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ABSTRACT OF THE DISSERTATION 

 

Improving and Assessing Monosynaptic Rabies Tracing as a Tool for Cortical Circuit Tracing 

 

by 

 

Maribel Patiño 

 

Doctor of Philosophy in Neurosciences 

 

University of California San Diego, 2021 

 

Professor Edward Callaway, Chair 

Professor Brenda Bloodgood, Co-Chair 

 

The mammalian cerebral cortex is composed of a diversity of neuronal cell types with 

distinct morphology, molecular composition, and electrophysiological properties. These neurons 

connect to one another to form complex microcircuits that underlie brain cortical processing. 

Thus, deciphering the precise input and output connectivity patterns of different neuronal cell 

types is conducive to understanding their functional roles in cortical processing. To this end 
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monosynaptic rabies tracing has been widely used for cortical circuit tracing studies and has had 

great impact on the understanding of neural circuit organization. Still, the advent of single-cell 

genomic technologies has unveiled that the extent of neuronal diversity may be much greater 

than originally imagined, raising new questions about the connectivity patterns of these more 

precisely defined cell subtypes. Our understanding of cortical circuit organization could benefit 

from higher throughput methods of assigning inputs to neuronal cell types and the ability to 

assign cells to finer subtypes. Chapter 1 explores the feasibility of combining monosynaptic 

rabies tracing with single-nuclei RNA-sequencing (snRNAseq) to identify the transcriptomic cell 

types that provide presynaptic inputs to defined populations of neurons. We found that, despite 

global and cell-type-specific rabies-induced transcription changes, rabies-infected cortical cells 

can still be classified according to established transcriptomic cell types when utilizing 

transcriptome-wide RNA profiles. In Chapter 2, we characterize the interlaminar synaptic 

connectivity of  mouse primary visual cortex (V1) at the transcriptomic level using the newly 

developed method Single Transcriptome Assisted Rabies Tracing (START). We found that 

START generates results consistent with established circuit models validating the utility of 

START as a circuit tracing tool. More importantly, with the improved cell type granularity 

achieved with transcriptomic characterization of inputs, we were able to uncover subtypes of 

somatostatin and parvalbumin interneurons that provide input to L2/3 and L6 CT excitatory 

neurons. Finally, Chapter 3 describes the efficiency of rabies transsynaptic spread from starter 

cells to input neurons. We found that about 40% of inputs are labeled transsynaptically. 

Altogether, this dissertation reveals how transcriptomically defined cell-types are organized in 

V1 and introduces a novel circuit tracing technique that will expand the repertoire of tools 

available to neuroscientists.  
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Introduction 

 The neocortex is evolutionarily the newest addition to the mammalian brain and is 

responsible for the processing power that ultimately gives rise to higher order functions such as 

sensory perception, motor planning, attention, and language. It is composed of distinct, 

interconnected functional areas each containing complex neuronal microcircuits organized into 

columns and layers of distinct neuronal types. Many aspects of cortical organization and 

structure are conserved across functional areas and species 1, suggesting that canonical circuits 

and their underlying principles play a critical role in cortical function. Indeed, the functional 

properties of a neuron are largely derived from its excitatory and inhibitory inputs. Thus, 

mapping the detailed connectivity patterns of cortical circuits has been of great interest in the 

neuroscience field. To this end, the field has invested a plethora of time and resources towards 

the development of tools to facilitate this overarching goal2 and much progress has been made in 

linking neuronal types, circuits, and behavior across multiple organisms3. However, the recent 

explosion of genomics technologies for characterizing neuronal types has profoundly altered our 

views of the numbers and diversity of genetically defined cell types in the mammalian brain 4, 

raising important questions about circuit organization at the level of these cell types. In this 

dissertation I introduce a new tool for deciphering cortical connectivity at transcriptomic 

resolution and apply it to elucidate interlaminar connectivity in mouse primary visual cortex.  

 

Cortical neuron diversity and their contributions to cortical function  

The mammalian cortex contains two major classes of neurons, glutamatergic excitatory 

pyramidal neurons and GABAergic inhibitory interneurons. While excitatory neurons are 

responsible for propagating signals, inhibitory interneurons gate signal flow and sculpt network 
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dynamics. Although inhibitory interneurons represent a minority of cortical neurons, dense 

axonal arborization allows them to balance and shape excitatory neuron activity, maintaining a 

fine-tuned excitation-inhibition balance throughout the cortex5. Importantly, human and animal 

studies indicate that subtle perturbations in excitatory-inhibitory balances are implicated in 

multiple psychiatric conditions6. Thus, deciphering the connectivity patterns between excitatory 

and inhibitory neurons is critical for obtaining an understanding of how the brain functions in 

both health and disease.  

Cortical interneurons are a diverse population that have diverse morphological, 

molecular, and electrophysiological properties. In addition to these intrinsic characteristics, each 

neuron’s function is shaped by its connectivity patterns. Cortical interneurons can be organized 

into several major groups based on their expression of selective markers: parvalbumin (Pvalb), 

somatostatin (Sst) and serotonin receptor 5HT3aR. Morphological and electrophysiological 

analysis of interneurons expressing these markers has revealed some of their general functions 

and connectivity patterns. Pvalb+ basket cells, the largest group of cortical interneurons, exhibit 

fast-spiking firing properties and their basket-shaped axonal boutons preferentially target the 

perisomatic region of their innervation target5. The majority of Sst+ interneurons, termed 

Martinotti cells, are characterized by an ascending axon that arborizes in layer 1 and targets the 

distal dendritic compartments of neurons5. The 5HT3aR+ interneurons population, the most 

heterogeneous group, includes vasoactive intestinal peptide (Vip)+  interneurons that are 

characterized by irregular burst spike firing properties and bipolar morphology5. Furthermore, 

connectivity studies7–9 have shown that Pvalb + interneurons not only provide pyramidal neuron 

inhibition, but also selectively inhibit one another. In contrast, Sst+ interneurons inhibit all 

inhibitory populations, except themselves. Vip+ interneurons preferentially inhibit Sst+ 
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interneurons and provide little input to pyramidal neurons. Importantly, with the emergence of 

tools to manipulate and monitor activity of defined cell types in vivo, specific inhibitory 

populations have become implicated in specific circuit functions. Studies across multiple cortical 

areas have implicated Pvalb + interneurons in gain control, Sst + interneurons in the suppression 

of lateral and top-down interactions, and Vip + interneurons in cortical disinhibition via the 

inhibition of Sst+ interneurons10.  

Despite advances in the understanding of inhibitory networks, much remains unknow 

largely due to the enormous diversity of inhibitory cell types. For example, within the Pvalb+ 

neuron group, a small population of neurons, termed chandelier cells, exhibit a distinct 

morphological axonal arborization pattern from basket cells, contact the axonal compartment of 

their target rather than the perisomatic area, and differ in spatial laminar location5. Within the 

5HT3aR+ IN population, a small group of neurons expressing neuropeptide cholecystokinin 

(CCK), synapse on the soma of pyramidal neurons and are localized in distinct lamina from Vip+ 

cells5. In vitro11 and in vivo12 connectivity studies have also demonstrated highly specific local 

connections onto and from distinct inhibitory neuron subtypes. One study13 of note highlighted 

the importance of separating major classes into more distinct cell type when studying the role of 

inhibitory neurons in cortical function. Here an Sst-Cre mouse line was used to conduct in vivo 

channelrhodopsin assisted patching from Sst+ inhibitory neurons in mouse S1 barrel cortex. 

Single cells were functionally assayed for modulation of their activity during active whisking 

and each cell was concurrently anatomically labeled for post-hoc dendritic and axonal processes 

reconstruction. This study revealed five distinct subtypes of Sst+ interneurons, each with unique 

morphology, connectivity, and whisking modulated activity. Interestingly, it also revealed a 

subpopulation of Sst+ interneurons with increased activity during active behavioral states and 
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decreased Vip+ interneuron synaptic input, a finding that is at odds with canonical Vip+/Sst+ 

circuit connectivity. It is now evident that inhibitory cell types have greater diversity than what 

can be captured with just three groups and that most inhibitory circuits cannot be defined with 

generalizable patterns. 

Like inhibitory neurons, excitatory neurons in the primary visual cortex have diverse 

projection properties, morphology, and intrinsic physiology. They can be divided into three main 

groups according to their axonal projection patterns: intratelencephalic (IT) neurons, 

extratelencephalic (ET) neurons, and corticothalamic (CT) neurons. IT excitatory neurons are 

found across layers (L) 2-6 of the cortex and project to other neurons within the telencephalon 

including the striatum, amygdala, claustrum and ipsilateral and contralateral cerebral cortices14. 

ET neurons, also known as pyramidal tract (PT) neurons in certain cortical areas, project to 

subcortical destinations such as the brainstem, spinal cord, and thalamus. ET neurons are large 

pyramidal neurons found primarily in L5b14. CT neurons are found in L6 and project primarily to 

the ipsilateral thalamus.   

