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ABSTRACT27

Deciphering the connectome, anatomy, transcriptome and spatial-omics integrated multi-modal brain atlas28

and the underlying organization principles remains a great challenge. We developed a Single-cell29

Projectome-transcriptome In situ Deciphering Sequencing (SPIDER-Seq) technique by combining viral30

barcoding tracing with single-cell sequencing and spatial-omics. This empowers us to delineate a31

integrated single-cell spatial molecular, cellular, anatomic and projectomic atlas of mouse prefrontal32

cortex (PFC). The projectomic and transcriptomic cell clusters display distinct modular organization33

principles, but are coordinately configured in the PFC. The projection neurons gradiently occupied34

different territories in the PFC aligning with their wiring patterns. Importantly, they show higher co-35

projection probability to the downstream nuclei with reciprocal circuit connections. Moreover, we36

integrated projectomic atlas with their distinct spectrum of neurotransmitter/neuropeptide and the37

receptors-related gene profiles and depicted PFC neural signal transmission network. By which, we38

uncovered potential mechanisms underlying the complexity and specificity of neural transmission. Finally,39

leveraging machine learning, we predicted neuron projections with high accuracy by combining gene40

profiles and spatial information. As a proof of concept, we used this model to predict projections of fear41

recall engram neurons. This study facilitates our understanding of brain multi-modal network and neural42

computation.43

Keywords: SPIDER-Seq, mouse prefrontal cortex, projectome, transcriptome, spatial-omics44

45

INTRODUCTION46

Deciphering the sophisticated neural connectome and the underlying wiring logic is essential for47

understanding brain computation and advancing artificial intelligence [1, 2]. Although the mesoscopic48

connectivity in several model organisms have been well characterized [3-7], the detailed wiring49

information at single neuron resolution remains largely unknown [8, 9], impeding the deep understanding50
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of neural computational logic at level of precision. Distinct signaling molecules and wiring-related genes51

expressed by individual neurons result in their unique and dynamic capacities for information52

transmission and plasticity. These gene expression profiles, in combination with the neural projection53

patterns and connection topological organization, make neural networks dynamic and highly integrated54

complex systems [10]. The integrative analysis of the multi-modal characteristics of these neural network55

fundamental units with single neuron resolution is essential for understanding the functions of neural56

network. Thus, high-throughput neuronal connectivity decoding techniques with the capacity to integrate57

gene expression and spatial distribution with single cell resolution are highly desired.58

59

In the past decade, middle or high-throughput methods for analyzing neuronal connectivity have been60

developed, such as MAPseq, BARseq, BRICseq and fMOST, revolutionizing the neural network research61

paradigm and providing new insights into the topological structures of neural circuits [11-15]. BARseq2,62

an improved version of BARseq, offers potential path to uncovering the molecular logic underlying63

neuronal circuits [16]. Because the replication of the barcode-carrying Sindbis virus perturbs neuronal64

transcription, there is a need for combining low-toxicity circuit-tracing virus with single-cell sequencing65

to simultaneously explore circuit architecture and intact transcriptomics. Technologies such as66

VECTORseq, Retro-Seq, and Epi-Retro-Seq have been developed to decipher transcriptomes and even67

epigenomes in specific circuits [17-20]. However, these methods are insufficient for resolving the68

complex projection patterns of multiplex projection neurons. Recently MERGE-Seq and Projection-seq,69

which use a low-cytotoxicity rAAV2-retro virus, have achieved deep analysis of gene profiles with70

projectome information [21, 22]. Yet, the spatial locations of the neurons and the architecture of the71

network are still lacking, hampering the comprehensive understanding of the organization principles and72

wiring logic of neural network.73

74
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Prefrontal cortex (PFC) is a critical integration center within the brain network, responsible for a wide75

range of essential functions including cognition, decision-making, memory, and emotions [23, 24].76

Dysfunctions in PFC circuitry and its related functions can lead to various cognitive and neuropsychiatric77

disorders [25, 26]. Single-cell RNA sequencing and spatial-omics analysis have revealed the sophisticated78

cellular architecture of the PFC across different species [27-29]. Additionally, the global PFC neural79

network has been investigated by several technologies such as fMOST and the combination of neural80

circuit tracing with single-cell sequencing, providing valuable insights into the neural connections81

between the PFC and other brain regions [22, 30, 31]. However, the multi-modal PFC atlas encompassing82

neuronal connectivity, transcriptomes, and spatial organization remains fragmented and lacks all-inclusive83

integration. This hampers the deep analysis of the organizational logic of PFC neural circuits and the84

biological functions. For instance, how are the diverse neurotransmitter and neuropeptide receptors85

elegantly configured within distinct circuits to specifically decode the neural input signals? What is the86

organization and synchronization logic of different projectomic and transcriptomic cell clusters, and the87

molecular mechanism underlying the wiring of these circuits?88

89

The aim of this study is, therefore, to develop a cost-effective, high-throughput neural circuit tracing90

method with the robust capacity to simultaneously decipher neural projectome, transcriptome and spatial91

organization information at single-cell resolution. With the combination of barcoded tracing virus, single-92

cell sequencing and spatial-omics, we developed a robust Single-cell Projectome-transcriptome In situ93

Deciphering Sequencing (SPIDER-Seq) method. Leveraging SPIDER-Seq, we delineated an atlas of94

mouse PFC integrating projectomics, transcriptomics and spatial-omics information (33,766 cells for95

single-cell sequencing and 124,829 cells for spatial-omics). This publicly available multi-modal dataset96

(https://huggingface.co/spaces/TigerZheng/SPIDER-web) offers an unprecedented view of the neural97

circuitry in the PFC and shed deep insights into the neural circuit-specific gene expression pattern, spatial98

distribution, neural transmission information and neural wiring organizing principles of mouse PFC.99
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Notably, the multi-modal dataset generated by SPIDER-Seq can be trained to predict PFC neuron100

projections with high accuracy by combining gene profiles and spatial information via machine learning.101

102

RESULTS103

Deciphering the PFC spatial projectome, transcriptome architecture by SPIDER-Seq104

Despite the rapid advance of projectome-transcriptome decoding methods, there are still multiple urgent105

needs for the improvements in: 1) reducing the cytotoxicity of tracer viruses which could significantly106

induce gene profile alterations; 2) detecting spatial location and the surrounding local environment107

information of the neurons in the network at a high resolution; 3) integrating multi information modalities108

in the same sample; 4) simultaneous high multiplex targets tracing. To help address these requirements,109

we developed Single-cell Projectome-transcriptome In situ Deciphering Sequencing (SPIDER-Seq), a110

cost-effective method to achieve high-throughput, single-cell resolution tracing of projection neurons111

along with transcriptional and spatial profile in mouse PFC (Fig. 1A). First, we generated the retrograde112

rAAV2-retro tracing virus library containing diverse DNA barcodes (Fig. S1A), of which the barcode113

sequences are listed in Table S1. To validate the specificity of the rAAV2-retro-barcode virus, we114

injected the virus into the ventral striatum (ACB) and examined the cellular distribution patterns using115

fluorescence in situ hybridization. As shown in Fig. S1B, barcode signals were predominately observed in116

excitatory neurons (barcode merged with Slc17a7 positive cell), this is consistent with the view that the117

long-range projection neurons in the cortex are predominantly excitatory neurons [16]. Moreover, we also118

validated that one cell can be infected by more than 10 different rAAV2-retro viruses in vitro (data not119

shown), which was also confirmed by the following in vivo experiments (Fig. S1C).120

121

Next, the unique barcoded viruses were injected into 24 main downstream targets of mouse PFC,122

covering the majority of the whole projection outputs of PFC according to Allen Mouse Brain123

Connectivity Atlas. After extensive optimization, we achieved precise injections in up to 16 nuclei within124
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the same brain, enabling us to redundantly cover all 24 target nuclei with multiplexed injections of in just125

three mice (Table S2), in which the reproducibility was validated through subsequent SPIDER-Seq126

analysis. The validation of fluorescence of injection sites was demonstrated in Fig. S2. We waited 30127

days post-injection to allow the complete expression of the barcode, and then performed single-cell128

sequencing on the retrogradely labeled PFC tissue. To further delineate the spatial architecture of the PFC129

transctiptome and projectome, we performed in situ sequencing for 47 sequences including 32 excitatory130

neuron subtype marker genes and 15 circuit tracing barcodes across 36 continuous slices spanning the131

entire PFC (Fig. 1F). As the marker genes are quite unique or predominantly expressed in different132

excitatory neurons subtypes, the combination of these marker genes and the barcode information could be133

enough to differentiate the neurons' subtypes and align these omics data (Fig. S5B). The integrated134

analysis of multi-modal data from SPIDER-seq provided an atlas with the spatial organization, molecular135

landscape, anatomy and the projectome information of the projection neurons (33,766 cells for single-cell136

sequencing and 124,829 cells for spatial-omics) in the PFC at single-cell resolution.137

138

Through single-cell RNA sequencing, 33,766 cells with high quality were clustered into 7 main types139

(Fig. 1B and S1D-F). Among these, 18,615 neurons (4,964 genes per neuron) were further classified into140

11 types, consistent with previous study [27] (Fig. S1G). Next, we conducted elbow analysis to carefully141

filter out background barcode UMIs (Fig. S3A and D), and obtained 9,038 barcode-labeled cells142

projecting to 24 downstream targets (Fig. 1C and S3B-C). The barcode-labeled cells were predominately143

excitatory neurons, and its proportion in non-neurons was below 0.5% (Fig. S1H), supporting the144

integrity of our data and the analysis pipeline. Of note, we observed that 67.2% of the neurons target more145

than one nucleus (Fig. S1C), with neuron being co-infected by up to 13 barcoded viruses. This indicated146

that our approach can be effectively applied for multiplex downstream target nuclei tracing.147

148

Next, the excitatory neurons were further clustered into 13 transcriptomic subtypes. Except for NP (near-149

projecting) subtypes, neurons in each layer were categorized into two distinct subtypes (Fig. 1D and S1I),150
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suggesting the presence of transcriptomic differentiation within each layer of PFC neurons. According to151

the viral barcode information, we mapped the PFC projection neurons targeting to the 24 downstream152

nuclei onto this detailed transcriptomic atlas, respectively. Our data revealed that the neurons targeting the153

same downstream nucleus are distributed across multiple transcriptomic subtypes. And the neurons154

targeting to different downstream nuclei exhibited distinct distributions in the transcriptomic atlas (Fig.155

1E and S1J).156

157

Next, we performed in situ sequencing for 47 genes by multiplex detection (Fig. S4) based on the158

modified MiP-seq protocol [32]. Overall, we obtained 124,829 PFC neurons with spatial information, of159

which 76,512 were barcode-labeled cells. By Tangram analysis [33], we integrated the single-cell RNA160

sequencing data with the in situ sequencing data, thereby delineating the spatial transcriptomic161

architecture of the PFC (Fig. 1G and S5A). The spatial transcriptome data revealed a spatial gradient162

distribution pattern of the excitatory transcriptomic cell clusters (Fig. 1H and S5B-C) and the marker163

genes within each layer of the PFC (Fig. S5D). For example, both IT and PT neuron clusters exhibit a164

dorsal to ventral subtype separation trend in each layer (Fig. 1H). Based on this spatial transcriptomic165

information, we categorized PFC IT and PT neurons into dorsal-enriched and ventral-enriched cell166

clusters, respectively (Fig. 1H). Meanwhile, we constructed a three-dimensional spatial projectome map167

of the projection neurons targeting 15 downstream targets in the same mouse with single-cell resolution168

(Fig. 1I-J and S1K). Notably, the spatial projectome also reveal a similar dorsal-ventral distribution trend,169

suggesting a potential interlink between the transcriptome and projectome in the PFC.170

