence signals were then 1342 
eliminated from tissue sections and the EASI-FISH procedure was performed as described in (Wang et 1343 
al., 2021). (B) Representative image showing the molecularly defined and projection-defined cell types in 1344 
the CEA (left). Right: same as left, with projection types only. Dotted line: borders between the CEA and 1345 
surrounding brain areas. CEA: central nucleus of the amygdala. AST: Amygdalostriatal transition area. 1346 
BLA: Basolateral amygdala.  Scale bar: 50µm. (C) Zoom-in of the box in B showing registration between 1347 
confocal image and EASI-FISH images (top). This allows the extraction of projection signals using 1348 
EASI-FISH segmentation mask (bottom). Scale bar: 50 µm.  1349 
 1350 
Figure 3. CEA EASI-FISH gene expression profiling. 1351 

(A) UMAP for molecularly defined EASI-FISH clusters in the CEA. (B) Heatmap of 29 FISH marker 1352 
genes in EASI-FISH clusters. Colormap indicates z-score normalized spot count. (C) The proportion of 1353 
neurons from EASI-FISH clusters assigned to scRNA-Seq clusters based on cross-correlation of marker 1354 
gene expression. (D-E) Based on FISH cluster assignment to scRNA-Seq clusters and their spatial 1355 
location, scRNA-Seq clusters belonging to separate branches of the dendrogram (from Figure 1C) 1356 
mapped to separate CEA subregions. (D) Dendrogram showing the gene-expression relationships of 1357 
scRNA-Seq clusters, same as Figure 1C, with mapped subregions colored (CeC and CeL: red, CeM: 1358 
green). (E) Spatial distribution of EASI-FISH clusters mapped to scRNA-Seq clusters on the separate 1359 
branches of the dendrogram (class 1: red, class 2: green). (F) Morphological properties of somata in 1360 
EASI-FISH clusters. Top: soma volume, middle: solidity, bottom: the ratio between the minor axis and 1361 
the major axis of an ellipse fitting the cell outline. Dotted lines: population average. P-values with 1362 
medium and high effect sizes (Cohen’s d > 0.5, or rg > 0.28) are shown. * p<0.05, ** p<0.01, *** 1363 
p<0.001, **** p<0.0001. 1364 
 1365 
Figure 4. EASI-FISH spatial analysis. 1366 

(A) Representative diagrams detailing the anatomical parcellation procedure in the CEA. First, marker 1367 
genes (Ppp1r1b, Penk, and Nefm) identified from PCA analysis were used to classify neurons and create 1368 
the anatomical parcellation using the probabilistic gaussian process classification. Abbreviations: BLA: 1369 
basolateral amygdala, AST: amygdalostriatal transition area, PAL: pallidum, ITCs: the intercalated cells 1370 
of the amygdala, MEA: medial amygdala. (B) Anatomical parcellations from anterior (top), middle 1371 
(middle), and posterior (bottom) CEA from one animal (ANM #1).  (C) EASI-FISH cluster enrichment in 1372 
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the parcellated subregions. Gray circles: fractions of neurons profiled that belong to selected clusters. 1373 
Color bar: fraction of MC neurons in each subregion. (D) Spatial distribution of molecularly defined 1374 
neuron types enriched in parcellated subregions. Colors represent cluster identity. All neurons were 1375 
colored in light gray in the background. Scale arrows in A, B and D: 200 µm (pre-expansion). 1376 
 1377 

Figure 5. Projection of CEA molecular clusters to five downstream targets. 1378 

(A) Representative images showing neurons projecting to BNST, lateral SN, PBN, PCRt, and vlPAG. 1379 
Note that neurons with collaterals (n=281) are not shown to avoid confusions. Scale arrow: 200 µm. (B) 1380 
Molecularly defined CEA neuron types projecting to five downstream brain regions. Line thickness 1381 
represents percent of neurons from selected MCs projecting to selected brain region. (C) Representative 1382 
image showing the distribution of dominant PBN-projecting clusters, MC-3 and MC-16 and their marker 1383 
gene expressions. Scale bar: 100 µm (left) and 50 µm (right). (D) Representative images showing a subset 1384 
of Pdyn/Sst co-expressing neurons (MC-2 and MC-3) that project to the PBN (left). These neurons are 1385 
Vipr2, Tac2, Nts and Crh-negative (MC-3) and are localized more laterally (right). Scale bars: 50 µm. 1386 
  1387 
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Figure 6. Prediction of projection classes with marker genes.  1388 