 Regarding the input patterns to excitatory neurons, basic connectivity principles shared 

across areas have been proposed. In the “canonical circuit” model information from thalamus is 

relayed to L4 IT cells from core thalamic cells15. Matrix cells from higher order thalamic nuclei 

project to L1 cortical cells and largely avoid L415. Despite their extensive input to L2/3 and L5, 

L4 IT neurons do not receive comparable reciprocal input from these layers. Unlike L4 IT 

neurons which are specialized for processing extrinsic inputs, IT neurons in other layers 

primarily integrate signals from other cortical inputs. Therefore, their connectivity with each 

other tends to be bidirectional. Specifically, L2/3 IT neurons receive and send input to L5 IT 

neurons. L6 IT neurons are the least studied IT group, but studies16 suggest that they receive 
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input primarily from other deep layer neurons. ET neurons function as integrators of local 

cortical and thalamic inputs to relay information to distal subcortical structures. Therefore, they 

receive extensive input from IT neurons in all cortical layers, especially from L2/3 IT neurons. 

L6 CT neurons lack substantial local input from other cortical layers and instead receive most of 

the inputs from higher order cortical areas14.  

 

Transcriptional characterization of inhibitory and excitatory cortical neurons 

Although much work has been done to elucidate principles of cortical connectivity, 

detailed understanding of the specialized connectivity patterns underlying cortical networks 

remain largely incomplete and many aspects of cortical circuit organization remain unknown. 

Single-cell sequencing technologies have only recently begun to expose the full extent of cortical 

cell type diversity. Recent studies utilizing scRNAseq to study cortical cell type diversity across 

cortical areas, have found large numbers of clusters corresponding to putative cell types. In one 

study17, scRNAseq data from more than 23,000 neurons from primary visual cortex (V1) and the 

anterior lateral motor cortex (ALM) revealed 133 distinct transcriptomic cell types: 61 inhibitory 

types, 56 glutamatergic, and 16 non-neuronal types. The transcriptomic inhibitory cell types 

identified included 20 Sst+, 10 Pvalb+, 16 Vip+, and 13 5HTR3A+/Vip- clusters, subdividing 

the major established inhibitory cell classes into a multitude of cell subtypes. Importantly, 

transcriptomic correlates of electrophysiological and morphological diversity within and across 

excitatory and inhibitory neuron have already begun to be established in multiple studies 17–19. 

For example, using a binary intersectional approach to target a transcriptomic cluster in vivo, it 

was found that a VIP receptor expressing cluster of Pvalb+ neurons proves to correspond to 

chandelier cells17. Albeit relying on in vitro strategies, correlation was also established between 



 

6 

other transcriptomic clusters and morphological and electrophysiological distinct cell types in 

studies using PatchSeq to simultaneously conduct single-cell characterization of gene expression 

and electrophysiology in the same cell18,20. Together, these studies demonstrate that this recently 

identified transcriptomic diversity is real and that transcriptomic characterization of neurons can 

be beneficial in untangling the precise circuit connections underlying cortical processing. 

 

Monosynaptic rabies tracing for cortical connectivity tracing   

Monosynaptic rabies tracing using glycoprotein (G)-deleted rabies virus (RVdG) has 

been widely used for circuit tracing studies throughout the central and peripheral nervous 

systems and has had great impact on the understanding of neural circuit organization. This 

approach allows identification of the direct presynaptic inputs to specific cell types or to single 

neurons of interest, across the whole brain21–23. This is possible because rabies virus spreads 

selectively between synaptically connected neurons and then travels exclusively in the retrograde 

direction to label synaptic inputs. This method involves removing the rabies virus glycoprotein, 

an envelope protein necessary for transsynaptic spread, from the rabies genome and replacing it 

with a fluorescent reporter gene. RVdG is then pseudotyped with the avian sarcoma leucosis 

virus glycoprotein, EnvA, to allow genetic targeting of the primary infection. As EnvA 

pseudotyped RVdG (EnvA+ RVdG) requires the EnvA receptor, TVA, which is not expressed in 

mammalian cells, for entry, only mammalian cells engineered to express TVA can be infected by 

EnvA+ RVdG. Trans-complementation with rabies glycoprotein (G) allows the virus to spread 

retrogradely from the initially infected neurons, termed starter cells, and label their direct inputs. 

Retrograde spread is halted at the input neurons because they lack the glycoprotein required for 

further spread. 
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One of the most common applications of monosynaptic rabies tracing is to label the 

presynaptic inputs to a cell type that expresses Cre-recombinase in a mouse line 24. To label the 

inputs to Cre+ neurons, Cre-dependent expression of TVA and rabies G in the desired starter 

neuron population is required. This can be achieved by infecting the desired started cell location 

with Cre-dependent helper AAVs expressing TVA and G. Following adequate time for 

expression of gene products, EnvA+ RVdG expressing a fluorescent reporter gene is injected in 

the same location resulting in the selective infection of the TVA expressing starter cells. 

Following adequate time for transsynaptic spread, viral replication, and labeling of input cells, 

the results can be analyzed. This approach has been used in previous studies investigating the 

inhibitory inputs to layer specific excitatory neurons25, local interlaminar connectivity26, and the 

brain-wide inputs to cortical inhibitory neurons8 and excitatory neurons27. However, these 

studies fail to characterize the cell type identity of most inputs, limiting analysis to regional 

distribution of inputs. While one study25 was designed to allow some characterization of input 

cell type identity, determination of cell type was only made at the subclass level and distinctions 

were limited to general Sst+, Vip+, and Pvalb+ subclasses and not the more refined subtypes.  

Although monosynaptic rabies tracing is a well-developed and proven research tool, there 

is uncertainty about the efficiency of transsynaptic spread. In most cases RVdG only retrogradely 

labels a proportion of total inputs. For example, one study using electroporation into single 

pyramidal L2/3 starter cells found that only about 14 – 97 input cells per starter were labeled. 

Different studies using either tTA/TRE to drive expression of G28 or transfection via whole-cell 

recording29 observed about 250 or 500 inputs per starter neurons respectively. Although the true 

number of inputs onto a single starter neuron is unknown, electron microscopy data and Golgi 

studies suggest the amount labeled with rabies virus is far less than the total. Many factors have 
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been found to affect the efficiency of retrograde spread including the expression level of 

glycoprotein in the starter cells, time available for spread, initial number of rabies particles 

entering the starter cells, the use of different rabies virus strains30, and the use of chimeric rabies 

glycoproteins31. While studies quantifying inputs onto single neurons have provided some insight 

into the efficiency of spread, the total proportion of inputs labeled across conditions remains 

unknown.  

This dissertation seeks to assess the efficiency of and build upon monosynaptic rabies 

tracing, a widely used tool in neuroscience research that has led to a greater understanding of 

cortical connectivity across a multitude of brain areas. As our understanding of the diversity of 

cell types that make up the mammalian neocortex grows, it is imperative to investigate 

connectivity patterns at the level of these much more granular classifications. Chapter 1 

describes the feasibility of combining monosynaptic rabies tracing with single cell 

transcriptomics to generate a novel tool for investigating connectivity at the level of cell types 

defined by their gene expression patterns. By sequencing large numbers of rabies-infected mouse 

primary visual cortical neurons, we show that they can be reliably transcriptomically classified 

with the use of transcriptome-wide RNA profiles despite rabies-induced changes in gene 

expression. In Chapter 2, we apply Single Transcriptome Assisted Rabies Tracing (START) to 

investigate local interlaminar connectivity in mouse primary visual cortex and provide 

compelling evidence that START can facilitate the discovery of new cortical circuit motifs. 

Finally, in Chapter 3 we assess the efficacy of retrograde input cell labeling of monosynaptic 

rabies tracing. Altogether this dissertation aims to expand the toolkit available to neuroscientists 

for exploring the complex connectivity patterns of the mammalian brain and help generate 

hypotheses about the functional role of distinct cortical neurons in both health and disease.  
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Chapter 1. Single-cell transcriptomic classification of rabies-infected cortical neurons  

 

Abstract  

 Cortical circuit tracing using modified rabies virus can identify input neurons making 

direct monosynaptic connections onto neurons of interest. However, challenges remain in our 

ability to establish the cell type identity of rabies-labeled input neurons. While transcriptomics 

may offer an avenue to characterize inputs, the extent of rabies-induced transcriptional changes 

in distinct neuronal cell types remains unclear and whether these changes preclude 

characterization of rabies-infected neurons according to established transcriptomic cell types is 

unknown. We used single-nucleus RNA sequencing to survey the gene expression profiles of 

rabies-infected neurons and assessed their correspondence with established transcriptomic cell 

types. We demonstrated that when using transcriptome-wide RNA profiles, rabies-infected 

cortical neurons can be transcriptomically characterized despite global and cell-type-specific 

rabies-induced transcriptional changes. Notably, we found differential modulation of neuronal 

marker gene expression, suggesting that caution should be taken when attempting to characterize 

rabies-infected cells with single genes or small gene sets. 