171

To validate the accuracy of in situ sequencing, we first compared the marker gene distribution patterns of172

our data with Allen ISH atlas, which showed consistent results (Fig. S5C). Then we compared the173

distribution of viral barcode signal obtained by in situ sequencing with the florescencent rAAV2-retro174

tracing results in indpendent mice, and the repeat measurements in another mouse. The consistent175

distribution patterns in Fig. S6 demonstrated the accuracy and reproducibility of our barcodes detection.176
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Meanwhile, as the barcode signal retrogradely traced from LHA, one of the PT neuron projecting targets,177

should located in layer L5, we validate its colocalization with layer L5 pyramidal neuron specific marker178

gene Pou3f1 by FISH assay. As shown in Fig. S7, the barcode signals that retrogradely traced from LHA179

is indeed mostly merged with Pou3f1 in layer L5, supporting the specificity integrity of our experiments.180

181

Next, we conducted more systematic quality control, reproducibility and integrity analysis of SPIDER-182

Seq. First, we compared the differences between barcoded and non-barcoded neurons to evaluate the183

impact of viral infection on gene expression of the infected neurons. The Pearson correlation between184

these two groups is 0.98 (Fig. S1L), indicating that the effect of rAAV2-retro virus infection on gene185

expression is negligible. Importantly, we also compared the projection patterns and intensity between186

different replicates resolved by SPIDER-Seq, yielding an overall Pearson correlation between different187

samples of 0.81 (Fig. S1M), which supported the reproducibility of our viral infections and data188

interpretation. Moreover, we compared the projection profiles resolved by single-cell sequencing and in189

situ sequencing, revealing a Pearson correlation of 0.80 (Fig. S1N), further demonstrating the190

reproducibility between these two independent approaches. Additionally, we validated our PFC projection191

profiles resolved by SPIDER-Seq with the fMOST data from Gao's study (Tables S6) [31], achieving a192

Pearson correlation of 0.81 (Fig. S1O). Together, these data demonstrated the reproducibility and193

integrity of our SPIDER-Seq data. This robust method may greatly facilitate to delineating the brain194

multi-modal network atlas and understanding neural circuit organization logic.195

196

Spatial and transcriptomic configuration of PFC projectome by SPIDER-Seq197

The SPIDER-seq multi-modal PFC atlas embedding large scale neural circuit, transcriptomes, and spatial198

architecture information at single-cell resolution provides a unique opportunity to understand the199

underlying cellular and circuital organization logic. To interpret the relationship among projectome,200

transcriptome, anatomy and the spatial organization principles, we first analyzed the architecture of the201
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projection neurons. We observed that neurons targeting different downstream nuclei exhibit unique202

spatial distributions. For example, neurons targeting SSp-I, AUD-I, RSP-I and VIS-I are predominantly203

located in the posterior dorsal part of PFC, whereas neurons targeting ECT-I, AId-I, BLA-I and ACB-I204

are found mainly in the anterior ventral part (Fig. 2A and B). As illustrated in Fig. 2C-D and S8A, the205

projection neurons targeting to ACB-I and SSp-I gradiently occupied different territories in the 3D space206

of PFC and consist of different transcriptomic cell subtypes, respectively. These data may illuminate how207

the projection neurons synchronously configurate their soma (for transcriptome) and axon (for projectome)208

in the PFC. The 3D atlas of the projectome targeting each nucleus together with the transcriptome of each209

excitatory subtype were shown in Supplementary Video 1. These data suggested that the spatial210

transcriptome and projectome were geographically configured in PFC with distinct organization principle.211

212

With the integrated transcriptome information, SPIDER-Seq can also reveal the transcriptomic213

differences between various types of projection neurons. For example, the neurons targeting SSp-I and214

ACB-I not only exhibit different spatial distribution, but also show distinct transcriptomic subtype215

compositions. Neurons from L2/3IT1, L4/5IT1, and L6IT1 predominantly target SSp-I, while those from216

L2/3IT2, L4/5IT2, L5IT2 and L6IT2 prefer to target ACB-I (Fig. 2E). Additionally, the SSp-I projecting217

neurons express significantly high levels of Snap25, Camkk2, and Ptn, while the ACB-I projecting218

neurons highly express Pea15a, Efnb3, and Cdh13, which was validated by FISH assays (Fig. 2F and G).219

220

We also observed specific gradient spatial distribution patterns of neurons projecting to different regions221

of striatum. Neurons projecting to the ipsilateral ventral striatum (ACB-I) primarily located in the ventral222

region (Fig. 2C and S8C), while those projecting to ipsilateral dorsal striatum (CP-I) tend to concentrate223

in the dorsal region (Fig. S8B and C), which is consistent with a previous study [34]. Meanwhile, we224

found transcriptomic differences between the neurons targeting the ventral and the dorsal striatum as225

shown in Fig. S8D. These data highlighted the high throughput capability of SPIDER-Seq to226
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systematically analyze neuronal projection patterns, gene expression as well as spatial organization at227

single-cell level.228

229

To further analyze the detailed projection patterns of PFC neurons, we performed hierarchical clustering230

on the single-cell projection profile of each neuron, resulting in the identification of 33 distinct projection231

clusters (Fig. 2H-J). These projection cell clusters can be grouped into four projection classes: PTi, ITi-232

M1, ITi-M2 and ITc-M3, each displaying distinct three-dimensional spatial distribution patterns within233

the PFC (Fig. 2K and S8E-F). PTi were clustered into a separated class, sending projection to subcortical234

regions such as LHA-I, VTA-I, DR-I et al. IT neurons were further characterized based on their235

projection patterns as follows: (1) ITi-M1 class mainly project to the ipsilateral dorsal striatum (CP-I),236

medial and dorsal cortical regions including RSP-I, VIS-I, AUD-I, and SSp-I, of which the somas located237

in the dorsal part of the PFC. Anatomically, ITi-M1 mostly restricted to ACC; (2) ITi-M2 class primarily238

project to the ipsilateral ventral striatum (ACB-I), BLA-I, and lateral cortical regions including AId-I,239

ECT-I, and ENTI-I, of which the somas located in the ventral part of the PFC, around PL and IL anatomic240

regions; (3) ITc-M3 neurons primarily project to the contralateral brain regions including AId-C, ECT-C,241

ENTI-C, PL-C, ACB-C, and CP-C (Fig. S8G).242

243

Next, we performed spatial projectome and transcriptome integrated analysis on these projection classes244

and clusters, and identified distinct differentially expressed genes in each clusters (Fig. S8H-J).245

Consistent with previous data [17], neurons in the PTi class are pyramidal tract neurons originating from246

layer 5, largely composed of L5-PT-1/2 transcriptomic clusters (Fig. 2L). In contrast, the IT classes247

comprises neurons from various transcriptomic clusters across different layers (Fig. 2L). While most248

projection clusters contain neurons from multiple layers, several projection clusters exhibit strong249

preferences for their transcriptomic cell type composition. For example, 75.0% neurons of projection250

cluster 3, which simultaneously targets ECT-C, AId-C, and LENTI-C, belong to L2/3-IT transcriptomic251

clusters. Similarly, 69.2% neurons of the projection clusters 26 targeting RSP-I and AId-I consist of L6-252
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IT transcriptomic clusters (Fig. S8K and L). The identification of the projection specific transcriptomic253

signature genes would help PFC researchers develop new genetic tools to target and manipulate those254

cells to better understand the functions of specific circuit.255

256

We also observed transcriptomic differences between ITi-M1 and ITi-M2 classes. ITi-M1 projecting257

neurons are primarily composed of the dorsal-enriched transcriptomic clusters, while ITi-M2 projecting258

neurons are mainly derived from the ventral-enriched transcriptomic clusters (Fig. 2L). Notably, the259

spatial distribution of ITi-M1 and ITi-M2 projection classes is highly correlated with spatial gradients of260

the dorsal- and ventral-enriched transcriptomic cell clusters (Fig. 2M and N), suggesting a synchronized261

configuration of different neuron projection clusters and transcriptomic cell types in the PFC.262

263

Spatial, anatomic and trascriptomic configuration of PFC IT projection neurons264

Given the high diversity in the projections of IT neurons, we further analyzed the spatial and cellular265

configuration principles of PFC IT projection neurons. To quantify the diversity of IT projection patterns,266

we binarized the projection to downstream targets, and presented the landscape of the transcriptomic cell267

type composition and spatial information of the top 50 IT projection motifs (Fig. 3A). We exemplified268

five projection motifs targeting AId-I to demonstrate their detailed spatial, transcriptomic, and anatomic269

configuration. Different projection motifs targeting AId-I exhibit a gradient spatial transition from dorsal270

to ventral regions correlated to the axon branching locations in striatum (ACB-I or CP-I) (Fig. 3B).271

Neurons projecting to both AId-I and ACB-I are mainly located in the ventral part of the PFC, while those272

targeting both AId-I and CP-I predominantly distribute in the dorsal part of the PFC, and the triple-273

targeting neurons (AId-I, CP-I and ACB-I) located in an intermediate zone, with distinct transcriptomic274

signatures respectively (Fig. 3B and S9A). Similar patterns also appear in the BLA-I targeting projection275

motifs, as shown in Fig. S9B and C.276

277
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To further test whether this pattern represents a common organization principle, we systematically278

analyzed the spatial architecture of all the cortex and striatum co-targeting IT neurons in the PFC. In our279

dataset, 84% of IT neurons that project to the cortex/BLA also extend their axons to striatum (CP or ACB)280

(Fig. S9D). These neurons exhibit distinct spatial distributions and spatial transcriptomic signatures281

depending on their targeting in striatum. The projection neurons co-targeting dorsal striatum (CP) are282

mainly distributed in the dorsal part of the PFC, while those co-targeting ventral striatum (ACB) are283

primarily enriched in the ventral part. Projection neurons that simultaneously targeting both ACB and CP284

are predominantly located in the intermediate transitional zones (Fig. 3C and D). Correspondingly, these285

projection neurons showed distinct gene profiles, of which some transcriptomic signatures also display a286

dorsal-enriched to ventral-enriched gradient, as confirmed by FISH assay (Fig. S9E-G).287

288

We also exemplified an integrated anatomy, projection and transcriptomic analysis and identified the CP289

and BLA projection neurons are mainly located in Mos regions in PFC highly expressing Pcp4, while the290

ACB and BLA projection neurons are mainly located in PL and ILA regions in PFC highly expressing291

Grp, which was further confirmed by FISH assay (Fig. 3E and F). Importantly, our analysis revealed292

significant correlations between neuron projections and their gene profiles, and spatial location,293

respectively (Fig. 3G). Together, these data suggest that although the projectomic and transcriptomic cell294

clusters display distinct spatial organization principle, they are synchronously configured in the PFC. Our295

analysis could provide unprecedented integrated anatomic and transcriptomic formation at projection296

motif levels, which may greatly contribute to understanding the function of each anatomic regions in PFC.297

298

Co-projection principle of PFC IT neurons299

Our data indicated that the majority of barcoded neurons target two or more nuclei simultaneously (Fig.300

S1C). To examine whether these downstream targets are randomly associated together or sophisticatedly301

organized with certain kinds of logic, we aligned the projection patterns of multiple targeting neurons302
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resolved by SPIDER-Seq with the expectations of random association (Fig. 4A and S10A). The results303

suggested that these multiple-projections are not randomly configurated. For example, the multiple-304

projection neurons targeting both ACB-I and BLA-I are overrepresented, whereas the multiple-projection305

neurons targeting CP-I and AId-I are underrepresented (Fig. 4B and S10B).306

307

Furthermore, we investigated the wiring principle of the multi-projection neurons in PFC. First, we308

analyzed co-projection probability to the downstream targets from different PFC projection neurons. The309

results showed that downstream targets belonging to the same projection class (ITi-M1 or ITi-M2) have310

significantly higher probability to be co-projected compared to the targets from different classes (Fig. 4D311

and E). Considering the high co-projection probability may accompany the engagement of more312

simultaneous information processing and the subsequent information exchange, the co-projected313

downstream targets should presumably have more reciprocal circuit connections (Fig. 4C). Thus, we314

collected the projection data for the corresponding nuclei from the Allen Mouse Brain Connectivity Atlas315

and calculated the connectivity intensity between the downstream targets (Tables S7). The results verified316

that the downstream targets from the same projection class indeed have significantly more intensive317

circuit connections (Fig. 4F-G and S10C-D). Additionally, there is a positive correlation between the318

connectivity intensity of downstream nuclei and the probability of co-projecting by PFC neurons (Fig.319