(A) Schematic of the analysis. Expressions of 29 marker genes from each neuron were used to train a 1389 
multiclass logistic regression model to predict its axonal projection target. (B) Model performance for 1390 
predicting projection classes (BNST, lateral SN, PBN, PCRt, vlPAG and Unlabeled) with marker genes, 1391 
was compared to performance scores generated with shuffled data. P-value was calculated with 1392 
permutation test. (C) Normalized confusion matrix with true class labels in rows and predicted class 1393 
labels in columns with the logistic regression model in B. Data normalized as true positive (TP) over the 1394 
total number of neurons from this class (true positive (TP) + false negative (FN)). (D) F1 score for 1395 
predicting projections to BNST, lateral SN, hindbrain (PBN, vlPAG, PCRt) regions as well as neurons 1396 
that were unlabeled with marker genes, as compared to shuffled data. P-value was calculated with 1397 
permutation test.  (E) Normalized confusion matrix with true class labels in rows and predicted class 1398 
labels in columns with the logistic regression model in D. Data normalized as true positive (TP) over the 1399 
total number of neurons from this class (true positive (TP) + false negative (FN)). (F) AUC-ROC scores 1400 
with sequentially selected features for each projection class. Recursive feature elimination with cross-1401 
validation was used to rank features and identify feature(s) that best predict projection targets. Statistics in 1402 
B and D: permutation test. ** p<0.01. 1403 
 1404 

Supplemental figure legends 1405 
Figure 1-figure supplement 1. Microdissection of CEA tissue for single-cell RNA sequencing.  1406 

(A) Bilateral expression of AAV2/1-CAG-GFP in the parabrachial nucleus (PBN). (B) Afferent fibers 1407 
from the PBN specifically label the CEA but not surrounding nuclei such as the basolateral amygdala 1408 
(BLA), the medial amygdala (MEA), or the amygdalostriatal transition area (AST) of the ventral caudate 1409 
putamen (CP). The CEA was selectively dissected and processed to obtain single neurons for sequencing. 1410 
(C) Zoom-in view of tissue before and after CEA microdissection for scRNA-Seq. (D) Mapping of all 1411 
CEA microdissections for single-cell RNA sequencing. Data from seven animals. Abbreviations: AAA: 1412 
anterior amygdala area, BLA: basolateral amygdala, CEA: central amygdala, CP: caudate putamen, FS: 1413 
fundus of the striatum, GPe: globus pallidus external, IA: intercalated amygdala nucleus, MEA: medial 1414 
amygdala, PBN: parabrachial nucleus, SI: substantia innominata. Atlas schemes reproduced from the 1415 
Allen Brain Reference Atlas (Allen Institute for Brain Science, 2011) http://atlas.brain-map.org/, with 1416 
coronal sections shown. Reproduced with permission from The Allen Institute, copyright holder The 1417 
Allen Institute, copyright year 2011. It is not covered by the CC-BY 4.0 licence and further reproduction 1418 
of this panel would need permission from the copyright holder. (E) Silhouette scores (top) and Jaccard 1419 
similarity index (bottom) of scRNA-Seq clusters. (F-H) Example images showing differentially expressed 1420 
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genes identified in scRNA-Seq cluster seq-c1(F), seq-c4 (G) and seq-c12 (H). Scale bars: 840 µm. (F) 1421 
Example images reproduced from Allen Institute for Brain Science, Allen Reference Atlas – Mouse Brain 1422 
Sagittal Atlas http://atlas.brain-map.org/, specific dataset URLs https://mouse.brain-1423 
map.org/experiment/show/69818338, https://mouse.brain-map.org/experiment/show/73573289, 1424 
https://mouse.brain-map.org/experiment/show/100143572, https://mouse.brain-1425 
map.org/experiment/show/69734875, https://mouse.brain-map.org/experiment/show/69013272, Lein et 1426 
al., 2007. Reproduced with permission from The Allen Institute, copyright holder The Allen Institute, 1427 
copyright year 2011. It is not covered by the CC-BY 4.0 licence and further reproduction of this panel 1428 
would need permission from the copyright holder. (G) Example images reproduced from Allen Institute 1429 
for Brain Science, Allen Reference Atlas – Mouse Brain Sagittal Atlas http://atlas.brain-map.org/, specific 1430 
dataset URLs https://mouse.brain-map.org/experiment/show/77465048, https://mouse.brain-1431 
map.org/experiment/show/69817199, Lein et al., 2007. Reproduced with permission from The Allen 1432 
Institute, copyright holder The Allen Institute, copyright year 2011. It is not covered by the CC-BY 4.0 1433 
licence and further reproduction of this panel would need permission from the copyright holder. (H) 1434 
Example images reproduced from Allen Institute for Brain Science, Allen Reference Atlas – Mouse Brain 1435 
Coronal Atlas http://atlas.brain-map.org/, specific dataset URLs https://mouse.brain-1436 
map.org/experiment/show/509, https://mouse.brain-map.org/experiment/show/73592534, Lein et al., 1437 
2007. Reproduced with permission from The Allen Institute, copyright holder The Allen Institute, 1438 
copyright year 2011. It is not covered by the CC-BY 4.0 licence and further reproduction of these panels 1439 
would need permission from the copyright holder.  1440 
 1441 