 

Introduction 

Monosynaptic rabies tracing using glycoprotein (G)-deleted rabies virus has been widely 

adopted for circuit tracing studies throughout the central and peripheral nervous systems and has 

had great impact on the understanding of neural circuit organization 1,2. This approach allows for 

identification of the direct presynaptic inputs to specific cell types 3 or to single neurons of 

interest 4 across the whole brain. Recent advances in single-cell transcriptomics have profoundly 
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altered our views of the numbers and diversity of genetically-defined cell types 5, raising 

important questions about circuit organization at the level of these cell types and introducing new 

challenges for determining the identity of retrogradely labeled input cells. While some studies 

have successfully used rabies tracing to identify the cell-type-specific inputs to specific types of 

cortical neurons 6,7, classification of inputs relied either on antibody staining or intersectional 

methods using Cre-Flp intersectional fluorescent reporters. The former approach drastically 

limits the cell types that can be characterized because their identification relies on antibody 

availability and specificity and may also be subject to artifacts from the translation-inhibiting 

properties of rabies M protein 8. The latter, while not subject to similar artifacts, are 

cumbersome, allowing for interrogation of only one cellular input type per experimental animal 

and requiring multiple experiments and Cre mouse lines to determine the identity of all input 

cells. Overall, connectivity tracing using rabies virus could benefit from higher throughput 

methods of assigning inputs to neuronal cell types and the ability to assign cells to finer 

subtypes. 

One way to achieve these goals is to combine single-cell transcriptomics with 

monosynaptic rabies circuit tracing. Single-cell RNA sequencing (scRNA-seq) technologies have 

begun to expose the full extent of cortical cell type diversity and findings suggest that previously 

defined cell types may be composed of multiple distinct types. Studies utilizing scRNAseq to 

study neuronal cell type diversity across cortical areas have found large numbers of clusters 

corresponding to putative cell types 9,10. In one study 11, scRNAseq data from more than 23,000 

neurons from primary visual cortex (V1) and the anterior lateral motor cortex (ALM) revealed 

133 distinct transcriptomic cell types: 61 inhibitory, 56 glutamatergic, and 16 non-neuronal 

types. Transcriptomic analyses revealed that each of the major cortical neuronal inhibitory 
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classes could be further divided into multiple inhibitory cell subtypes, including 20 somatostatin 

(Sst), 10 parvalbumin (Pvalb), 16 vasoactive intestinal peptide (Vip), and 13 ionotropic serotonin 

receptor (HTR3A)+/VIP- clusters (belonging to Lamp5 and Sncg subclasses). Furthermore, 

multiple studies are beginning to establish the transcriptomic correlates of functional, 

electrophysiological, and morphological diversity within and across excitatory and inhibitory 

neurons 12–14. Together, these studies demonstrate that this transcriptomic diversity is meaningful 

and that transcriptomic characterization of neurons can be beneficial in untangling the precise 

circuit connections underlying cortical function. 

Monosynaptic rabies tracing combined with single-cell transcriptomics could be a more 

efficient and precise method for determining the cell type identity of inputs to populations of 

interest than current methods. However, rabies virus infection is known to cause changes in host 

cellular transcription. Studies show that a major effect of rabies infection in the mouse brain is 

the global downregulation of gene expression and upregulation of genes involved in immune 

responses 15–17. However, these studies were either performed on bulk tissue and could not 

investigate differential effects of infection across different cell types or they focused their 

scRNAseq analysis on non-neuronal cells at the infection site rather than on confirmed rabies-

infected neurons. Therefore, the extent of transcriptional changes induced in distinct neuronal 

cell types and whether these changes preclude characterization of rabies-infected neurons 

according to established transcriptomic cell types remains unknown. Here, we used single-

nucleus RNA sequencing (snRNA-seq) to assess the correspondence between rabies-infected and 

uninfected neuronal nuclei and investigated the effects of rabies infection on neuronal marker 

genes. We found that, despite global and cell-type-specific rabies-induced transcription changes, 

both neuronal and non-neuronal rabies-infected cells can still be classified according to 
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established transcriptomic cell types. Furthermore, we show that rabies differentially affects 

expression of neuronal marker genes, with certain marker genes being upregulated or 

downregulated and others remaining unperturbed. Of note, the canonical cortical inhibitory 

interneuron marker genes Sst, Pvalb, and Vip were strongly downregulated in rabies-infected 

nuclei. Our findings suggest that rabies tracing is compatible with transcriptomic characterization 

of input cells when utilizing transcriptome-wide RNA profiles, such as those obtained with 

snRNA-seq. We further illustrate that caution should be taken when attempting to characterize 

rabies-labeled cells with single marker genes or proteins. Finally, we have made our dataset of 

rabies-infected nuclei publicly available to serve as a resource to determine which genes may be 

most suitable for establishing rabies-labeled input identities with methods that rely on single 

genes or discrete gene sets, such as spatial transcriptomics or RNA fluorescence in situ 

hybridization (FISH). 

 

Results 

Rabies infection induces global transcriptional changes in mouse V1 

To investigate the transcriptional response to rabies infection, we compared the transcriptomes of 

rabies-infected nuclei from mouse V1 with those from uninfected controls. Rabies-infected 

nuclei were collected from V1 of wild-type C57BL/6 mice (n=3, 2 females and 1 male) injected 

with unpseudotyped SAD-B19 G-deleted rabies virus expressing nuclear-localized mCherry 

(G+RVdG.H2B.mCherry) at P60-P75. Because excitatory neurons comprise about 80% of all 

cortical neurons 18, the majority of nuclei obtained with this approach were from excitatory 

neurons. To enrich for rabies-infected inhibitory neurons, Gad2-Cre mice were crossed to R26-

LSL-TVA-LacZ mice 19 to express TVA in inhibitory neurons. These transgenic mice (n=8, 5 
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females and 3 males) were then injected with EnvA-pseudotyped G-deleted rabies virus 

expressing nuclear-localized mCherry (EnvA+RVdG.H2BmCherry) at P65-P85, which resulted 

in direct and selective rabies infection of the targeted inhibitory cell class (Figure 1.1A). The 

biased samples allowed more complete coverage of the rarer but more diverse inhibitory neuron 

types. 10 days after injection, V1 containing mCherry+ rabies-labeled nuclei was dissected and 

single-nucleus suspensions were prepared from dissected tissue for fluorescence-activated nuclei 

sorting (FANS) to collect mCherry+ nuclei (Figure 1.1A and Figure 1.S1A, 1.S1B). snRNA-seq 

of FANS sorted rabies-infected nuclei was performed using the 10X Genomics 3’ Kit v3.1. The 

rabies dataset was compared to an independent snRNA-seq dataset composed of uninfected 

nuclei collected from V1 of control uninjected mice acquired using the 10X Genomics 3’ Kit v3. 

The uninfected control dataset contained cell type annotations established according to the Allen 

Institute for Brain Science (AIBS) cell type taxonomy 11. Following quality control filtering, 

principal-component analysis (PCA), and unsupervised graph-based clustering of 8,745 rabies-

infected and 9,508 uninfected control nuclei, we applied Uniform Manifold Approximation and 

Projection (UMAP) to visualize gene expression relationships across infection status. The 

resulting UMAP plot illustrates that nuclei were grouped primarily by their infection status, with 

infected and uninfected neurons forming clearly separated clusters (Figure 1.1B). To examine the 

global response to rabies infection and identify possible gene expression differences between 

rabies-infected and uninfected nuclei, we performed differential expression (DE) analysis using 

Model-based Analysis of Single-Cell Transcriptomics (MAST) 20. Upregulated differentially 

expressed genes (DEGs; adjusted p < 0.05; log2FC > 0.25) (Figure 1.1C) included interferon 

response genes, such as Stat1 and Stat2, involved in JAK-STAT signaling pathways, a pathway 

implicated in antiviral and innate immune responses. To better understand the possible functions 
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of upregulated and downregulated genes in rabies-infected nuclei we performed gene set 

enrichment analysis (GSEA). GSEA using Gene Ontology (GO) revealed that upregulated DEGs 

were highly enriched in viral response, innate immunity, and inflammatory pathways such as 

type 1 interferon signaling, cytokine production and response, and nuclear factor kappa B (NF-

κB) signaling (Figure 1.1D). Downregulated genes were predominantly involved with cellular 

respiration, metabolic pathways, and cellular homeostasis. Additionally, downregulated genes 

were also enriched for genes encoding proteins involved in synaptic and somatodendritic 

compartments. These findings are consistent with prior bulk and single-cell RNA-seq studies 

exploring global or non-neuronal transcriptional changes following rabies infections 15,16,21.  