4H). These findings revealed one wiring principle in PFC and validated that projection of the PFC320

neurons are indeed sophisticatedly organized rather than randomly wired together.321

322

Configuration of neural signal decoding and transmission machineries in the content of323

PFC neural network324

PFC neurons decode upstream information inputs through the neurotransmitters and neuropeptides325

receptors, transmitting signals to downstream networks by releasing neurotransmitters and neuropeptides.326

Deciphering the dynamic and sophisticated neural signal transmission flow in neural network is the327
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prerequisite for the understanding of neural computation and brain functions [35, 36]. However, the328

detailed signal decoding and transmission processes remain elusive. Our SPIDER-Seq dataset contains329

high quality of gene profiles data which reach to 4964 genes per neuron and have important expression330

information including low-expression genes such as the receptor genes for neurotransmitters and331

neuropeptides. This empowered us to systematically delineate the expression patterns of the various332

neural signaling related molecules genes in the content of PFC network, which could bring unprecedented333

insights into the logic of neural signal encoding in different circuits.334

335

Hence, we depicted the neural signaling molecules heatmaps for different projection clusters based on the336

expression of neurotransmitter transporters, neuropeptide precursors, and their receptor genes (Fig. 5A337

and S11A). The heatmaps revealed significant differences in the expression of neural signaling molecules338

between PT and IT projection neurons, including glutamate receptors (Gria4, Grm3), serotonin receptors339

(Htr2a, Htr5a, Htr1b), dopamine receptors (Drd1), various neuropeptide receptors (Mc4r, Mchr1, Npr3,340

Cckbr), as well as neuropeptide precursors (Pdyn, Adcyap1, Grp, Npy, Penk, Cck) and neurotransmitter341

transporter (Slc17a6) genes (Fig. S11B). These differences may underly the distinct functions of these342

two types of PFC neurons. Next, we analyzed the neural signaling molecular expression pattern of two IT343

projection classes targeting the ipsilateral brain areas. Our data showed that the neurons projecting to the344

dorsal cortical regions / dorsal striatum and those projecting to the lateral cortical regions / ventral345

striatum showed distinct gene expression patterns of neural signaling molecules (Fig. 5B). In this line,346

previous studies have demonstrated the functional separation of PFC projections to the dorsal medial and347

the ventrolateral cortex as well as dorsal and ventral striatum [24, 34].348

349

As the different expression levels and combinations of neurotransmitter receptor subtypes may reflect the350

differential decoding of the same neurotransmitter input [37, 38], we then examined the expression351

patterns of neurotransmitter receptor subtypes in different projection clusters. As shown in Fig. 5C,352

glutamate receptor subtypes are distinctly expressed across different projection clusters. The dorsal353
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cortical regions targeting projection clusters, such as cluster 14 (mainly targeting VIS) and 29 (mainly354

targeting AUD and CP), showing significantly higher expression level of Grm2, Grm3, Grin1, Grin2a,355

and Gria4. In contrast, the projection cluster 8 (mainly targeting AId and ACB) and projection cluster 16356

(mainly targeting BLA and ACB), highly express Gria1, Grik2, Grm5, Gria3a, and Grm1. This357

phenomenon has been also observed in other neuromodulatory receptors, such as neuropeptide receptors358

(Fig. 5C), and serotonin receptors (Fig. S11C).359

360

The neighborhood neurons distributed in the same spatial territory in the PFC may likely receive the same361

local inputs, but could project to different downstream targets. Thus, it would be important to distinctly362

encode the same inputs into more diverse signals via the combination of differentially expressed signal363

decoding receptor genes in different projection motifs. By this principle, an identical input has the364

capacity to encode diverse kinds of downstream signals in the neural network, which may contribute to365

the generation of enough signal complexity to match the sophisticated information transmission capacity366

in the brain (Fig. 5D).367

368

The release of neurotransmitters and neuropeptides is the primary means by which neurons transmit369

signals [39]. We observed that the mRNA expression levels of different neurotransmitter transporter and370

neuropeptide precursor genes vary across different projection clusters (Fig. 5B). Notably, projection371

neurons in distinct layer in PFC targeting the same nucleus show significant differences in the expression372

of neurotransmitter transporters and neuropeptide related genes (Fig. 5E). For example, IT projection373

neurons targeting BLA from L2/3 highly express Pdyn and Tac2, neurons from L5 highly express374

Adcyap1, Slc17a7 and Slc17a6, whereas neurons from L6 highly express Npy and Penk. The molecular375

configuration of this kind of expression pattern may allow the same down-stream target nucleus to376

unambiguously differentiate inputs from different upstream nuclei, which might be important to guarantee377

the specificity of the neurotransmission in the intricate neural network.378

379
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Furthermore, we analyzed the expression of neural signaling molecules including neurotransmitter380

transporters, neuropeptide precursors and the related receptor genes in six projection motifs targeting AId-381

I and observed significant differences in their expression patterns in each projection motif (Fig. 5F).382

Similar patterns also appeared in the RSP-I targeting projection motifs, as shown in Fig. S11D. These383

data suggest that diverse PFC projection circuits are equipped with differential neural signal decoding and384

transmission machineries, thereby facilitating their functional diversity. We then investigated whether385

there are co-expression patterns of the neural transmission molecules in different PFC neural projection386

clusters. By co-expression analysis, we identified four co-expression modules of the neural signaling387

related molecules (Fig. 5G and S11E-G). Importantly, our data revealed a high correlation between the388

projection patterns and the co-expression of neural signaling molecules (Fig. 5H). For example, the389

projection intensity of neurons targeting CP-I is positively correlated with the expression intensity of co-390

expression module M2 (Fig. 5I). These results suggested that the expression pattern of diverse neural391

signaling molecules in different PFC circuits is not random organized; rather, it forms sophisticated and392

specific co-expression modules in different circuits, underlying the synergistic action among different393

neural signaling molecules.394

395

Correlation of neural circuit wiring molecules with projection patterns396

Although the expression of wiring-related genes during development is crucial for neural circuit397

formation, the expression of specific genes (such as cadherins and axon guidance molecules) in adulthood398

is critically important for circuit maintenance. To explore the relationship between projection patterns and399

these molecules, we further analyzed the high-quality transcriptome profiles of PFC projection neurons in400

content of neural circuit. Our data revealed that different projection classes exhibited distinct expression401

patterns of neural circuit wiring molecules (Fig. 6A and S12A). For example, Igfbp4, Rgma, and402

Fam19a1 are highly expressed in PT neurons (Fig. 6B and C). In addition to the significant differences403

between PT and IT projection neurons, projection neurons within different IT classes, such as ITi-M1 and404
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ITi-M2, also showed differential gene expression (Fig. 6A). For instance, Cadm2, Sema7a, and Pcdh7 are405

highly expressed in the ITi-M1 class, whereas Efnb3, Cdh13, and Nov are highly expressed in the ITi-M2406

class (Fig. 6B and C). Importantly, the expression of these wiring molecules is in proportion to the407

intensity of the projection classes (Fig. 6D).408

409

Next, we analyzed whether the projection patterns of PFC neurons are interrelated to the co-expression of410

the neural circuit wiring molecules. We first analyzed the co-expression patterns of neural circuit wiring411

genes across all barcoded neurons, yielding five distinct co-expression modules (Fig. 6E and S12B-D).412

The relationship between projection patterns and gene co-expression modules was further analyzed,413

which revealed numerous significant correlations between the projection patterns and the strength of gene414

co-expression in specific modules (Fig. 6F). For example, the CP-C projection is highly related to the co-415

expression of M4 module, of which the projection intensity shows a positive correlation with the416

expression strength of M4 module genes (Fig. 6G). Similarly, the projection intensity targeting AId-I is417

significantly related to the expression strength of M2 module genes (Fig. 6H). Together, these results418

suggested that the neuronal projection patterns are closely related to the co-expression of molecules419

associated with cadherins and axon guidance.420

421

Predicting PFC neuron projection patterns using integrated transcriptomic and spatial422

information423

The distinct expression patterns of neural circuits formation and maintenance related genes, such as424

cadherins and axon guidance genes in different projection classes inspired us to predict the projection425

pattern by gene profile via machine learning. While the gene profile can predict the projection pattern in426

certain degree [22, 29], the accuracy needs to be signicantly improved. Our data showed that on top of the427

correlation between neuron projection patterns with its gene profiles, the projection patterns are also428

highly related to its spatial location in the PFC (Fig. 3G). Thus, we tried to train a machine learning429
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model to predict the projection patterns of PFC neurons based on transcriptome and spatial location. First,430

we integrated the single-cell transcriptomic dataset and spatial-omics dataset from SPIDER-Seq. This431

enabled us to obtain an integrated transcriptomic dataset with projection and spatial information at single-432

cell level. Then, we encoded binary labels (0 for no-projection or 1 for projection) for each targeted433

nucleus. Finally, we used the transcriptome principal components (PCs) and spatial information (spatial434

coordinates: X, Y, Z) as input features, and constructed an XGBoost machine learning model to predict435

the projection information (Fig. 7A).436

437

For model evaluation, we split our data into a training dataset (70%) and a test dataset (30%). The model438

was trained to predict both the overall projection classes (Fig. 7B) and specific projection targets for439

individual neuron (Fig. 7C and S13A), respectively. The receiver operating characteristic (ROC) curve440

demonstrated that our model achieved prediction performance with high accuracy. For example, the441

prediction accuracy of LHA-I projection pattern reached to 98.4%, and ACB-I with 94.5% accuracy.442

Notably, integrating spatial coordinates as input features significantly improved the model's performance443

compared to using transcriptome features only (Fig. 7B-C and S13A). The lower accuracy of ITc-M3444

may be due to its relatively less obvious transcriptomic and spatial features, while PTi shows significantly445

different transcriptomic and spatial features compared to IT neurons, which attributes to its higher446

prediction accuracy. To further demonstrate the accuracy of our model, we performed prediction at the447

level of projection motifs. Notably, our model can accurately predict projection motifs which are448

indistinguishable at the transcriptome level after integrating spatial information, such as the different449

projection motifs of AId-I (Fig. 7D).450

451

To further validate the generalization capacity of our model, we tested it on the PFC MERFISH spatial452

transcriptome dataset from Bhattacherjee et al. [29]. First, we searched the MERFISH slice most closely453

matched with our PFC slice (Fig. S13B) and integrated both datasets based on the spatial and454

transcriptomic information (Fig. S13C and D). This allowed us to apply our projection model to the455
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MERFISH data (Fig. 7E). The projection prediction on the MERFISH slices were highly consistent with456

the real projection experimental data revealed by SPIDER-Seq in the corresponding slice (Fig. 7F). The457

spatial visualization of the predicted results on MERFISH slice also shows consistent patterns with our458

SPIDER-Seq experimental data in the corresponding slice (Fig. 7H-I and S13E). The quantification459

analysis showed that the Pearson correlation between the overall predicted projection on MERFISH slice460

and the projection patterns on our slice resolved by SPIDER-Seq reached 0.84 (Fig. 7G).461

462

Having verified the accuracy and generalization capability of our model in neural projection prediction,463

we next applied it to predict the projections of specific neurons under certain behavioral conditions, as a464

proof of concept. To achieve this, we obtained the MERFISH dataset from a prior study that captured fear465

recall (FR) engram neurons using the TRAP system. The experimental design of this study is illustrated in466