 1442 
Figure 1-figure supplement 2. UMAP showing the expression of selected genes from scRNA-Seq data. 1443 
Colormaps indicate normalized data. UMI count is first normalized by the total counts in that cell, 1444 
multiplied by 10,000 and then natural log transformed.  1445 

 1446 

Figure 1-figure supplement 3. Integration of CEA scRNA-Seq data from two datasets.  1447 

(A-C) UMAP for molecularly defined neuron clusters in the CEA, with cells color-coded by their data 1448 
source (A), original molecular cluster identity (B), and integrated new molecular cluster identity (C).  1449 
(D) Jaccard similarity index between original CEA clusters and the integrated new CEA clusters.  1450 
(E) Heatmap showing marker gene expression in integrated data. Cells are grouped by their new cluster 1451 
identity. Colormap indicates z-score normalized data. (F) Dendrogram showing the relationships between 1452 
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new scRNA-Seq clusters. (G) Violin plots showing the number of genes detected and total RNA count 1453 
across new clusters from the integrated data. 1454 
 1455 
Figure 2-figure supplement 1. Retrograde tracer labeling in the CEA.  1456 

(A-B) Comparison of retrograde labeling in the CEA with AAV2/retro and CTb. CTb-555 and 1457 
AAV2/retro were mixed at 1:1 ratio and co-injected via the same glass pipette. Example injection sites are 1458 
shown on the left and representative images in the CEA with AAV2/retro-GFP labeling (middle) and 1459 
CTB-555 labeling (right) are shown. CTb labeled a larger population of PBN-projecting (A) and PAG-1460 
projecting (B) neurons in the CEA compared to AAV2/retro. (C) Co-injection of CTB-555 and fluorogold 1461 
into the PBN. Note that there is a larger spread of fluorogold at the injection site. Scale bar: 500 µm. (D) 1462 
Retrogradely labeled neurons in the CEA. Most neurons were double-labeled with CTB-555 and 1463 
fluorogold (78.2%). In accordance with the larger spread of fluorogold, a fraction of neurons was only 1464 
labeled with fluorogold (16.8%, white arrows), while a small proportion showed selective CTB-555 1465 
labeling (5.1%, yellow arrow). Data from n=3 sections from N=1 mouse. Scale bar: 10 µm. 1466 
  1467 
Figure 2-figure supplement 2. Retrograde tracer labeling of CEA neurons for five projection targets.  1468 