 

Rabies-infected nuclei can be transcriptomically classified despite changes in gene expression 

To characterize rabies-infected nuclei according to established transcriptomic cortical cell types, 

we used computational strategies for integrated analysis of snRNA-seq datasets that have been 

shown to enable comparisons of heterogeneous tissue across different experimental conditions 

22,23. Anchor-based data integration was used to identify anchors representing cells in similar 

biological states across datasets, which were used to guide the merging of the rabies-infected and 

uninfected control datasets. UMAP visualization of the integrated datasets confirmed that nuclei 

cluster according to biological cortical cell types and not by infectious status (Figure 1.2A). 

Clustering analysis segregated nuclei into 22 clusters (Figure 1.2B). Based on known marker 

genes for major neuronal and non-neuronal classes we identified 6 inhibitory neuron clusters that 

express GABAergic inhibitory interneuron markers Gad1 and Gad2, 13 excitatory neuron 

clusters that express Slc17a7, which encodes the vesicular glutamate transporter VGLUT1,  
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Figure 1.1 Rabies infection induces global transcriptional changes in mouse V1. (A) Schematic of 

experiment workflow. C57BL/6 mice (n = 3, 2 females and 1 male) and Gad2Cre/+; R26LSL-TVA/+ (n = 

8, 5 females and 3 males) were injected with unpseudotyped G+RVdG. H2B.mCherry and pseudotyped 

EnvA+RVdG.H2BmCherry, respectively. At 10 days after injection, V1 was dissected and mCherry+ 

nuclei collected using FANS. snRNA-seq of FANS–sorted rabies-infected nuclei was performed using the 

10× Genomics platform. Scale bar: 500 μM. (B) UMAP of 8,745 rabies-infected nuclei (red) and 9,508 

AIBS uninfected control nuclei (blue) merged without integration analysis. (C) Scatter plot displaying 

gene expression differences in rabies-infected nuclei versus AIBS uninfected control. The light-blue line 

indicates a perfect correlation. Genes with log2FC of >0.25 are highlighted in blue, and genes most up-

regulated in the rabies-infected group are labeled. Values were averaged log normalized across all cells in 

each condition. (D) Dot plot of the top GO gene sets significantly (padj < 0.05, Benjamini–Hochberg 

correction) activated (Left) or suppressed (Right) in the rabies-infected dataset compared with AIBS 

uninfected control. 
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and 3 non-neuronal clusters corresponding to microglia, astrocytes, and oligodendrocytes 

expressing Ctss, Slc1a3, and Mog respectively. The proportion of excitatory (uninfected = 

85.57% vs rabies = 75.38%), inhibitory (uninfected = 13.66% vs rabies = 20.86%), and non-

neuronal nuclei (uninfected = 0.76% vs rabies = 3.76%) was similar across experimental groups 

(Figure 1.S2A) with a slightly higher proportion of inhibitory neurons in the rabies dataset, likely 

resulting from interneuron enrichment. We used DEGs (Figure 1.2C) and previously reported 

cell type markers (Figure 1.2B) to further annotate clusters into cell subclasses. We identified 

four inhibitory neuronal clusters derived from the medial ganglionic eminence (MGE), 

expressing Lhx6/Sox6, and two clusters derived from the caudal ganglionic eminence (CGE), 

expressing Adarb2/Prox1. MGE-derived clusters included one Pvalb and three Sst clusters. 

CGE-derived clusters included one Vip and one Lamp5+ neurogliaform cluster. For 

glutamatergic neurons, we identified major subclasses previously reported 11, including L2/3, L4, 

L5, and L6 intratelencephalically (IT) projecting clusters, expressing a combination of markers 

including Cux2, Fam19a1, Rorb, and Deptor. Additional glutamatergic clusters included L5 near 

projecting (NP), L5 extratelencephalically (ET) projecting, L6b, and L6 corticothalamic (CT). 

The distribution of rabies-infected and uninfected nuclei in each cluster (Figure 1.S2B) show a 

larger proportion of rabies-infected nuclei compared to control in MGE-derived clusters, 

possibly as a result of interneuron enrichment using Gad2-Cre; R26-LSL-TVA mice which 

would bias rabies infection to inhibitory neurons, 40% of which are Pvalb and 18% of which are 

Sst 24 (Xu et al., 2010). Additionally, there was an enrichment of L4 and L5 rabies-infected 

neurons which may be the result of infection biases arising from injecting rabies at a cortical 

depth of 0.5 mm (Figure 1.1A).  

https://www.zotero.org/google-docs/?CnJhtb
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Figure 1.2 Rabies-infected nuclei can be transcriptomically classified de novo despite changes in 

gene expression. (A) UMAP of 8,745 rabies-infected nuclei (red) and 9,508 AIBS uninfected control 

nuclei (blue) after anchor-based data integration. (B) UMAP of anchor-based integrated rabies-infected 

and AIBS uninfected control nuclei colored by de novo cell subclass annotations. (C) Heatmap showing 

normalized and scaled expression level of DEGs for each cluster in B compared with all other clusters. 

Clusters are color coded according to B and delineated by white vertical lines. (D) Violin plots illustrating 

normalized expression level of canonical marker genes for each cluster, which are composed of both 

infected and AIBS uninfected control nuclei. 
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In addition to transcriptomically classifying rabies-infected nuclei de novo using 

unsupervised graph-based clustering, we also examined whether the AIBS taxonomy cell type 

labels could be transferred from the reference snRNA-seq dataset of uninfected cells to the 

rabies-infected nuclei using a weighted vote classifier derived from the reference cell identities. 

This approach provides a quantitative score, ranging from 0 to 1, for each predicted cell type 

classification, with high-confidence cell type predictions being those greater than 0.5 23. We 

tested the transfer of reference class (Figure 1.3A), subclass (Figure 1.3B), and subtype (Figure 

1.3C) labels. At the class level 100% of rabies-infected nuclei were classified with a prediction 

score > 0.5 (Figure 1.3D). The ability to confidently assign cell type predictions decreased at 

finer cell type granularities, but overall was successful, with 95% and 75% of rabies-infected 

nuclei having prediction score > 0.5 at the subclass and subtype level (Figure 1.3D). At the 

subtype level, the distributions of prediction scores varied considerably between subtypes 

(Figure 1.3C). This variability likely results from variability in the sample size for each subtype 

in the reference, with some subtypes being underrepresented in the reference. Thus, it may be 

possible to improve subtype assignment of rabies-infected cells provided that there is a large 

enough reference sample. 

 

Cell-type specific rabies-induced transcriptional changes 

To explore whether rabies infection induces cell-type-specific transcriptional changes we 

performed DE analysis separately for each of the identified clusters. We observed DEGs in each 

cluster (adjusted p < 0.05; log2FC > 1), with non-neuronal cells containing a higher number of 

DEGs compared to neuronal cells (Figure 1.4A). Of these DEGs, only 7 and 3 were upregulated 

and downregulated respectively across all clusters (Figure 1.4B, 1.4C). The  
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Figure 1.3 Preexisting cell type annotations can be transferred to rabies-infected nuclei. (A) Violin 

plots of prediction classification scores obtained when transferring AIBS class labels to rabies-infected 

nuclei. (B) Violin plots of prediction classification scores obtained when transferring AIBS subclass 

labels to rabiesinfected nuclei. (C) Violin plots of prediction classification scores obtained when 

transferring AIBS subtype labels to rabies-infected nuclei. (D) Distribution of cell type prediction scores, 

ranging from 0 to 1, for rabies-infected nuclei at different granularities. Dashed line indicates high-

confidence predictions (score of >0.5). 
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overwhelming majority of DEGs were differentially expressed only in subsets of clusters or 

single clusters. Genes that shared expression upregulation across all clusters included genes 

involved in antiviral and immune responses, such as Xrcc6 which acts as a cytosolic viral sensor 

and mediates downstream immune responses 25,26 and Fgfr2 which regulates RIG-1-mediated 

antiviral signaling 27 (Figure 1.4D). We also observed a global upregulation of Sema3c, which 

encodes Semaphorin 3C (Sema3c), a soluble axonal chemoattractant 28. Sema3c has been 

reported to be selectively expressed in neurogliaform inhibitory interneurons 29 and serves as a 

neuronal marker for this subclass 30. Indeed, in control nuclei only the Lamp5+ neurogliaform 

cluster shows expression of Sema3c, however selective expression is lost and upregulation is 

observed in all clusters for rabies-infected nuclei (Figure 1.4D). Genes downregulated in most 

clusters included those involved in Golgi vesicle transport, such as Arf5, and cellular 

transmembrane transport, such as Rab3a and Spag5.  Although some DEGs were part of a global 

response across all clusters, other genes were differentially expressed only in specific clusters or 

classes (Figure 1.4E). For example, Tek, Fntb, and Itgl1 were selectively upregulated in neuronal 

clusters. Similarly, Grip1os2 was selectively upregulated in inhibitory and L6b neurons and 

Xirp2 in IT excitatory clusters. 