Fig. 7J. We aligned these MERFISH slices with our SPIDER-Seq data and integrated spatial and467

transcriptomic information to predict neuronal projections. Notably, we found that FR engram neurons468

projected significantly more to the ACB-I and BLA-I regions compared to non-fear (NF) control neurons.469

In contrast, no significant differences were observed in projections to other targets, such as the LHA, CP,470

and VIS (Fig. 7K and L). This finding aligns with previous reports implicating the invovement of PFC→471

ACB-I and PFC→BLA-I pathways in fear recall-related behaviors [40-42].472

473

DISCUSSION474

Deciphering the multi-modal brain atlas by SPIDER-Seq475

Neural circuit is an elaborating multi-modal network embedding diverse information such as connectivity,476

gene profiles, electrophysiology, and spatial location. Recent methods, such as, BARseq, BARseq2,477

VECTORseq, Retro-Seq, Epi-Retro-Seq, MERGE-Seq and Projection-seq have revolutionized high-478

throughput analysis of projectome information with some gene profiles [13, 17-19, 22]. However, there479
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are still some urgent requirements for the improvements in: 1) reducing the cytotoxicity of tracer viruses480

which induces gene profile alterations; 2) detecting spatial location and the surrounding local481

environment information of the neurons in the network; 3) integrating multi-modal information; 4)482

simultaneous high multiplex targets tracing. To this end, we developed SPIDER-Seq by combining circuit483

tracing viral barcoding strategies with single-cell sequencing and spatial-omics, which allows us to484

integrate the transcriptome, projectome and spatial profiles of the neurons projecting to multi-nuclei with485

high throughput capacity and single-cell resolution. The integrity of SPIDER-Seq data was validated by486

the comparison between our data with previous fMOST [31], and spatial transcriptome data [29], as well487

as the data from different verifications [34]. This robust and cost-effective method can greatly facilitate to488

delineating the brain multi-modal network atlas and understanding neural circuit organization logic.489

490

The cellular and circuital spatial configuration and organization logic of the PFC491

Although the molecular, cellular architecture and neural network of PFC have been extensively492

investigated, the integrated multi-modal PFC atlas embedding large scale neural circuit, transcriptomes,493

and spatial architecture information at single-cell resolution is still lacking, greatly hindering the494

understanding of the underlying cellular and circuital organization logic. By virtue of SPIDER-Seq, we495

delineated the detailed molecular, cellular and circuital spatial configuration of the PFC with single cell496

resolution. Consistent with previous studies, we showed that different transcriptomic cell clusters are497

arranged in different cortical layers with certain dorsal-ventral gradient, due to the inside-out development498

of these cell clusters in each layer [29, 43]. In contrast, the architectures of different projection motifs are499

configurated with a distinct geographical logic, in which each projection motifs gradiently occupy a500

specific territory in the 3D space of PFC. The neurons with the same projection pattern are allocated501

together in specific territory and consist of different transcriptomic cell clusters. By this organization502

principle, a single projection motif can more dynamically and distinctly decode neural signal inputs and503
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produce more kinds of output signals by diverse expression of neurotransmitters/peptides and their504

receptors in their diverse transcriptomic cell clusters.505

506

Although it has been demonstrated that majority of PFC IT projection neurons showed multiplex507

targeting and are sophisticatedly organized, the underlying organization logic remains elusive. Our508

SPIDER-Seq analysis revealed that the downstream nuclei targeted by the same projection class have509

significant higher probability to be co-projected by the PFC neurons, which may explain the510

overrepresented projection patterns which has also been observed by several studies [12, 44]. Moreover,511

the downstream nuclei targeted by the same PFC projection class have significantly more intensive512

reciprocal circuit connections. One possible underlying mechanism might be that the reciprocal connected513

neurons are more inclined to be both activated, and then simultaneously release certain kind of axon514

guidance cues. This might lead to the high probability to induce axon wiring from the same upstream515

nucleus during development. Functionally, the co-projection to the reciprocal connected neurons wiring516

principle may facilitate to information processing and the subsequent information exchange between these517

simultaneous signal recipients. It would be of great importance to examine whether this is a general logic518

for the whole sophisticate brain network.519

520

Specificity and complexity of neural signal decoding and transmission in the content of521

PFC neural network522

Deciphering the dynamic and sophisticated neural signal transmission flow in neural network is the523

prerequisite for the understanding of neural computation and brain functions [35, 36]. However, the524

detailed signal decoding and transmission processes remain elusive. Owing to the high-quality single-cell525

transcriptome dataset integrated with projection information provided by SPIDER-Seq, we can detect the526

low expression genes such as receptor genes in content of neural network, which bring unprecedented527

insights into the logic of neural signal encoding in different circuits. In addition to the distinct neural528
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signaling molecule expression patterns between PT and IT neurons, we also found significant differences529

in two projection classes of IT neurons, which may reflect the functional separation of PFC projections to530

the dorsal medial and the ventrolateral cortex as well as dorsal and ventral striatum [24, 34]. Notably, we531

showed that the expression pattern of diverse neural signaling molecules in different PFC circuits is not532

random organized; rather, it forms sophisticated and specific co-expression modules in different circuits,533

underlying the synergistic action among different neural signaling molecules.534

535

The PFC expresses a variety of neurotransmitter receptor subtypes to decode the upstream536

neurotransmitter signaling, the different expression levels and combinations of receptor subtypes in PFC537

projection circuits may reflect the differential decoding of the same neurotransmitter input [37, 38]. In538

this line, we showed that individual PFC projection cluster selectively overexpress different receptor539

subtypes of the same neurotransmitter, underlying distinct neural signal decoding capacities and functions540

in different projection cluster. Moreover, for the projection neurons within the same projection motif, our541

SPIDER-Seq analysis revealed that they are gradiently distributed in the same spatial territory in the PFC542

and may likely receive the same local inputs. Thus, it would be important to distinctly encode the same543

inputs into more diverse signals via the combination of differentially expressed signal decoding receptor544

genes. By this principle, an identical input has the capacity to encode diverse kinds of downstream signals545

in the neural network, which may contribute to the generation of enough signal complexity to match the546

sophisticated information transmission capacity in the brain.547

548

The release of neurotransmitters and neuropeptides is the primary means by which neurons transmit549

signals [39]. We found that different upstream projection neurons targeting the same nucleus showed550

distinct expression patterns of neurotransmitter/neuropeptide related genes, as illustrated by the distinct551

expression of neural neuropeptide genes in the IT projecting neurons targeting BLA from different552

upstream locations in the PFC. The molecular configuration of this kind of expression pattern may allow553

the same down-stream target nucleus to unambiguously differentiate inputs from different upstream554
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nuclei, which might be important to guarantee the specificity of the neurotransmission in the intricate555

neural network. Together, our data depicted the landscape of neural information flow of PFC projection556

neurons and the underlying neural signal transmission molecules in this PFC network. Moreover, we557

discovered potential neural signal decoding and transmission principles to synchronize the specificity and558

complexity of neural transmission by sophisticated expression patterns of signal transmission molecules559

in different PFC projection neurons.560

561

Predicting PFC neuron projection patterns using integrated transcriptomic and spatial562

information563

Our data revealed that different projection classes in the PFC distinctly express neural circuits formation564

and maintenance related genes, such as cadherins and axon guidance genes, which inspired us to predict565

the projection pattern by gene profile via machine learning. Consistent with previous studies [22, 29],566

while the gene profile can predict the projection pattern in certain degree, the accuracy needs to be further567

improved. As SPIDER-Seq can also decipher the spatial information of the projection neurons, which is568

also correlated to the projection pattern, we then integrated the spatial and the ample gene profile569

information at single-cell resolution for machine learning. By this approach, we achieved significantly570

high accuracy and, importantly, demonstrated generalization capacity of our model on the MERFISH571

dataset. Considering the projection neurons in other brain regions should, in principle, also have intrinsic572

correlations between the spatial gene profiling and projection pattern, our model can be likely used as an573

important basic foundation for fine-tune to predict projection patterns in any brain regions using a smaller574

amount of dataset. Thus, our data may further contribute to investigations such as, predicting neuron575

projection by spatial gene profiles after Ca2+ imaging or electrorheology experiments, which can576

integrate the function analysis with circuit information.577

578
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LIMITATIONS579

Despite the advances of SPIDER-Seq, there are several issues that need to be further improved: 1) Viral580

labelling coverage: This is limited by the diffusion area in the injection sites, especially for targeting large581

nuclei such as the CP. To tackle this issue, we performed injections at different depths to increase the582

coverage area of the virus (see Methods); 2) Viral infection efficacy: Our previous work reported that583

rAAV2-retro has high efficiency for most cortical area labeling, but relatively lower for other regions [45].584

To increase the labelling efficacy, we waited for 30 days to reach high infection efficacy. In future, it585

would be important to engineer new generation of highly efficient tracing virus; 3) Local circuit mapping:586

SIPDER-Seq applied for local circuit mapping, such as inhibitory neuron circuits, is subjected to future587

study. 4) It should be noted that our study used only females, but compared with male datasets [29, 31].588

Although, there are no reports indicating differences in PFC circuit connectivity between female and male589

mice, this will remains an important consideration for future research on sex-related study.590

591

With the rapid advancing research in interdisciplinary fields, such as viral bioengineering, in situ592

sequencing methods, imaging technologies, and machine automation, SIPDER-Seq can be further593

upgraded to delineate the integrated spatial transcriptome and projectome atlas with high throughput, high594

3D resolution, more accuracy, multi-modal information. Moreover, the integrated multi-modal neural595

network will also shed insights into the organization logic and the computation principle of neural596

network and ultimately contribute to the brain-inspired artificial intelligence.597

598

MATERIALS AND METHODS599

Animal care600

Animal care procedures and experiments (HZAUMO-2024-0318) were approved by the Scientific Ethics601

Committee of Huazhong Agricultural University, Hubei, China, and conducted ethically according to the602
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Guide for the Care and Use of Laboratory Animals of the Research Ethics Committee of Huazhong603

Agricultural University. Mice were housed in facility with a standard light cycle (12 hr light/12 hr dark)604

and ad libitum access to food and water.605

rAAV2-retro virus Barcoding606

The rAAV2-retro barcode core plasmid (Plasmid #32395) was generated by replacing CMV-GFP-poly(A)607

with hSyn(452 nt)-GFP-BGH (225 nt), followed by insertion of NheI and BglII sequence downstream of608

the GFP. All barcode sequences were inserted between NheI and BglII by enzyme ligation or homologous609

recombination. We constructed 33 core plasmids carrying different barcode sequence (Table S1). The610

barcoding virus was rescued by transfecting the rAAV2-retro barcode plasmid, pAdDeltaF6611

(Plasmid,112867) and rAAV2-retro helper plasmid (Plasmid,81070) into 293T cell line (ATCC,CRL-612

3216). The final product was purified by ioxanol ultracentrifugation to obtain the SPIDER-Seq tracing613

virus. The virus titer was adjusted to 2×1012 viral particles per mL.614

Virus Injections615

Female C57BL/6 mice at 7-8 weeks age were anaesthetized with a mixture of anesthetics 65 mg/kg616

ketamine and 13 mg/kg xylazine (i.p. injection). Their heads were fixed to a stereotaxic apparatus (68030,617

RWD, China). After exposed the skull, holes on the skull surface were drilled with corresponding618

coordinates (AP axis and ML axis, the coordinates for each nucleus are shown in Table S2). The virus619

was injected at a rate of 40 nl/μl, and 150 nl per nucleus. The micropipette was left in the tissue for 5 min620

before and after injection, to prevent virus spilling and backflow. The above operations were repeated to621

complete the injection of all nuclei (12-16 nucleus per mouse). The entire operation lasted about 6-8 h622

with 50 μl of anesthetic replenished every 3 hours. To compared the barcode in situ sequencing results623

with the viral tracing results of rAAV2-retro expressing fluorescent protein (EGFP or mCherry), we624

injected 150 nl of the rAAV2-retro expressing fluorescent protein into one target nucleus in each mouse.625