(A) Example images of injections (ANM #2) into the bed nucleus of the stria terminalis (BNST), the 1469 
lateral part of the substantia nigra (lateral SN), the ventrolateral periaqueductal grey (vlPAG), the 1470 
parabrachial nucleus (PBN) and the parvocellular reticular nucleus (PCRt). Scale bars: 500 µm. (B) 1471 
Systematic mapping of all injection sites. Data from three animals. Atlas schemes reproduced from the 1472 
Allen Brain Reference Atlas (Allen Institute for Brain Science, 2011) http://atlas.brain-map.org/, with 1473 
coronal sections shown. Reproduced with permission from The Allen Institute, copyright The Allen 1474 
Institute, copyright year 2011. It is not covered by the CC-BY 4.0 licence and further reproduction of this 1475 
panel would need permission from the copyright holder.  1476 
  1477 
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Figure 2-figure supplement 3. Method validation.  1478 

(A) Representative images showing fluorescence tracer labeled neurons (CTB-555 in red, fluorogold in 1479 
green) before tissue clearing (left), after tissue clearing (middle), and after ExM (right). Scale bars: 20µm. 1480 
(B) CEA neurons labeled with fluorescence tracers were first detected after tissue clearing (Before ExM, 1481 
left). Then the tissue was subjected to ExM procedures to remove fluorescence tracers and free up all 1482 
fluorescence channels for EASI-FISH (After ExM, right). Scale bars: 20µm. (C) Tissue clearing does not 1483 
compromise RNA quality. Ezr spot count in Prkcd+ neurons in the CEA, Igf1 spot count in Pmch+ 1484 
neurons in the lateral hypothalamus with or without tissue clearing. (D) Workflow to register pre-ExM 1485 
projection images with post-ExM EASI-FISH images. (E) Representative images showing registration 1486 
between projection images and EASI-FISH images. DAPI-stained nuclei were used to register confocal 1487 
images and round 0 EASI-FISH image. Fluorescence in situ hybridization with a ribosomal RNA probe 1488 
was used to register round-0 EASI-FISH image (before DNase I) and cytoDAPI in subsequent rounds of 1489 
EASI-FISH images (after DNase I treatment). (F) Summarized spot counts of Oprk1, Scn4b, and Vipr2 1490 
expression between round 1 and round 11/12 across four samples. (G) Spot counts of Oprk1, Scn4b, and 1491 
Vipr2 detected in round 1 and round 11 from the same neurons of one EASI-FISH sample. (H) Spot 1492 
counts of Scn4b detected in round 1 and round 12 from the same neurons of one EASI-FISH sample. 1493 
Dotted lines in G and H: linear regression fit (equation and R2 are shown on the plot).  1494 
 1495 
 Figure 3-figure supplement 1. CEA EASI-FISH data analysis.  1496 

(A) UMAP for neurons and non-neurons in the CEA, measured with EASI-FISH. Cells were color-coded 1497 
based on initial clustering analysis to split neurons and non-neurons from the CEA, as well as neurons 1498 
from surrounding brain regions. (B) Violin plots showing the number of genes detected, total marker gene 1499 
spot count, Gad1 spot count, and cell body volume across clusters. Note that cluster 1 has fewer genes 1500 
detected, low total marker gene spot count, low Gad1 spot count, and smaller cell body volume. It is thus 1501 
identified as the non-neuronal cluster and removed from subsequent analysis. (C) UMAP for molecularly 1502 
defined cell types in the CEA, as in Figure 3A, with neurons separated by sample, showing the 1503 
distribution of clusters in different samples from two animals. (D) Prkcd expression (spot count) in EASI-1504 
FISH clusters, shown in UMAP. (E) Summary table showing correspondence between EASI-FISH 1505 
cluster and scRNA-Seq clusters, also see Figure 3-figure supplement 1-source data 1.  (F-G) 1506 
Differentially expressed membrane-protein-encoding genes in seq-c2 (F) and seq-c3 (G) (corresponding 1507 
to MC-1 and MC-9, respectively) that showed distinct soma size and shape. Colormaps indicate z-score 1508 
normalized data. 1509 
 1510 
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 1511 