 

Effects of rabies infection on neuronal marker genes 

We next focused analysis on examining rabies effects on genes commonly used to define 

neuronal cell types. Expression of select marker genes, such as Gad1 and Gad2, used to 

distinguish inhibitory neurons from excitatory neurons and nonneuronal cells were unperturbed 

by rabies infection. However, Slc32a1, expressed selectively in interneuron clusters, was 

downregulated in rabies-infected nuclei (Figure 1.5A). MGE marker genes, Lhx6, Sox6,  
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Figure 1.4 Cell-type–specific rabies-induced transcriptional changes. (A) Bar plot showing the 

number of DEGs that are up-regulated (yellow) or down-regulated (blue) in each cluster in rabies-infected 

nuclei compared with AIBS control. (B and C) Upset plots of up-regulated (B) and down-regulated (C) 

DEGs in rabies infected versus AIBS control. Horizontal bars represent the number of DEGs detected in 

each cluster, and vertical bars represent the number of unique DEGs in that cluster or in selected 

intersections between clusters indicated below the bars. (D) Violin plots displaying normalized expression 

of select DEGs in rabies-infected nuclei and AIBS control nuclei in each cluster. Top three genes are up-

regulated in rabies-infected nuclei across all clusters and bottom three genes are down-regulated in rabies-

infected nuclei across all clusters. (E) Violin plots displaying normalized expression of select DEGs in 

rabiesinfected nuclei and AIBS control nuclei in each cluster. Genes are differentially expressed in 

neuronal clusters (top two rows), mainly inhibitory clusters (third row), or in unique clusters. 
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Cacna2d2, and Kcnip1 were not differentially expressed (Figure 1.5B). Similarly, some marker 

genes of CGE neurons were unaffected such as Adarb2, Prox1, and Kit, whereas Pnoc and Rgs10 

were downregulated (Figure 1.5C). Importantly, Pvalb and Sst, crucial marker genes of 

inhibitory interneurons, were strongly downregulated in rabies-infected nuclei (Figure 1.5B, 

1.5D). However, other marker genes differentially expressed between Pvalb and Sst subclasses 

remained unchanged, such as Tmem132c and Grin3a respectively. Similar to class and subclass 

markers, rabies differentially affected markers of neuronal subtypes. The Sst-Chodl neuron 

subtype corresponds to long range projecting inhibitory neurons commonly found in cortical 

layer 5 and 6 that express high levels of nitric oxide synthase (Nos1) 11,30. Within this cluster, 

rabies downregulated expression of the unique marker Chodl, but did not affect expression of 

Nos1. Expression of Vip was also downregulated, but Lamp5, Car4 and Nxph4 were unaffected. 

Interestingly, neurogliaform marker gene Sema3c was upregulated not only within the Lamp5+ 

cluster, but also in clusters that do not typically express it. 

Although rabies infection downregulated expression of a variety of interneuron marker 

genes, Sst was selected for further validation with hybridization chain reaction RNA 

fluorescence in situ hybridization (HCR RNA-FISH). Prior studies characterizing rabies-labeled 

input cells have found conflicting results regarding the ability of rabies virus to infect Sst 

interneurons 6,7. Therefore, Sst was selected for in vivo validation to attempt to address this 

inconsistency and investigate whether rabies induced Sst expression downregulation may be an 

artifact leading to detection failure. To allow for identification of Sst interneurons after rabies 

infection without relying on methods possibly subject to expression artifacts, Sst-Cre mice were 

first crossed to R26R-CAG-loxp-stop-loxp-Sun1-sfGFP-Myc 31 mice to produce Sst-Cre; 

INTACT, resulting in nuclear sfGFP expression in Sst interneurons. These mice were injected  
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Figure 1.5 Rabies infection differentially affects the expression of inhibitory marker genes. (A–C) 

Violin plots displaying normalized expression of select inhibitory (A), MGE (B), or CGE (C), marker 

genes in rabies-infected nuclei and AIBS control nuclei in each cluster. Marker genes up-regulated or 

down-regulated in rabies-infected compared with AIBS control are highlighted in red. (D) Scatter plot 

displaying expression differences in rabies-infected nuclei versus AIBS control in Sst clusters, with Sst 

and Grin3a labeled in red. The dashed blue line indicates perfect correlation. Values were averaged log 

normalized across cells in each condition in that cluster. (E) Representative images of HCR labeling for 

Sst transcripts (magenta) in V1 of Sst Cre;R26-CAG-LSL-Sun1-sfGFP-myc mice injected with EnvA 

RVdG.H2BmCherry. Uninfected Sst neurons are Sun1sfGFP+, mCherry, and rabies-infected Sst neurons 

are Sun1sfGFP+, mCherry+. Large dashed yellow box indicates a region containing rabies-infected Sst 

neurons. The small dashed white box indicates the region shown in F with higher magnification. Scale 

bar: 200 μm. (F) Higher magnification of dashed white box region in E. White arrows indicate uninfected 

Sst neurons (Sun1sfGFP+, mCherry,) and yellow arrows indicate rabies-infected Sst neurons 

(Sun1sfGFP+, mCherry+). Sst transcripts labeled with HCR are in magenta. Scale bar: 50 μm. (G) Violin 

plots displaying MGV intensity of Sst transcript fluorescence. A total of 356 rabies-infected and 347 

uninfected Sst neurons across 2 animals were analyzed. P values were determined by Wilcoxon rank-sum 

test. ****P ≤ 0.0001. 
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with AAV to express Cre-dependent TVA followed by EnvA+RVdG-H2BmCherry to restrict 

rabies infection to Sst interneurons. Importantly, this experimental design makes it possible to 

quantify and compare Sst RNA in uninfected and rabies-infected Sst interneurons in the same 

mouse and tissue section (Figure 1.4E, 1.4F). In agreement with our snRNA-seq data, we found 

that Sst RNA detection by HCR RNA-FISH is significantly reduced in rabies-infected versus 

uninfected Sst interneurons (Figure 1.5G).  

Similar to its effects on inhibitory marker genes, rabies infection differentially affected 

excitatory neuronal markers (Figure 1.6). Important excitatory marker genes downregulated in 

rabies-infected nuclei included Slc30a3 and Rspo1, marker genes for pan-IT neurons and L4 IT 

neurons respectively (Figure 1.6A). Layer-specific IT marker genes not altered included Cux2, a 

L2/3 IT marker gene, and Deptor, a L5 IT maker gene. The L6 IT Car3 subclass is 

transcriptomically distinct from other excitatory IT subclasses 11 and Car3+ L6 cells have been 

shown to exhibit distinct projection patterns compared to other IT-projecting neurons 32. We 

found that previously reported marker genes for this subclass, Car3, Oprk1 and Nr2f2, are all 

downregulated in rabies-infected nuclei within this cluster (Figure 1.6B). However, Gnb4, a 

marker also unique for the Car3 subclass, and Cux2, a gene expressed in L6-IT-Car3, but absent 

in other L6-IT neurons, remain unchanged. Within the L6 CT subclass, canonical marker gene 

Foxp2 was not affected by rabies expression along with Thsd7b,Syt6, and Ephb (Figure 1.6C). 

L6b neurons share marker genes such as, Cplx3, Nxph3, and Ctgf, of which the latter is 

downregulated in rabies-infected nuclei. L5NP neurons project only to neighboring areas and 

express distinct markers such as Slc17a8, Tshz2, and Lypd1. Like other clusters, rabies 

downregulated certain genes (Slc17a8, Lypd1), while having no effect on others (Tshz2, Lcp1). 

Within the L5 ET subclass, we found downregulation of Npr3 and Chst8 and no change in the  
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Figure 1.6 Rabies infection differentially affects the expression of excitatory marker genes. (A–F) 

Violin plots displaying normalized expression of select excitatory IT (A), L6 IT (B), L6 CT (C), L6b (D), 

L5 NP (E), and L5 ET (F) marker genes in rabies-infected nuclei and AIBS control nuclei in each cluster. 

Down-regulation of select marker genes (red) is observed in rabies-infected nuclei. 
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expression of Bcl6, Fam19a1, and Tshz2. Overall, we found that rabies infection can alter 

expression of certain neuronal marker genes, while others are unchanged. Furthermore, when 

gene expression is altered, the most common effect observed is gene expression downregulation, 

although upregulation of some marker genes was also present. 