After surgery, the mice were placed on a heating pad to allow recovery and were allow housed under a626

12-hour light/dark cycle at 22-25 °C for one month.627
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Single cell dissociation628

One month after barcode virus injection, mice were anesthetized with isoflurane and decapitated. The629

brain was immediately removed and then sectioned into 300 μm slices in ice-cold ACSF (124 mM NaCl,630

2.5 mM KCl, 1.2 mM NaH2PO4, 24 mM NaHCO3, 5 mM HEPES, 13 mM glucose, 2 mM MgSO4, and631

2 mM CaCl2, pH: 7.3-7.4) on vibratome (Leica VT1200). Slices containing PFC region were transferred632

into Petri dish containing ice-cold ACSF with 45 µM Actinomycin D (Sigma-Aldrich, Cat# A1410). PFC633

region containing the anterior cingulate area (ACA), prelimbic area (PL), infralimbic area (ILA),634

secondary motor cortex (MOs), medial orbital cortex (ORBm), Dorsal peduncular area (DP) (∼Bregma635

2.58 mm - Bregma 0.86 mm according to Paxinos and Franklin,s the Mouse Brain in Stereotaxic636

Coordinates) labelled with green fluorescence were isolated under a fluorescence microscope. Single cell637

suspensions were prepared as described previously [46]. The isolated tissues were quickly cut into small638

pieces less than 1 mm and transferred to digestion buffer containing 3 mg protease XXIII (Sigma-Aldrich,639

P5380) and 30 U/ml papain (Sigma-Aldrich, P3125). The digestion was performed at 34°C for 30 min640

and bubbled with a mixturegas of 95% O2 and 5% CO2 continuously. After the digestion, the tissue was641

transferred to stop buffer (ACSF contain 1 mg/ml Trypsin Inhibitor (Sigma-Aldrich, T6522), 2 mg/ml642

BSA (Sigma-Aldrich, A2153) and 1 mg/ml Ovomucoid Protease Inhibitor (Worthington, LK003153). We643

gently titrated the digested tissue with 4 polished Pasteur pipets, of which the bore diameter of the pipets644

is successively decreasing from 600 µm to 150 µm. Following trituration, suspension was filtered through645

a 30 mm filter, then centrifuged at 300 g for 5 minutes, The pellet was then resuspended in 700 µL ice-646

cold, carbogen-bubbled ACSF with 0.01% BSA and then subject to single cell RNA sequencing library647

preparation using BD Rhapsody single-cell Analysis System (BD Biosciences, 633702) according to the648

manufactory’s manual.649

Single-cell RNA sequencing library preparation650

Single-cell mRNA sequencing library was performed by the BD Rhapsody Single-Cell Analysis System651

(BD Biosciences, 633702). Firstly, single-cell suspension in BSA was loaded into a BD Rhapsody652
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cartridge (BD Biosciences, 633733) with >200,000 microwells. Secondly, single-cell mRNA was653

captured by magnetic beads with barcoded capture oligos (BD Biosciences, 664887). Then, magnetic654

beads were collected for cDNA synthesis and library construction following the BD Rhapsody single cell655

3' whole transcriptome amplification (BD Biosciences, 633733) workflow. Finally, the libraries were656

sequenced on Illumina NovaSeq 6000 (Illumina, USA) with 300-bp reads (150-bp paired-end reads).657

In situ Sequencing of the transcripts of PFC genes and barcodes658

Probe design: We modified the protocol according to previous in situ sequencing method [32]. Briefly, 4-659

20 pairs of probes were designed for each gene depending on the length of mRNA (marker gene or660

barcode), and all probe sequences were shown in Table S3. Each end of the padlock probe contains 13 nt661

complementary to the target sequence, and the middle region contains two repeats of the complementary662

sequence of the detection probe. The 5' and 3' end of initiator primer are complementary to the 3' end of663

the targeting sequence and padlock probe, respectively. We customized 12 groups of 16 bp fluorophore-664

modified detection probes (Alexa Fluor 488, CY3, CY5, and CY7) (Table S4). 47 gene are detected by665

12 imaging cycle and five channels for DAPI, 488, cy3, cy5, cy7 are used in each cycle to rearch more666

robust and efficient results. The padlock probe was phosphorylated with T4 Polynucleotide Kinase at 200667

µM (Vazyme, N102-01), and then annealed with initiator primer. Detection probes were dissolved at 100668

µM in ultrapure RNase-free water. All probes were stored at -80°C before use.669

Slices preparation: One month after virus injection, the mice were perfused with 4% PFA, and postfixed670

in 4% PFA for 24 h. We then cryoprotected the brain with 30% sucrose until tissue sinks and embed the671

mice brain in OCT. The brain tissue was sliced to 15 µm continuously with a Leica cryostat (Leica672

CM3050 S). Slices containing PFC were mounted on the poly-L-lysine pretreated cover glass then stored673

at -80°C until used. The brain slices were sealed in Secure-Seal hybridization chambers (Grace, 621505),674

fixed with 4% PFA for 10 mins, permeabilized with pre-cooled methanol at -80°C for 15min, then675

followed by pepsin (2 mg/mL, Sigma, P0525000) digestion at 37°C for 90 s.676
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The probes were diluted at 25 µM to 100 µM in hybridization buffer with 2X SSC (Sangon,677

B548109) ,10% formamide (Sangon, A100606) and 20 mM RVC (Beyotime, R0108)) and incubated678

overnight at 37°C. The brain slices were washed twice in PBSTR (0.1% Tween-20, 0.1 U/µL RRI in PBS)679

for 20 min, followed by wash in 4X SSC dissolved in PBSTR. Next, the brain slices were incubated in the680

ligase reaction mixture (1 U/µL SplintR ligase (NEB, M0375L), 1X buffer, 0.2U/µL RRI) for 2 hours at681

25°C. Following 20 mins wash with PBSTR, and then incubated with RCA mixture (1 U/µL Phi29682

(Vazyme, N106-01), 1X RCA buffer, 0.25 µM dNTP, 0.2 µg/µL BSA, 5% Glyceryl)) at 30°C for 6 hours.683

Imaging: Slices were incubated with detection probe labelled with fluorescence (488, cy3, cy5, cy7) at684

37°C for 30min in each round, and washed with PBST for 3 times, following with DAPI staining. Slice685

were scanned by Leica THUNDER Imager system with 20× lens (NA 0.75). After each round of imaging,686

signals were stripped by stripping buffer (60% formamide in 2X SSC) twice at room temperature for 10687

mins for each round. DAPI staining was performed 3 cycle of image.688

scRNA-seq and barcode data pre-processing689

Raw reads were pre-processed using the BD Rhapsody™ Whole Transcriptome Analysis (WTA) pipeline690

(v1.11) (https://bd-rhapsody-bioinfo-docs.genomics.bd.com). The R1 reads were analyzed to identify the691

cell label sequences (CLS), common linker sequences (L), and Unique Molecular Identifier (UMI)692

sequence. The R2 reads were used for aligning to the reference genome and annotating genes. For WTA693

reference genome, we selected GRCm38-PhiX-gencodevM19-20181206.tar file. For transcriptome694

annotation, we selected gencodevM19-20181206.gtf file. After setting up, we ran pipeline using the695

default parameters. The expression matrix file generated by pipeline was used for transcriptome analysis,696

while the BAM file was used for extracting projectome information.697

scRNA-seq quality control698

Single cell RNA-seq transcriptome analysis is mainly performed by R package Seurat (v4.4.0) [47].699

Briefly, Seurat object was created using the “CreateSeuratObject” function, and the gene expression700

profile of each cell was then normalized using the “NormalizeData” function with scale.factor = 10000.701
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We filtered the following cells: nCount_RNA < 1000, nFeature_RNA < 1000, and mitochondrial702

contents > 15%. We removed neuronal cells with nFeature_RNA < 1500, because previous studies703

showed that neuronal cells have a higher number of genes expressed than non-neuronal cells [27]. The704

following genes were filtered: min.cells < 3, mitochondrial genes, and ribosomal genes. Then, the R705

package DoubletFinder (v2.0.3) [48] was used to remove potential doublets.706

Clustering of scRNA-seq transcriptome707

First Seurat Canonical Correlation Analysis (CCA) was used to remove batch effects between three708

samples. The “SelectIntegrationFeatures” function was applied to select top 2000 common variable genes709

across three samples. Then we used the “FindIntegrationAnchors” function to find anchors, and integrated710

the three datasets together using the “IntegrateData” function. After integration, we performed the711

standard Seurat clustering analysis workflow. We used the “ScaleData” function to scale the integrated712

data, and performed principal component analysis (PCA) using the “RunPCA” function. Then we713

computed the nearest neighbors used the “FindNeighbors” function with top 20 PCs. We used the714

“FindClusters” function for clustering analysis with resolution = 0.5. Then, we annotated the clusters715

based on previously reported markers of PFC cell types [29]. We manually removed some mixed low-716

quality cell clusters that expressed markers of multiple cell types. Seven main cell types were annotated:717

Excitatory neuron, Inhibitory neuron, Astro, Endo, Microglia, Oligo, OPC. Then, we extracted Excitatory718

cell type for further analysis. We used the “FindClusters” function for Excitatory clustering analysis with719

resolution = 2. Then, we annotated the clusters based on previously reported markers of PFC Excitatory720

subtypes. We annotated a total of 13 Excitatory subtypes: L2/3_IT_1, L2/3_IT_2, L4/5_IT_1, L4/5_IT_2,721

L5_IT_1, L5_IT_2, L6_IT_1, L6_IT_2, L5_PT_1, L5_PT_2. Then, we ran the Uniform Manifold722

Approximation and Projection (UMAP) dimensional reduction using the “RunUMAP” functions, and723

visualized data using functions provided by Seurat. In total, our data contains a transcriptome expression724

matrix of 33,766 cells and 26,902 genes. 9,038 neurons were labeled with barcodes (1,842 for mouse1;725

4,410 for mouse2; 2,786 for mouse3).726
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Projectome barcode alignment727

We constructed a ‘database.fasta’ file containing our barcode sequences, and used the blast makeblastdb728

command (v2.13.0) to produce BLAST databases. Then, we used the samtools (v1.13) [49] software to729

extract R2 reads sequences, cell labels, and Unique Molecular Identifier (UMI) sequences from the BAM730

file, and constructed a‘query.fasta’ file. We used the blastn command to align the‘query.fasta’ file731

with the barcode BLAST database using the following parameters: -task blastn-short -word_size 4 -evalue732

1 -outfmt "6 qseqid sseqid nident" -max_hsps 1 -ungapped -num_threads 10 -mt_mode 1. We kept733

sequences with 3 or fewer mismatches and removed sequences with duplicate UMI to generate the cell-734

barcode projectome expression matrix.735

Removing barcodes background noise736

We observed low expression of barcodes in some non-neuronal cells in the projectome expression matrix.737

Due to the slightly different sequencing depths of the 3 scRNAseq samples, we set different thresholds for738

different samples to filter out background noise accordingly. First, we divided the cells into Neuron and739

Non-neuron categories and plotted the UMI Counts-Barcode curve. We used the UMI Counts of the740

elbow point position of the Non-neuron curve as the threshold, and set the barcode expression below the741

threshold in Neuron and Non-neuron as 0. Finally, to compare the projection patterns between neurons on742

the same scale, we performed Min-Max Normalization on the expression levels of barcodes in each cell.743