Figure 3-figure supplement 2. UMAP showing marker gene expression as measured by EASI-FISH. 1512 
Colormaps indicate log10 transformed spot counts for each gene.  1513 
 1514 
Figure 4-figure supplement 1. CEA spatial analysis.  1515 

(A-B) Principal component analysis (PCA) of the spatial distribution of marker genes in animal 1 (ANM 1516 
#1) (A) and animal 2 (ANM #2) (B).  Eigen-images from the top 4 principal components (PCs) are 1517 
shown, with explained variance from each PC shown on top and loadings of marker genes for each PC on 1518 
the right. Scale bars: 200µm, M: medial, L: lateral, D: dorsal, V: ventral. 1519 
 1520 
Figure 4-figure supplement 2. Spatial parcellation in the CEA.  1521 

(A and C) Anatomical parcellations in anterior (left), middle (middle), and posterior (right) CEA from 1522 
animal 1 (ANM #1) (A) and animal 2 (ANM #2) (C). Scale bars: 200µm, M: medial, L: lateral, D: dorsal, 1523 
V: ventral. (B and D) EASI-FISH cluster enrichment in the parcellated subregions in animal 1 (B) and 1524 
animal 2 (D). Gray circles: fractions of neurons profiled that belong to selected clusters. Color bar: 1525 
fraction of MC neurons in each subregion. 1526 

 1527 
Figure 4-figure supplement 3. Molecularly defined neuron types enriched in CEA subregions. 1528 

(A) Molecularly defined neuron type compositions in CEA subregions and surrounding brain regions. (B) 1529 
Spatial overlap of molecularly defined neuron types. 1530 
 1531 
 Figure 4-figure supplement 4. Expression of selected neuromodulatory GPCRs in the CEA. 1532 

(A) Dot plot showing expression of selected GPCRs in the CEA EASI-FISH molecular clusters. The size 1533 
of each dot indicates the percentage of cells that expressed the selected GPCR; the colors represent the 1534 
average spot count in each cluster, with darker color indicating higher expression levels. (B) Distribution 1535 
of selected GPCR expression in the CEA. Six samples from two representative animals are shown. The 1536 
colors represent z-score normalized spot counts in each cell, with darker red color indicating higher 1537 
expression levels.  Scale bar: 200µm, M: medial, L: lateral, D: dorsal, V: ventral.  1538 
 1539 
Figure 5-figure supplement 1. Molecularly defined neuron types project to different brain regions. 1540 

(A) Fraction of neurons projecting to selected 5 brain regions in different samples from two animals.  (B) 1541 
Fraction of neurons from each molecular cluster that projects to selected brain regions. (C) Number of 1542 
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neurons from each molecular cluster that projects to selected brain regions, including collateral 1543 
projections. (D-E) Projection patterns of molecularly defined cell types. Number (D) and fraction (E) of 1544 
neurons from each molecularly defined cell type that projects to the five downstream brain regions. (F) 1545 
Validation of projection targets for selected molecularly defined cell types in a third animal (ANM #3). 1546 
From left to right: Enrichment of BNST projecting neurons in MC-13, enrichment of PBN projecting 1547 
neurons in MC-16, enrichment of lateral SN projection in Drd1 expressing MC-7 compared to MC-5 and 1548 
MC-20, the other AST-occupying, Drd2-expressing clusters. Statistics: Chi-square test.  * p<0.05, ** 1549 
p<0.01, *** p<0.001, **** p<0.0001.  1550 
 1551 
Figure 6-figure supplement 1. Marker gene expressions predict projection classes. 1552 