 

Discussion 

Monosynaptic rabies tracing is a valuable tool for unraveling neural connectivity, yet 

challenges remain in the ability to characterize rabies-labeled input cells to populations of 

interest. Here we investigated whether single-cell transcriptomics could be used to characterize 

rabies-infected cells according to established cell types and examined how rabies infection alters 

host cells’ transcriptional landscape. Using snRNA-seq to examine the transcriptomes of large 

numbers of rabies-infected neurons, we found that despite global and cell-type-specific rabies-

induced transcriptional changes, rabies-infected neuronal profiles retain sufficient similarities to 

control profiles to allow for their classification. Furthermore, we examined the effects of rabies 

infection on neuronal marker genes and found that rabies differentially impacts host genes, with 

some showing downregulation or upregulation of expression and others remaining unperturbed. 

Therefore, while our study supports the use of rabies tracing in combination with snRNA-seq to 

determine input cell identity, it also suggests that caution should be taken when attempting to 

determine rabies-labeled cell identity with methods that rely on single or few genes. Finally, our 

dataset can serve as a resource for other researchers to utilize while designing gene probes for 

spatial transcriptomics on rabies-infected cortical tissue. 

The wide adoption of genetically modified rabies virus to study neural connectivity can 

be attributed to its ability to overcome the challenge of precisely labeling presynaptic partners 
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regardless of distance, with EnvA-pseudotyped rabies virus having the additional advantage of 

targeting initial infection to a genetically accessible population of interest. However, circuit 

connectivity analysis using this viral tool is largely restricted to characterizing inputs according 

to the cortical area they reside in and/or their laminar spatial location 33–35. While some studies 

have used immunostaining or intersectional approaches to determine the identity of rabies-

labeled cortical inputs to populations of interest, studies have yielded conflicting results. For 

example, a study using rabies tracing to detect inputs to interneurons in mouse V1 used Sst RNA 

probes and antibodies to establish the identity of rabies-labeled inputs 6. Using this method, they 

found no Sst-positive inputs to Pvalb interneurons, despite functional studies describing 

extensive Sst innervation of Pvalb neurons 29. A plausible explanation is that Sst interneurons are 

resistant to retrograde infection by rabies virus. However, this seems unlikely given that rabies-

labeled Sst inputs can be detected using a Cre/Flp recombinase-dependent intersectional labeling 

method where mice with a Cre/Flp-dependent dual RFP reporter and a Cre gene inserted into an 

interneuron subtype-specific gene locus are used in tandem with a pseudotyped rabies viruses 

expressing Flp 7. Given our finding that rabies infection can downregulate Sst gene expression, 

along with reports that rabies can also decrease translation of host proteins, it is likely that the 

inability to detect Sst inputs is an artifact of using immunostaining and RNA FISH for a gene 

that is downregulated in rabies-infected cells.  

Despite the strong downregulation of certain neuronal marker genes, gene expression of 

many other marker genes was unaltered. This suggests that rabies infection differentially affects 

distinct host genes and that some genes may be more vulnerable to transcriptional modulation 

than others.  Nonetheless, when using whole transcriptome information and defining cell types 

based on expression levels of thousands of genes, the majority of rabies-infected neurons were 
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accurately classified at the class (100%), subclass (95%), and subtype (75%) level using 

supervised classification to a reference data set. It is possible that the accuracy of assignment to 

particular subtypes may be further improved by increasing the size of the reference sample, 

particularly for rare cell types, as some subtypes were not well represented in the reference. 

The ability to characterize rabies-infected cells based on their gene expression profiles 

can have large implications for future cortical connectivity studies. A multitude of studies using 

single-cell transcriptomics have already shown that major neuronal classes are composed of 

multiple genetically distinct subclasses. This has corroborated earlier studies describing distinct 

subtypes of interneuron classes each with unique morphology, connectivity, and functional 

activity 14. Thus, single-cell transcriptomics as a tool to characterize rabies-labeled inputs is not 

only less liable to technical artifacts, but also has the additional benefit of providing a more 

precise way to study cortical connectivity since inputs can be identified based on more refined 

subtypes. Furthermore, emerging genomic technologies, such as multiplexed error-robust FISH 

(MERFISH), sequential FISH (seqFISH), and spatial barcoding, can transcriptomically profile 

many cells while retaining spatial information and may thus be valuable tools for relating 

molecular profiles, spatial locations, and projection patterns when used in combination with 

rabies tracing. However, these techniques do not yet yield deep transcriptomic information, but 

instead rely on expression of discrete gene sets and may therefore be more liable to artifacts 

induced by rabies infection. Here we have shown that rabies differentially affects neuronal 

marker genes and have provided examples of genes downregulated or upregulated by rabies 

infection. Importantly, rabies-induced changes in gene expression make certain marker genes 

unsuitable for the accurate characterization of rabies infected cells if used in isolation. For 

example, Sst RNA probes will not accurately label rabies infected Sst neurons due to 
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downregulation of the gene. Similarly, using probes against the neurogliaform marker gene 

Sema3c would likely lead to the mischaracterization of neurons, as its global upregulation would 

make it detectable in non-neurogliaform neurons. Therefore, we encourage investigators to 

independently validate the utility of reagents that detect single genes for characterization of 

rabies-infected neurons. Additionally, we have provided examples of neuronal marker genes for 

major classes, subclasses, and select subtypes that are unperturbed by rabies and may thus serve 

as suitable genes to include in gene sets to be used for spatial transcriptomics following rabies 

tracing. For example, while Pvalb may not be suitable for identifying the Pvalb interneuron 

subclass due to its downregulation in rabies-infected nuclei, Tmem132c can serve as an 

alternative gene that is unaffected. Similarly, Nos1 can be used to distinguish the Chodl Sst 

subtype as Chodl may not be a suitable candidate. Previous studies have demonstrated the 

viability of rabies-infected neurons for functional studies (Wickersham 2007, Osakada 2011, 

Wertz Science 2015, Reardon 2016). While rabies-infected neurons remain viable during the 10 

day survival times that we have assessed with our transcriptomic analyses, the changes in gene 

expression that we have observed, including down-regulation of genes related to synaptic 

function and metabolic processes, reiterate the need for caution when interpreting such studies. 

Here, we present and make publicly available a large snRNA-seq dataset of rabies-

infected neurons consisting of 8,497 neuronal profiles. However, it is important to highlight 

several limitations of the study. First, prior bulk RNAseq studies have shown that different rabies 

virus strains induce distinct global transcriptional changes 36. Thus, it is possible that other 

strains used for monosynaptic rabies tracing, such as CVS-N2c 37, may induce different cell-type 

specific neuronal transcriptional changes from the ones observed using the SAD-B19 strain. 

Future studies should examine the compatibility of other stains not included in this study with 
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transcriptomic characterization. Second, this study only focused on investigating the effects of 

rabies infection at a time point of 10 days post-infection. This time point was chosen since circuit 

tracing experiments express rabies at a range of 7-10 days and we wanted to ensure that 

transcriptomic characterization was still possible even at the longest expression time. However, 

studies are needed to investigate how rabies impacts gene expression across neuronal cell types 

at different infection timepoints and whether our observations reflect a steady-state or transient 

state of cells. ScRNA-seq studies 10,11 have shown that transcriptomically defined excitatory and 

inhibitory neuronal types are generally shared across mouse cortical areas and hippocampal 

formation and exhibit conserved molecular signatures. Therefore, it is likely that rabies 

modulation of gene expression in homologous neuronal cell types across cortical regions will not 

vary significantly from what we have observed in V1. However, transcriptomic cell type 

identification of rabies-infected cells from other brain regions would necessitate collection and 

analysis of new data from those brain regions of interest. Finally, while we provide evidence that 

rabies modulates expression of distinct genes differently, the cellular and/or viral mechanisms 

that lead to these differential gene expression effects remain unknown. In summary, this study 

shows that rabies-infected neurons can be accurately classified according to transcriptomic cell 

types, identifies global and cell-type specific rabies-induced modulation of host genes, and 

provides access to the transcriptomic profiles of rabies-infected cortical neurons through a 

publicly accessible dataset. 
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Methods 

Mouse transgenic lines 

All experimental procedures were approved by the Salk Institute Animal Care and Use 

Committee. C57BL/6J mice were used as wild-type. Homozygous Gad2-Cre and R26-LSL-

TVA-LacZ (Seidler et al., 2008) mice were bred to produce Gad2-Cre; R26-LSL-TVA-LacZ. 

For HCR RNA-FISH experiments, the knock-in mouse line, R26R-CAG-loxp-stop-loxp-Sun1-

sfGFP-Myc (INTACT) was maintained on a C57BL/6J background  and bred with Sst-Cre mice 

to produce Sst-Cre; INTACT. Mice were housed with a 12-hour light and 12-hour dark cycle and 

ad libitum access to food and water. Both male and female mice were used for RNA sequencing 

experiments. Only female mice were used for HCR experiments.  