With that, the raw barcode counts were rescaled between zero and one.744

Clustering of single cell projectome745

R stats (v4.2.0) "hclust" function was used to perform hierarchical cluster analysis for the cell-barcode746

matrix. The "cutree" function was then applied to cut the tree into clusters at a height=1.5. After manually747

merged clusters with similar barcode expression profiles, we obtained a total of 33 projectome clusters.748

Then, we run UMAP dimensional reduction on the cell-barcode matrix, and merged 33 projectome749

clusters into 4 projectome modules.750
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Visualization of the distribution of projection neurons on UMAP751

Density scatter plots were used to visualize the distribution of different projection neurons on the UMAP.752

Specifically, we used the "geom_pointdensity" function from R package ggpointdensity (v0.1.0) to create753

scatterplots where each point was colored by the number of neighboring points. This is useful to visualize754

the 2D-distribution of points in case of overplotting.755

Calculation of projectome correlation between SPIDER-Seq and fMOST data756

To verify the reproducibility of SPIDER-Seq projectome data, we collected fMOST projectome data from757

Gao et al. [31]. It contains the number of neurons that PFC project to downstream targets (Tables S6).758

We compared the number of neurons project to each target with our SPIDER-Seq data. We plotted the759

correlation curves and calculated the Pearson correlation coefficient (Fig. S1O). Each point represents a760

target, the X and Y axes represent the projection intensity in fMOST and SPIDER-seq (Min-Max761

normalization). The correlation between SPIDER-seq and fMOST projections reached 0.81.762

Calculation of projection motifs763

To calculate the statistically significant projection motifs, we constructed a null model based on a764

previous study [12]. Briefly, we first assumed that each neuron projected to each target were independent,765

and used the binomial cumulative distribution function to calculate the expected cell number of each766

projection motifs. We then calculated the P value by comparing the expected cell number to the observed767

cell number, and corrected the P value with the Bonferroni method. We defined the projection motifs with768

log2 fold change > 1 or < -1 and P value < 0.01 as significantly over- or underrepresented projection769

motifs.770

Calculation of the correlation between projectome, spatial location, and transcriptome771

The spatial, transcriptome, and projectome distances for different projection motifs were calculated to772

plot the correlation scatter plot. Specifically, we used the “dist” function in R to calculate the euclidean773

distance between each pair of projection motifs. The "geom_pointdensity" function from R package774
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ggpointdensity (v0.1.0) was used to create the scatterplots. Correlation was calculated using the Pearson775

correlation coefficient.776

Image registration and cell segmentation777

The raw images were registered for each round using BigWarp (v9.1.2). Specifically, we used the first778

round image as the reference and manually aligned the corresponding manually labelled“aligning points”779

between each round image with the first round image in BigWarp's "landmark mode". After alignment,780

we performed image registration. We used FIJI to stack all channels and rounds of images of the same781

slice into one image file. We used the DAPI channel of each slice to perform cell segmentation by782

Cellpose (v2.0.5) [50] and then calculated the average gray value of each channel in each cell to generate783

the spatial cell-channel expression matrix.784

Spatial expression matrix quality control785

We manually set thresholds for quality control on the spatial cell-channel expression matrix to filter out786

values with low channel expression to remove background noise. We filtered out cells with a volume787

smaller than 50 pixels (32.5um2) or larger than 500 pixels (325um2) in each slice, as well as the cells with788

total expression levels less than 5 or higher than 400, to remove low-quality cells and potential doublets.789

Then, we loaded the expression matrix into Seurat and used the "NormalizeData" function for790

normalization, with the parameter scale.factor=100.791

Spatial cell annotation792

To annotate cells in the spatial data, we used Tangram (v1.0.4) [33] to map the annotated information of793

scRNAseq clusters onto the cells in the spatial-omics map. Briefly, we used “tg.pp_adatas” function to794

find the common genes between adata_sc and adata_sp. Then we used the "tg.map_cells_to_space"795

function to perform the cluster level mapping, with parameters: mode='clusters', cluster_label='SubType'.796
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PFC 3D visualization797

For 3D visualization of PFC, we used R package WholeBrain (v0.1.1) [51] and extended functions [29] to798

align the spatial slices with Allen Brain Atlas CCF v3. First, each brain slice was paired to the closest799

matching coronal section in CCF v3 with the help of DAPI image and spatial location of the cell types.800

Then, we manually adjusted the scale and position of each brain slice to ensure accurate alignment with801

CCF v3. After alignment, we extracted the PFC regions according to the brain region annotation802

information in CCF v3. Then, we used R package rgl (v1.1.3) and Allen brain 3D mesh [43] to visualize803

PFC in 3D.804

Single cell weighted gene co-expression network analysis805

Single cell weighted gene co-expression network analysis is mainly performed by R package hdWGCNA806

(v0.3.01) [52]. Briefly, "SetupForWGCNA" function was used to select neural signal molecule or neural807

circuit wiring molecule genes for analysis. We used "MetacellsByGroups" function to construct metacell808

expression matrix, and normalized the matrix using "NormalizeMetacells" function. Then, "SetDatExpr"809

function was used to specify the expression matrix for network analysis, and soft power threshold was810

selected using "TestSoftPowers" function. We used "ConstructNetwork" function to construct the co-811

expression network, and visualized the network using functions provided by hdWGCNA. Module812

Eigengenes (MEs) are a commonly used metric to summarize the gene expression profile of an entire co-813

expression module. Briefly, module eigengenes are computed by performing principal component814

analysis (PCA) on the subset of the gene expression matrix comprising each module. The first PC of each815

of these PCA matrices are the MEs. We used the "ModuleEigengenes" function from R package816

hdWGCNA (v0.3.0.1) to calculate the MEs for each gene co-expression module. To fit the correlation817

curve, we divided cells into 10 bins, ranging from 10% to 100%, based on the MEs values. We then818

calculated the average projection intensity and MEs for each bin and plotted the correlation curve.819
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Neuron projection prediction by machine learning820

We trained a XGBoost model to predict projectome by transcriptome and spatial location in each neuron.821

In order to simultaneously obtain the whole transcriptome and spatial location of single neuron, we822

calculated the projectome correlation coefficient between each cell in scRNAseq dataset and spatial-823

omics dataset according to their embedded projection information in both datasets. Based on the824

projection similarity, the spatial location (X, Y, Z) of a neuron in the spatial-omics dataset was assigned825

to the neuron in scRNAseq dataset with the highest projection correlation coefficient. We used the R826

package caret (v6.0-94) “createDataPartition” function to split the scRNAseq cells into training and827

test datasets with a 7:3 ratio. The first 30 PCs of the transcriptome and the spatial X, Y, and Z coordinates828

were used as features, and the binary annotation of the projection module or target area were used as the829

labels. We first used the R package xgboost (v1.7.5.1) "xgb.cv" function to find the optimal nround, and830

then used the "xgboost" function to train model, using the following parameters: max_depth=5, eta=0.5,831

nthread = 5, nround = xgb.cv$best_iteration, objective = "binary:logistic". Next, we used the "predict"832

function to make predictions on the test dataset. ROC curve and area under the curve (AUC) values were833

obtained using R package PRROC (v1.3.1) "roc.curve" function. To further verify the generalization834

ability of our XGBoost model, we performed projectome predictions based on PFC MERFISH data from835

previous a study [29]. We first integrated the MERFISH data with SPIDER-Seq data using Seurat's836

standard CCA analysis pipeline. Then the first 30 PCs of the transcriptome and the X and Y coordinates837

were used as features. SPIDER-Seq data were used as the training data and the PFC MERFISH data were838

used as the test data.839

840

DATA AVAILABILITY841

The raw single cell RNA-seq data are available from GEO (GSE273066). The raw spatial-omics data for842

this study are available via Hugging Face at https://huggingface.co/TigerZheng/SPIDER-STdata. The843
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processed data ready for exploration can be accessed and downloaded via our interactive browsers at844

https://huggingface.co/spaces/TigerZheng/SPIDER-web (Fig. S14).845

846

CODE AVAILABILITY847

All data were analyzed with standard programs and packages. The codes were freely accessible from848
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Fig. 1: Delineating multi-modal PFC atlas embedding single-cell projectomics, spatial-omics and1001

transcriptomics by SPIDER-Seq.1002

(A) Schematic diagram of the SPIDER-Seq workflow. The rAAV2-retro barcode viruses were injected1003

into different nuclei of the mouse brain to achieve high-throughput single-cell resolution retrograde1004

tracing of the PFC projection circuits. 30 days post-injection, single-cell RNA sequencing and in situ1005

sequencing were performed on the PFC tissue to decipher the projectome with transcriptomic and spatial1006

information.1007

(B) UMAP of all cells in scRNA-seq, colored by main cell clusters.1008

(C) Distribution of barcoded cells in UMAP plot.1009

(D) UMAP plot shows PFC excitatory neurons clustered into 13 unique subtypes.1010

(E) Density scatter visualization on UMAP of neurons projecting to different downstream targets. Points1011

are colored by cell density.1012

(F) In situ sequencing of barcodes and marker genes of excitatory neuron subtypes in 36 consecutive1013

coronal slices of PFC (Bregma: 2.8mm-0.5mm).1014

(G) 3D visualization of the spatial distribution of PFC excitatory neuron subtypes, which displayed1015

separately in (H) and Fig. S1K.1016

(H) Spatial distribution of different excitatory neuron subtypes in 3D (top) and 2D (bottom) within an1017

example slice (Bregma: 2.1mm).1018

(I) 3D visualization of the spatial distribution of neurons projecting to 15 downstream targets, which1019

displayed separately in (J) and Fig. S1K.1020

(J) Spatial distribution of neurons projecting to different targets in 3D (top) and 2D (bottom) within an1021

example slice (Bregma: 2.1mm).1022

1023

1024
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Fig. 2: Deciphering the spatial and transcriptomic configuration of PFC projectome by SPIDER-1026

Seq.1027

(A) Heatmap showing the proportion of PFC neurons projecting to different downstream nuclei from1028

dorsal to ventral (D to V) axis. The cell proportions were normalized by row to calculate the z-score.1029

(B) Heatmap showing the proportion of PFC neurons projecting to different downstream nuclei from1030

anterior to posterior (A to P) axis. The cell proportions were normalized by row to calculate the z-score.1031

(C) 3D visualization of the spatial distribution of PFC neurons projecting to ipsilateral ACB-I and SSp-I,1032

colored by transcriptomic subtypes. Right grid shows all neurons superimposed on the coronal plane.1033

Bottom grid shows the density of all neurons on the transverse plane.1034

(D) Schematic diagram showing the layered distribution of PFC transcriptome and the spatial gradient1035

organization across layers of projectome.1036

(E) Sankey diagram showing the transcriptomic subtypes composition of PFC neurons projecting to1037

ACB-I and SSp-I, respectively.1038

(F) Differentially expressed genes (DEGs) between ACB-I and SSp-I projection neurons.1039

(G) In situ hybridization assay showing that the ACB-I enriched gene Cdh13 accumulated in the ventral1040

PFC, whereas the SSp-I enriched gene Ptn accumulated in the dorsal PFC (Bregma: 2.1mm). Blue, Ptn,1041

purple, Cdh13, red, SSp-I, green, ACB-I. Scale bar: 500 µm. Magnified view of the white boxed area1042

(right). Scale bar: 50 µm.1043

(H) Heatmap of the projection intensity of 9,038 PFC projection neurons to 24 targets. Each row1044

represents the projection intensity of a single neuron. Neurons are divided into four projection classes and1045

33 projection clusters by hierarchical clustering.1046

(I) Dot plot shows the projection of 33 projection clusters to 24 targets. The color and size represent1047

projection intensity zscore and cell percentage, respectively. The dashed box highlights four projection1048

classes.1049

(J) UMAP analysis of the PFC projection matrix showing the distribution of 33 projection clusters. These1050

projection clusters can be divided into four projection classes: PTi, ITi-M1, ITi-M2, and ITc-M3.1051
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(K) 3D visualization of the spatial distribution of four projection classes in PFC.1052