(A) AUC-ROC scores of logistic regression model for all projection classes, compared with shuffled data. 1553 
(B) ROC curve showing optimal prediction of projection classes with gene expression. AUROC is listed 1554 
in the figure legend. (C) AUC-ROC scores of logistic regression model for all projection classes, 1555 
projections grouped by BNST, lateral SN, hindbrain regions (PBN, vlPAG, PCRt) and unlabeled. (D) 1556 
Feature coefficients of marker genes in predicting each projection class based on the logistic regression 1557 
model. (E) AUC-ROC scores with sequentially selected features for each projection class. From the top to 1558 
bottom, AUC-ROC scores of subsets of features after sequential feature elimination. Optimal 1559 
combinations of features were selected and ranked by recursive feature elimination with cross-validation.  1560 
(F) Model performance in predicting BNST, PBN, and vlPAG projections using selected features (Dlk1, 1561 
Pdyn, and Crh respectively) with data from a third animal (ANM #3). Statistics in A, C, F: permutation 1562 
test. ** p<0.01.  1563 
 1564 
Source data legends 1565 
Figure 3-figure supplement 1-source data 1. Table summarizing the correspondence between EASI-1566 
FISH clusters and scRNA-Seq clusters, related to Figure 3-figure supplement 1E.  1567 
 1568 
Figure 4-source data 1. Spatial distribution of CEA clusters. Each dot indicates the centroid position of a 1569 
neuron. Each column is a sample from selected animal. Panels are maximum axial projections of the 1570 
entire volumes.  1571 
 1572 
Figure 5-source data 1. Spatial distribution of BNST-projecting CEA clusters. Each dot indicates the 1573 
centroid position of a neuron. Each column is a sample from a selected animal. Panels are maximum axial 1574 
projections of the entire volumes.  1575 
 1576 
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Figure 5-source data 2. Spatial distribution of SNlat-projecting CEA clusters. Each dot indicates the 1577 
centroid position of a neuron. Each column is a sample from a selected animal. Panels are maximum axial 1578 
projections of the entire volumes. 1579 
 1580 
Figure 5-source data 3. Spatial distribution of PBN-projecting CEA clusters. Each dot indicates the 1581 
centroid position of a neuron. Each column is a sample from a selected animal. Panels are maximum axial 1582 
projections of the entire volumes. 1583 
 1584 
Figure 5-source data 4. Spatial distribution of PCRt-projecting CEA clusters. Each dot indicates the 1585 
centroid position of a neuron. Each column is a sample from a selected animal. Panels are maximum axial 1586 
projections of the entire volumes. 1587 
 1588 
Figure 5-source data 5. Spatial distribution of vlPAG-projecting CEA clusters. Each dot indicates the 1589 
centroid position of a neuron. Each column is a sample from a selected animal. Panels are maximum axial 1590 
projections of the entire volumes. 1591 
 1592 
Supplementary File legends 1593 
 1594 
Supplementary File 1. Differentially expressed genes in molecularly defined clusters identified from 1595 
scRNA-Seq data (provided as a separate .xls file).  1596 
Gene names are listed in the first column, and molecular clusters in the last column. avg_logFC: log fold-1597 
chage of the average expression between cells in the cluster of interest and all other cells; pct.1:  The 1598 
percentage of cells where the feature is detected in the cluster of interest; pct.2:  The percentage of cells 1599 
where the feature is detected in all other cells; p_val_adj: Adjusted p-value is based on the Bonferroni 1600 
correction.  1601 

 1602 
Supplementary File 2. Marker-genes used for EASI-FISH experiment in the CEA  1603 
 1604 
Supplementary File 3. Summary of cells analyzed in EASI-FISH  1605 
 1606 
Supplementary File 4. Co-expression relationships of previously studied marker-genes (Prkcd, Sst, Crh, 1607 
Tac2, Nts, Pdyn, Drd1, Drd2, Penk, Tac1, Cartpt, Cyp26b1, Nefm) in CEA subregions (CeC, CeL and 1608 
CeM) based on EASI-FISH. Percent of neurons that co-express selected marker-genes were shown, with 1609 
darker red color representing a higher percent of co-expression. (Provided as a separate .xls file) 1610 
 1611 
Supplementary File 5. Summary of statistical analyses (Provided as a separate .xls file) 1612 
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