 

Virus preparation 

AAV8-nef-AO-66/71-TVA950 (5.25E+13 GC/mL), EnvA+RVdG-H2BmCherry 

(1.09E+08 IU/ml and) and G+RVdG-H2BmCherry (9.59E+09 IU/ml) were produced by the Salk 

GT3 Viral Core. 

 

Animal surgery for virus injection 

Mice were initially anesthetized with 2% isoflurane and maintained at 1.5% isoflurane 

after placement on a stereotax (David Kopf Instruments, Model 940 series) for surgery and 

stereotaxic injections. A small craniotomy was made with a mounted drill over the primary 

visual cortex of the left hemisphere using the following coordinates: 3.4 mm posterior and 2.6 

mm lateral relative to bregma. To collect large numbers of rabies-infected neurons for 

transcriptomic experiments, 150 nl of unpseudotyped G+RVdG-H2BmCherry (9.59E+09 IU/ml) 

https://www.zotero.org/google-docs/?BbDU07


 

37 

was injected into the center of V1 of P60-P75 C57BL/6 mice 0.5–0.7 mm ventral from the pia 

using a pulled glass pipette with a tip size of 30 um connected to a 1ml syringe with 18G tubing 

adaptor and tubing. To prevent backflow, the pipette was left in the brain for 5 minutes after 

injection. To bias infection to inhibitory neurons 150 nl of EnvA+RVdG-H2BmCherry 

(1.09E+08 IU/ml) was injected into P65-P85 Gad2-Cre; R26-LSL-TVA mice. For HCR 

experiments 100 nl of diluted AAV8-nef-AO-66/71-TVA950 (5.25E+11 GC/mL) was injected 

into V1 of Sst-Cre; INTACT mice. Two weeks after AAV helper virus injection, 200 nl of 

EnvA+RVdG-H2BmCherry (7.43E+07 IU/ml) was injected into the same site in V1.  After 

recovery, mice were given water with ibuprofen (30mg/kg) and housed for 10 days before tissue 

harvest to allow for fluorescent protein expression.  

 

Brain dissection and single nuclei isolation 

Ten days after rabies injection, animals were euthanized with an overdose of isoflurane. 

Brains were extracted and immediately submerged in ice-cold slicing solution (2.5mM KCl, 

0.5mM CaCl2, 7mM MgCl2, 1.25mM NaH2PO4, 110mM sucrose, 10mM glucose and 25mM 

NaHCO3) that was bubbled with carbogen. Coronal brain slices (400um thick) were cut using 

VF-300 CompresstomeTM (Precisionary Instruments, Greenville,NC) and submerged in ice-cold 

slicing solution. Subregions of V1 containing mCherry+ nuclei in brain slices were micro-

dissected out under a fluorescent dissection microscope (Olympus SZX6) and transferred to 

microcentrifuge tubes and immediately frozen in dry ice, and subsequently stored at -80°C. The 

remaining brain slices after dissection were collected, fixed with ice-cold 4% PFA overnight, 

stained with DAPI, and scanned with a 10x objective to validate correct V1 dissection using an 

Olympus BX63 Microscope. 
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Single nuclei preparations were performed following a published protocol 38 with 

modification. In summary, the frozen brain tissues were transferred to pre-chilled dounce 

homogenizers with 1ml NIM buffer (0.25M sucrose, 25mM KCl, 5mM MgCl2, 10mM Tris-HCl 

(pH7.4), 1mM DTT (Sigma 646563), 10ul of protease inhibitor (Sigma P8340), 1.5ul of RNasin 

Plus RNase inhibitor (Promega, N2611)), 0.1% Triton X-100, and 10 uM DAPI, and gently 

homogenized on ice with ice-cold pestles 10 - 15 times. The homogenate was transferred to pre-

chilled microcentrifuge tubes and centrifuged at 3000 rpm for 8 min at 4°C to pellet the nuclei. 

The supernatant was aspirated, the pellet gently resuspended in ice-cold 1ml NIM buffer, and 

again centrifuged at 3000 rpm for 8 min at 4°C. The pellet was then resuspended in 450ul of 

nuclei storage buffer (0.25M sucrose, 5mM MgCl2, 10mM Tris-HCl (pH7.4), 1mM DTT, 9ul of 

Protease inhibitor), and filtered through a 40μM cell strainer. The sample was incubated with 

50ul of nuclease-free BSA to prevent nuclei clumping. 

Fluorescence-activated nuclei sorting of single nuclei was performed using a BD Influx 

sorter with a 70 μM nozzle at 22.5 PSI sheath pressure. DAPI+/mCherry+ rabies-infected nuclei 

were sorted into 1.5ml Eppendorf tubes and immediately loaded onto the 10X Genomics 

Chromium Controller. 

 

10x Chromium RNA-sequencing 

For 10x processing, we used Chromium Next GEM single-cell 3’ Kit v3.1 (10x 

Genomics, PN-1000128). We followed the manufacturer’s instructions for single-cell capture, 

barcoding, reverse transcription, cDNA amplification, and library construction. We targeted 

sequencing depth of 100,000 reads per cell. Libraries were sequenced on Illumina NovaSeq6000 

and raw read (fastq) files were aligned to the mouse pre-mRNA reference transcriptome (mm10) 
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using the 10x Genomics CellRanger pipeline (version 5.0.). Intronic reads were included in 

expression quantification using the include-introns parameter.  

RNA-seq data quality control and clustering 

Reference data used in this study includes 10x v3 single nucleus RNA-seq from primary 

visual cortex obtained from the Allen Institute for Brain Science (AIBS). Reference 10x v3 

nuclei were assigned to previously published VISp cell type taxonomy 11 using a nearest centroid 

classifier based on a set of 563 markers that were detected in both datasets (expression > 0). To 

estimate the robustness of mapping, classification was repeated 100 times, each time using 80% 

of randomly sampled markers, and the probability for each cell to map to every reference cluster 

was computed. R (version 4.1.1) and Seurat (version 4.0) 22,23 were used for snRNA-seq analysis. 

Doublets were identified using DoubletFinder 39 and excluded from analysis. The percentage of 

mitochondrial transcripts for each nucleus was calculated and added as metadata to the Seurat 

object using percent.mito. Nuclei with less than 500 genes, more than 8000 genes, and greater 

than 0.5% of mitochondrial genes were excluded from analysis. After pre-filtering, AIBS and 

rabies datasets were normalized and scaled separately using the SCTransform function. Variable 

features were first identified in each dataset individually with SCTransform after removing sex-

specific genes, immediate early genes, and predicted gene models (gene names that start with 

Gm or end with Rik). The top 5000 variable features identified independently across datasets 

were determined using SelectIntegrationFeatures and used as input for downstream joint 

clustering analysis. Datasets were merged and integration anchors identified using 

FindIntegrationAnchors. These anchors were used to integrate the two datasets using 

IntegrateData. Dimensionality reduction via principal component analysis (PCA) was performed 

on the integrated data using RunPCA. The top 50 PCs were used as input for clustering analysis 
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using FindClusters with a resolution of 0.5. For unsupervised annotations, clusters were assigned 

cell type annotations based on the expression of combination of known marker genes for major 

cell subclasses and DEGs. For the latter, Model-based Analysis of Single-Cell Transcriptomics 

(MAST) 20 was used to perform DE analysis by comparing nuclei in each cluster to the rest of 

the nuclear profiles, with DEGs being those with Bonferroni corrected, padj < 0.05; log2FC > 

0.25. For supervised cell type annotation, we used a weighted vote classifier derived from the 

reference cell identities to map rabies-infected nuclei to established neuronal cell types. The 

rabies dataset and the AIBS dataset were integrated using the FindTransferAnchors function with 

the AIBS dataset assigned as reference and the rabies dataset as query. Following integration, 

class, subclass, and subtype labels were transferred to the rabies dataset using the TransferData 

function, providing a prediction score ranging from 0 to 1 for each class, subclass, and subtype. 

 

Differential expression analysis and GSEA 

To identify genes differentially expressed in rabies-infected nuclei compared to control 

DE analysis was performed using MAST. P-values were adjusted using Bonferroni correction 

and filtered at  padj < 0.05. Gene Set Enrichment Analysis (GSEA) was performed using the 

GSEA function in the R package ClusterProfiler version 4.2 40. DEGs were ranked according to 

their log fold change (rabies vs control) and the ranked list was used as input to the GSEA 

function. Gene ontology (GO) sets and pathways were obtained using the Molecular Signatures 

Database (MSigDB) 41,42. padj < 0.05 (Benjamini-Hochberg correction) was considered 

significant.  
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In vivo validation of gene expression using Hybridization Chain Reaction RNA FISH 

Animals were perfused transcardially using phosphate-buffered saline (PBS) followed by 

4% paraformaldehyde (PFA). Brains were dissected out from skulls and post-fixed overnight 

with 2% PFA and 15% sucrose in PBS at 4°C, then immersed in 30% sucrose in PBS at 4°C for 

an additional 24 hours. Hybridization Chain Reaction (HCR) reagents and Sst probes were 

obtained from Molecular Instruments. Tissue was sectioned coronally at 50um on a freezing 

microtome under RNase free conditions and HCR was performed according to the 

manufacturer’s instructions. Briefly, sections were mounted onto Fisherbrand™ Tissue Path 

Superfrost™ Plus Gold Slides, left to air dry for 3 hours, post-fixed again in 4% PFA, and 

dehydrated with a series of ethanol incubations. Sst probes (10nM) were hybridized overnight at 

37°C in a humidified chamber and then amplified overnight at room temperature. Tissue was 

imaged on an Olympus BX63 microscope (Olympus Corporation, Tokyo, Japan) with a 20x 

objective and a 5um optical section. Images were processed and analyzed in NIH ImageJ 

software (FIJI). ROIs for Sst neurons were manually drawn based on sfGFP INTACT signal. 