(L) The transcriptomic subtypes proportion of the four projection classes, colored by projection classes.1053

(M) Spatial distribution of dorsal-enriched IT and ventral-enriched IT transcriptomic subtypes (left).1054

Spatial distribution of ITi-M1 and ITi-M2 projection classes (right) (Bregma: 2.1mm).1055

(N) Spatial correlation between transcriptome and projectome of IT neurons. The color of lines1056

corresponds to (M).1057

1058
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Fig. 3: Integrative analysis of spatial and transcriptomic organization pattern of PFC IT projection1060

neurons.1061

(A) Integrative analysis of PFC IT projection motifs, transcriptome subtypes, and spatial distribution. The1062

top 50 projection motifs based on binarized projection matrix (top), transcriptomic subtypes (middle), and1063

spatial distribution in different PFC anatomical subregions (bottom) of individual projection motifs.1064

Asterisks: cell proportion larger than 0.25.1065

(B) Transcriptional, anatomic and spatial information of different PFC IT projection motifs targeting AId-1066

I. Top, projection motifs. Upper middle, spatial distribution. Lower middle, anatomy composition.1067

Bottom, differentially-expressed genes (DEGs) of 5 AId-I projection motifs.1068

(C) A schematic diagram showing the spatial distribution of the neurons co-projecting to cortex (or BLA)1069

and striatum (CP or ACB or both).1070

(D) Spatial distribution of neurons with CP-I+Cortex (or BLA) (red), ACB-I+Cortex (or BLA) (blue), and1071

ACB-I+CP-I+Cortex (or BLA) (green) projection motifs.1072

(E) Integrated anatomic, projection and gene expression analysis in PFC subregions. The distribution of1073

two projection motifs targeting BLA is consistent with DEGs.1074

(F) Barcode neurons of two projection motifs (BLA+CP, BLA+ACB) merged with DEGs.1075

(G) Correlation between projectome and spatial location (top) or transcriptome (bottom). Each point1076

represents the spatial or transcriptome euclidean distance (x-axis) and projection euclidean distance (y-1077

axis) between a pair of projection motifs in (A), colored by the scatter density.1078

1079
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1080

Fig. 4: Wiring logic analysis of PFC IT co-projection neuron.1081

(A) Upset plot showing the observed and expected cell numbers for each projection motif. We compared1082

the observed cell numbers of projection motifs with the expected null model to calculate significance. Red,1083

purple, and black bars represent overrepresented, underrepresented, and not significant, respectively. Gray1084

bars represent expected. Different projection motifs are colored according to the target number.1085

(B) Example of spatial distribution of overrepresented (ACB-I+BLA-I) and underrepresented (CP-I +1086

AId-I) motifs. The barplot showing the observed and expected cell numbers for motifs in spatial dataset.1087
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(C) A schematic diagram showing that the downstream targets co-projected by PFC IT neuron share more1088

circuit connections.1089

(D) Heatmap showing the co-projection probability of downstream targets targeted by PFC IT neuron.1090

Each tile represents the pearson correlation of two targets co-projected by PFC projection neurons.1091

(E) Box and violin plot showing that the co-projection probability within projection classes is1092

significantly higher than that across classes.1093

(F) Circuit connection intensity between downstream targets targeted by PFC IT neurons, connectivity1094

intensity refers to the density of AAV-labeled nerve from Allen Mouse Brain Connectivity Atlas. The red1095

arcs represent intra-class projection, and the grey arcs represent inter-class projection.1096

(G) Box and violin plot showing that circuit connection intensity between downstream targets within the1097

same projection classes is higher than that across classes.1098

(H) Correlation between co-projection probability and circuit connection intensity between downstream1099

targets targeted by PFC IT neurons.1100

1101
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1102

Fig. 5: Configuration of neural signal decoding and transmission machineries in the content of PFC1103

neural network.1104

(A) Neural signal decoding machineries and transmission flow in PFC projection clusters. The upper1105

panel showing 33 projection clusters grouped by four projection classes. Heatmaps showing the1106

expression of the genes encoding neurotransmitters (NT) (blue), neuropeptides (NP) (blue) and their1107

receptors (red) in each projection cluster. The lower panel showing the downstream targets. Arrows1108
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represent the output of each PFC projection cluster to different downstream targets, colored by projection1109

clusters.1110

(B) The heatmap displays the differential expression of neural signaling molecules in two projection1111

classes of IT neurons targeting the ipsilateral brain regions (ITi-M1 and ITi-M2).1112

(C) Different projection clusters expressing diverse neurotransmitter (glutamate) and neuropeptide1113

(somatostatin, SST; adrenomedullin, ADM; Adiponectin, ADIPOQ) receptor subtypes.1114

(D) Schematic diagram showing PFC projection clusters decode serotonin signals by different expression1115

level and combinations receptor subtypes.1116

(E) Neurotransmitter transporter and neuropeptide precursor genes expression in different layers neurons1117

targeting the BLA-I.1118

(F) Different projection motifs targeting to AId-I have different neural signaling molecules expression1119

patterns.1120

(G) Co-expression network of genes related to neural signaling molecules. Each node represents a single1121

gene, and edges represent co-expression links between genes. Genes are divided into four co-expression1122

modules. The top 10 hub genes per module are labeled.1123

(H) Heatmap showing the correlation between projection and different gene co-expression modules. Each1124

tile in heatmap represents the pearson correlation coefficient between the projection intensity of a target1125

and the expression of a co-expression module. Statistical significance was determined using two-sided1126

Fisher’s exact test, *P < 0.05, **P < 0.01, ***P < 0.001.1127

(I) An example showing that gene co-expression module M2 and projection to CP-I share similar1128

distributions on transcriptome UMAP (left). The correlation between M2 expression and CP-I projection1129

intensity (right).1130

1131
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1132

Figure 6. Correlation between expression of neural circuit wiring molecules and PFC projection1133

patterns1134

(A) Expression of molecules related to neuronal circuit wiring molecules (AGMs: axon guidance1135

molecules, CAMs: cadherin molecules) in different projection clusters. The dotted boxes outline the gene1136

groups associated with projection classes.1137

(B) Volcano plot showing genes related to neural circuit wiring enriched in PTi, ITi-M1, and ITi-M21138

projection classes, respectively.1139
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(C) Projection UMAP shows the expression distribution of three genes related to neuronal circuit wiring1140

(Igfbp4 enriched in PTi, Pcdh7 enriched in ITi-M1 and Cdh13 enriched in ITi-M2).1141

(D) Correlations between gene expression of three gene groups and PTi, ITi-M1, and ITi-M2 projection1142

classes, respectively.1143

(E) Co-expression network of genes related to circuit wiring. Each node represents a single gene, and1144

edges represent co-expression links between genes. Genes are divided into five co-expression modules.1145

The top 10 hub genes per module are labeled.1146

(F) Heatmap showing the correlation between projection and different gene co-expression modules. Each1147

tile in heatmap represents the pearson correlation coefficient between the projection intensity of a target1148

and the module eigengenes (MEs) of a co-expression module. Statistical significance was determined1149

using two-sided Fisher’s exact test, *P < 0.05, **P < 0.01, ***P < 0.001.1150

(G) An example showing that gene co-expression module M4 and projection to CP-C share similar1151

distributions on transcriptome UMAP (left). The correlation between M4 expression and CP-C projection1152

intensity (right).1153

(H) An example showing that gene co-expression modules M2 and projection to AId-I share similar1154

distributions on transcriptome UMAP (left). The correlation between M2 expression and AId-I projection1155

intensity (right).1156

1157
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Figure 7. Prediction of neuron projection by integrated gene profiles and spatial location1159

information by machine learning1160

(A) Schematic diagram of the steps in machine learning modeling. The train data (including transcriptome,1161

spatial location, and projectome) was used to train an XGBoost model. The test data (including only1162

transcriptome and spatial location) was used as the input of machine learning model and output the1163

projectome information.1164

(B) ROC curves for four predicted projection classes. The red curves unitize both transcriptomic and1165

spatial profiles as input, the blue curves unitize only transcriptomic profile as input, and the gray curves1166

are random shuffle control.1167

(C) ROC curves for four predicted projection targets. The meaning of the curve color is the same as (B).1168

(D) ROC curves for four predicted AId-I projection motifs. The meaning of the curve color is the same as1169

(B).1170

(E) Schematic diagram of predicted projection on MERFISH data. Our SPIDER-Seq data (including1171

transcriptome, spatial location, and projectome) was used to train an XGBoost model. MERFISH data1172

(including only transcriptome and spatial location) was used as the input of machine learning model and1173

output the projectome information. Validation was performed by comparing the projectome predicted on1174

MERFISH with the projectome mapped by SPIDER-Seq.1175

(F) The percentage of neurons projecting to different nuclei in PFC subregions mapped by SPIDER-Seq1176

(top). The percentage of neurons projecting to the putative projecting nuclei predicted by machine1177

learning model based on the data from the corresponding MERFISH slice (bottom). Asterisks: percentage1178

larger than 0.25.1179

(G) Correlation between the predicted projections based on MERFISH data and the projections revealed1180

by SPIDER-Seq. Each point represents the percentage of neurons in a PFC subregion for a target in (F).1181

(H) The spatial distribution of neuron soma in different projection classes mapped by SPIDER-Seq (top),1182

and predicted by machine learning model based on MERFISH data (bottom) (Bregma: 1.78mm).1183
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(I) The spatial distribution of neuron soma projecting to different targets mapped by SPIDER-Seq (top),1184

and predicted by machine learning model based on MERFISH data (bottom) (Bregma: 1.78mm).1185

(J) Re-illustration of experimental design from Sun et al.. TRAP2 × Ai14 mice were subjected to either1186

fear recall (FR) or no-fear (NF) conditioning model. 4-hydroxytamoxifen (4-OHT) was administered on1187

Day 16 to label behavior activated neurons. On Day 25, MERFISH spatial transcriptomics was performed1188

on PFC. The MERFISH dataset were subjected to our machine learning model for projection prediction.1189

(K) Representative MERFISH samples from NF (NF2_r0) and FR (FR2_r1) groups showing behavior1190

activated (trapped) neurons. Predicted projection identities are color-coded: ACB-I (red), BLA-I (green),1191

ACB-I+BLA-I (yellow) (Bregma:1.78mm).1192

(L) Quantification of the proportion of trapped neurons within each major projection targets across four1193

biological replicates. FR group shows significantly higher projections to ACB-I and BLA-I compared to1194

NF (mean ± s.e.m.; *p < 0.05, **p < 0.01; two-sided t-test). Other projection targets show no significant1195

differences (ns).1196

1197
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Figure S1. Delineating multi-modal PFC atlas embedding single-cell projectomics, spatial-omics1199

and transcriptomics by SPIDER-Seq1200

(A) rAAV2-retro-barcode virus designed for single cell RNAseq and schematic of designed primers to1201

recover cell barcode and UMI in read 1, and 3’ tail of EGFP and virus barcode in read 2 (left). rAAV2-1202

retro-barcode virus designed for multiplex in situ hybridization and schematic of designed hybridization1203

primers to detect barcode (right).1204

(B) Fluorescence in situ hybridization detection shows that the retrograde tracing barcode was mainly1205

distributed in excitatory neurons. Excitatory neuron marker: Slc17a7, red; Inhibitory neuron markers:1206

Gad1 and Gad2, blue; Barcode signal retrograde tracing from ACB: green. Scale bars, 50 µm. The inset1207

on the right shows a magnified view of the overlap of Slc17a7 and ACB barcode. Scale bars, 10 µm.1208

(C) Distribution of number of projection targets of PFC barcoded neurons.1209

(D) Integrated UMAP of cells from 3 mouse brains (mouse1:12 targets, mouse2: 14 targets, mouse3: 161210

targets (Table S2)), colored by samples.1211

(E) Dotplot showing the expression patterns of maintype marker genes in transcriptome maintypes.1212

(F) Boxplots showing the distribution of the number of genes (left), number of UMI (middle) and1213

mitochondrial genes percentage (right) detected in each transcriptome maintype.1214

(G) Heatmap showing the gene expression correlation between the PFC clusters defined by scRNA-seq in1215

SPIDER-Seq and Bhattacherjee et al..1216

(H) Barplot showing the number of barcoded (yellow) cells in each transcriptome maintype.1217

(I) Dotplot showing the expression patterns of excitatory marker genes in excitatory subtypes.1218

(J) Density scatter visualization on UMAP of PFC neurons projecting to different nuclei.1219

(K) Spatial distribution of different transcriptome subtypes and projection neurons to different nuclei in1220

3D (top) and a 2D example slice (bottom) (Bregma: 2.1mm).1221

(L) Correlation of transcriptome in barcoded and non-barcoded neurons.1222

(M) Correlation of projectome in different scRNAseq samples.1223
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(N) Correlation of projectome in scRNA-seq and spatial-omics data.1224

(O) Correlation of projectome revealed by our SPIDER-Seq and fMOST data.1225

1226

1227

Figure S2. Injection sites of different nuclei targeted by PFC1228

Coronal images of the injection sites (ACB, AI, CP, RSP, MD, BLA, LHA, VIS, AUD, ECT, VTA,1229

LENTl, SC, DR) of rAAV2-retro-barcode virus (right) and the corresponding Allen brain atlas (left).1230

Scale bar: 2 mm.1231
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Figure S3. Extracting projection information from scRNAseq1233

(A) Histogram of the number of mismatches between the First-match reads and the Second-match reads.1234

This indicates that there is enough sequence diversity to distinguish the correct barcodes.1235

(B) Box plot shows the UMI counts for the barcode projecting to different nuclei.1236

(C) Histogram shows the number of barcoded cells for 24 targeted nuclei.1237

(D) The UMI counts and cell number curves for each barcode in 3 scRNAseq samples, grouped by1238

Neuron and Non-neuron. The gray dashed line indicates the threshold of UMI counts for a barcode filter1239

after elbow analysis.1240

1241

1242

Figure S4. Flow diagram of multiplex detection based on a modified version of MiP-seq1243

I. The padlock probe and initiator primer (IP) are hybridized to the target RNA. Notably, the dual barcode1244

primer in MiP-seq is replaced by two repeating detection tag. II. Padlock probe and IP are annealed to the1245

target mRNA to form a padlock structure. III. Padlock probe is circularized by RNA-dependent DNA1246

ligase SplintR to form the RCA template. IV. RCA of circled padlock probe forms rolling-circle products.1247

V. The detection tag is hybridized to the detection probe labelled with fluorescence. After each imaging1248

cycle, probes are stripped away from the tissue using 60% formamide for the next cycle. Five channels1249

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2025. ; https://doi.org/10.64898/2025.12.29.696799doi: bioRxiv preprint 

https://doi.org/10.64898/2025.12.29.696799
http://creativecommons.org/licenses/by-nc-nd/4.0/


61

for DAPI, 488, cy3, cy5, cy7 are used in each round and each channel represents a detected gene. We1250

detected 47 genes in 12 rounds (Table S4).1251

1252
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Figure S5. Spatial gene profiles data analysis of SPIDER-Seq1254

(A) Spatial expression data analysis process of SPIDER-Seq, including image registration, cell1255

segmentation, spatial analysis, registration to Allen brain atlas, and 3D reconstruction.1256

(B) Dotplot showing the expression patterns in excitatory neurons subtypes of 32 marker genes measured1257

by SPIDER-Seq.1258

(C) In situ hybridization images show that the expression pattern of 32 markers detected by SPIDER-Seq1259

(top) are consistent with ISH data from Allen Brain Atlas (bottom) (Bregma:2.1mm).1260

(D) The spatial transcription shows spatial gradient separation of the PFC transcription atlas with dorsal-1261

enriched genes (S100b, Cbln2, Bdnf, Scn4b, Slc24a2, Ptn, Pcp4) and ventral-enriched genes (Nnat,1262

Sema3d, Cpne7, Grp, Fstl5, Cdh13, Efnb3, Dio3).1263
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1264

Figure S6. Comparison the barcode signal distribution obtained by in situ sequencing with1265

fluorescent rAAV2-retro tracing and measurements in another mouse1266
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(A) rAAV2-retro expressing mcherry or EGFP were injected into the target region (LHA, VIS, ACB, CP,1267

SSp, AUD) and compare the distribution of fluorescent protein (right) with In situ sequencing signal of1268

barcode (left). Scale bar: 2 mm.1269

(B) Repeat measurements on six target regions (AId, AUD, BLA, CP, ECT, ACB) in another mouse1270

using in-situ sequencing via SPIDER-seq. Scale bar: 2 mm.1271

1272

1273

Figure S7. Barcode that retrogradely tracing from LHA is merged with the pyramidal tract neuron1274

marker gene (Pou3f1)1275

(A) In situ sequencing signal of LHA barcode.1276

(B) In situ sequencing signal of L5 PT Marker gene: Pou3f1.1277

(C)Merge of LHA barcode and Pou3f1. Scale bar: 500 µm.1278

(D)Magnified view of the white boxed area in c. Scale bar: 50 µm.1279

1280
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Figure S8. Deciphering the spatial and transcriptomic configuration of PFC projectome by1282

SPIDER-Seq1283

(A) Distribution curves of PFC neurons projecting to ipsilateral ACB-I and SSp-I along the anterior-1284

posterior axis (top) and the ventral-dorsal axis (bottom), respectively.1285

(B) 3D visualization of the spatial distribution of PFC neurons projecting to ipsilateral CP-I, colored by1286

transcriptomic subtypes. Right grid shows all neurons superimposed on the coronal plane. Bottom grid1287

shows the density of all neurons on the transverse plane.1288

(C) Distribution curves of PFC neurons projecting to ipsilateral CP-I and ACB-I along the anterior-1289

posterior axis (top) and the ventral-dorsal axis (bottom), respectively.1290

(D) Sankey diagram shows the transcriptomic subtypes composition of PFC neurons projecting to CP-I1291

and ACB-I, respectively.1292

(E) Spatial distribution of four projection classes along the anterior-posterior axis.1293

(F) Spatial distribution curves of four projection classes along the anterior-posterior axis (top) and the1294

ventral-dorsal axis (bottom).1295

(G) Heatmap of the projection intensity of four projection classes to 24 targets.1296

(H) Density scatter visualization on UMAP of four projection classes. The color scale represents the1297

density of projection neurons.1298

(I) Differentially expressed genes (DEGs) of 33 projection clusters.1299

(J) Volcano plot showing DEGs in four PFC projection classes.1300

(K) Transcriptome composition of 33 PFC projection clusters, grouped by transcriptomic cell layers.1301

(L) Transcriptome composition of 33 PFC projection clusters, grouped by transcriptomic cell subtypes.1302

1303
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1304

Figure S9. Organization pattern of PFC IT projection neurons1305

(A) Spatial distribution of neurons in different motif targeting AId-I along the ventral-dorsal axis (top),1306

and transcriptome composition (bottom).1307

(B) transcriptomics and spatial information of different PFC projection motifs projecting to ipsilateral1308

BLA. Top, target nuclei. Middle, differentially expressed genes. Bottom, spatial distribution.1309
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(C) Spatial distribution of neurons in different motifs targeting BLA-I along the ventral-dorsal axis axis1310

(top), and transcriptome composition (bottom).1311

(D) The percentage of cortex+ striatal- and cortex+ striatal+ projection neurons.1312

(E) Transcriptomic UMAP distribution of CP-I+Cortex (or BLA) (left), ACB-I+Cortex (or BLA)1313

(middle), and ACB-I+CP-I+Cortex (or BLA) (right) projection motifs.1314

(F) DEGs of CP-I+Cortex (or BLA) (top), ACB-I+Cortex (or BLA) (middle), and ACB-I+CP-I+Cortex1315

(or BLA) (bottom) projection motifs.1316

(G) Spatial expression of DEGs in (F) (Bregma: 2.1mm).1317

1318

1319

Figure S10. Circuit connections between PFC downstream nuclei1320

(A) The volcano plot shows the under-represented and over-represented projection motifs compared to1321

null model.1322

(B) Projection patterns of all individual neurons in the over-represented motif (ACB-I + BLA-I) and the1323

under-represented motif (CP-I + AId-I).1324
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(C) Circuit connections between downstream targets of ITi-M1. Data from the Allen Mouse Brain1325

Connectivity Atlas.1326

(D) Circuit connections between downstream targets of ITi-M2. Data from the Allen Mouse Brain1327

Connectivity Atlas.1328

1329

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2025. ; https://doi.org/10.64898/2025.12.29.696799doi: bioRxiv preprint 

https://doi.org/10.64898/2025.12.29.696799
http://creativecommons.org/licenses/by-nc-nd/4.0/


71

1330

Figure S11. Expression characteristics of neural signaling molecule1331
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(A) The maximum expression levels (left) and cell percentage (right) of neural signal molecules1332

(neurotransmitter (NT)/neuropeptide (NP) and receptor genes) in different PFC projection clusters.1333

(B) Differential neural signal transmission flow between IT and PT projection neurons of PFC. Dotplot1334

showing the expression patterns of receptor genes (left) and neurotransmitter/neuropeptide genes (right)1335

in IT/PT projection neurons. The middle panel showing the projection pattern of IT/PT projection neurons.1336

(C) Different projection clusters expressing diverse serotonin receptor subtypes.1337

(D) Different projection motifs target RSP-I have different neural signaling molecules expression patterns.1338

(E) hdWGCNA dendrogram of the co-expression network of molecules related to neuronal signaling1339

molecules using hdWGCNA.1340

(F) UMAP colored by the module eigengenes (MEs) for the four gene modules.1341

(G) Co-expression plots for the four gene modules.1342

1343
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1344

Figure S12. Expression characteristics of neuronal circuit wiring related genes1345

(A) The maximum expression levels (left) and cell percentage (right) of axon guidance molecules (AGMs)1346

and cadherin molecules (CAMs) genes in different projection neurons.1347

(B) hdWGCNA dendrogram of the co-expression network of molecules related to neuronal circuit wiring1348

using hdWGCNA.1349

(C) UMAP colored by the module eigengenes (MEs) for the five gene modules.1350
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(D) Co-expression plots for the five gene modules.1351

1352
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Figure S13. Prediction of neuron projection by integrated gene profile and spatial location1354

information by machine learning1355

(A) ROC curves for predicted projection targets. The red curves utilize both transcriptome and spatial1356

information as input, the blue curves utilize only transcriptome as input, and the gray curves are random1357

shuffle control.1358

(B) An example PFC slice from our SPIDER-Seq data (left) and the corresponding slice in MERFISH1359

data (right), colored by PFC subregion.1360

(C) UMAP visualization of our SPIDER-Seq data and MERFISH data after CCA integration.1361

(D) UMAP visualization of our SPIDER-Seq data, with cells colored by the projection.1362

(E) The spatial distribution of neuron to different projection targets measured by SPIDER-seq (top), and1363

the putative distributions of neuron to different targets predicted by our machine learning model based on1364

MERFISH data (bottom) (Bregma: 1.78mm).1365
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Figure S14. Overview of the SPIDER-web1367

SPIDER-web is a shiny application that allows users to interactively access our data. Home Page provides1368

information about our project and how to use it interactively. Users can access our scRNAseq data1369

through scRNAseq Page, and access our spatial-omics data through Spatial Page. 3D visualization Page1370

provides interactive 3D visualization of the PFC transcriptome and projectome.1371
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