Average background signal in V1 was calculated for each section and was subtracted from 

measured Sst mRNA mean gray value (MGV) fluorescence intensity for cells in that section. 

Wilcoxon rank-sum test was used for statistical analysis. ns: p > 0.05, *: p <= 0.05, **: p <= 

0.01, ***: p <= 0.001, ****: p <= 0.0001 
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Appendix 

 

Figure 1.S1 Details on rabies-infected fluorescence-activated nuclei sorting. (A) Detailed gating 

strategy of fluorescence-activated nuclei sorting. Gate 1 selects for DAPI+ nuclei to exclude debris. Gate 

2 -4 exclude cell doublets based on single nuclei morphology. Gate 5 selects for mCherry+ fluorescence. 

(B) Post-sorting visualization of sorted mCherry+ nuclei for quality control. 
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Figure 1.S2 Cell type composition of datasets. (A) Percent of excitatory, inhibitory, and non-neuronal 

nuclei across experimental groups. (B) Percent distribution of rabies-infected and uninfected nuclei in 

each cluster. (C) Absolute count of rabies-infected and uninfected nuclei in each cluster. 
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Chapter 2. Laminar connectivity of mouse primary visual cortex examined using Single 

Transcriptome Assisted Rabies Tracing (START) 

 

Abstract 

The complex functions of the neocortex rely on networks of interconnected excitatory 

and inhibitory interneurons. A plethora of studies have explored the diversity of cortical neurons, 

their connectivity patterns, and their role in information processing. Still, the advent of single-

cell genomic technologies has unveiled that the extent of neuronal diversity may be much greater 

than originally imagined, raising new questions about the connectivity patterns of these more 

precisely defined cell subtypes. Here we present a method, Single Transcriptome Assisted Rabies 

Tracing (START), which combines monosynaptic rabies tracing and single-nuclei RNA 

sequencing (snRNA-seq) to identify the transcriptomic cell types that provide monosynaptic 

inputs to defined populations of neurons. We employed START to transcriptomically 

characterize the monosynaptic connections to layer 2/3 (L2/3) and layer 6 corticothalamic (L6 

CT) neurons in mouse V1. At the subclass level, consistent with established circuit models, we 

found that L2/3 receives extensive input from L4 and to a smaller degree L5 intratelencephalic 

(IT) neurons, while L6 CT receives input from L5 intratelencephalic (IT) neurons. More 

importantly, with the improved cell type granularity achieved with transcriptomic 

characterization of inputs, we were able to uncover subtypes of somatostatin and parvalbumin 

interneurons that provide input to L2/3 and L6 CT excitatory neurons. Overall, this novel circuit 

tracing can help disentangle cortical circuits at transcriptomic resolution and expands the 

repertoire of tools available to neuroscientists studying circuit organization across all cortical 

areas in both health and disease.  
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Introduction 

The neocortex is composed of a multitude of neuronal cell types thought to serve unique 

functional roles in cortical processing. Different cell types can be described based on distinct 

morphological, molecular, and physiological properties. In addition to intrinsic properties, the 

functional roles of neurons are derived from their excitatory and inhibitory inputs. Thus, to 

understand cortical processing it is necessary to investigate the precise ways that neurons 

connect to one another. Prior work has revealed that the majority of synaptic connections in the 

neocortex are made between neighboring neurons that make up local cortical microcircuits 1 and 

canonical principles of local microcircuit connectivity have been proposed 2–4.  

Derived largely from experiments investigating cat primary visual cortex (V1), the 

canonical model follows as such: thalamic information arrives at layer 4 (L4), whose neurons 

send axonal projections to L2/3, which then projects to L5 and L6. Furthermore, principles 

governing the role of inhibitory neurons in cortical microcircuits are increasingly becoming well 

understood. For example, the rise of genetic tools for optogenetic manipulation, activity 

monitoring, and circuit tracing 5 has allowed for the study of  the connectivity and functional  

roles of non-overlapping groups of inhibitory cortical neurons. Such studies have suggested that 

parvalbumin (Pvalb) neurons primarily connect to pyramidal cells and each other, somatostatin 

(Sst) neurons to other inhibitory neurons, but not themselves, and vasoactive intestinal peptide 

(Vip) neurons to Sst interneurons 6.  

Despite progress in unraveling local cortical connectivity motifs, considerable variability 

across studies exists and outstanding questions regarding cell-type specific principles remain. For 

example, a study 7 investigating the role of barrel cortex Sst interneurons during active whisking 

described five distinct types of Sst interneurons, each with unique morphology, connectivity, and 



 

52 

activity, demonstrating the importance of characterizing neurons at a much granular resolution.  

Furthermore, the advent of single-cell genomic technologies has unveiled that the extent of 

neuronal diversity may be much greater than originally imagined 8–10, raising new questions 

about the connectivity patterns of these more precisely defined cell subtypes. Thus, our 

understanding of the specialized connectivity patterns underlying cortical networks remains 

rudimentary and many aspects of cortical circuit organization remain unknown. 

Here we introduce a method, Single Transcriptome Assisted Rabies Tracing (START), 

which combines monosynaptic rabies tracing 11,12 and single-nuclei RNA sequencing (snRNA-

seq) to identify the transcriptomic cell types that provide monosynaptic inputs to defined 

populations of neurons. We employ START to characterize the interlaminar synaptic 

connectivity of  mouse V1 at the transcriptomic level. We conduct retrograde transsynaptic 

tracing to identify inputs to L2/3, L4, L5 intratelencephalic (IT), L5 extratelencephalic (ET), and 

L6 cortical thalamic (CT) excitatory neurons. Using the transcriptome-wide profile of input 

neurons we are able to classify them at much finer resolution compared to rabies-based circuit 

tracing methods that rely on antibody staining or intersectional approaches 13,14. 

 

Results 

Transcriptomic characterization of rabies labeled input cells  

To investigate subtype specific inputs to excitatory neurons in distinct cortical layers of 

mouse V1 we conducted monosynaptic rabies tracing across multiple Cre-driver mouse lines 

followed by snRNA-seq. To restrict initial RVdG infection to excitatory neurons in specific 

layers, we first injected a Cre-dependent helper adeno-associated virus (AAV) into Sepw1-Cre, 

Scnn1a-Tg3-Cre, Tlx3-Cre, Npr3-IRES-Cre, and Ntsr1-Cre mice to target L2/3, L4, L5 
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intratelencephalic (IT), L5 extratelencephalic (ET), and L6 cortical thalamic (CT) excitatory 

neurons respectively. Pairing of AAV-DIO-TC66T-2A-oG with the Cre-driver mouse lines 

allows for the selective expression of a mutant TVA receptor, TVA66T, and optimized rabies 

glycoprotein (oG) in layer specific Cre+ neurons (Figure 2.1A). TVA is a receptor for the avian 

sarcoma leucosis virus envelope protein, EnvA, and is necessary for entry of pseudotyped EnvA+ 

RVdG into Cre+ cells. The use of  mutant TVA66T, with 10% efficiency for viral entry, eliminates 

Cre-independent background labeling 15, thus making it more suitable for tracing local 

monosynaptic inputs. Expression of oG in Cre+ neurons allows for trans-complementation in 

EnvA+ RVdG infected neurons, also termed starter cells, allowing the virus to spread 

retrogradely into presynaptically connected inputs 16. Importantly, because input neurons lack the 

glycoprotein required for further spread retrograde spread is halted and monosynaptically 

restricted. Three weeks after helper virus injection, a variant of EnvA+ RVdG that expresses the 

mCherry fluorophore tagged with the histone H2B nuclear targeting sequence (EnvA+ RVdG-

H2B-mCherry) was injected and allowed to express for 10 days (Figure 2.1A). Following 

retrograde spread of RVdG into input neurons, V1 tissue was dissected and individual rabies-

labeled nuclei sorted by flow cytometry (FANS). Individual nuclei were subjected to snRNAseq 

using the 10X genomics V3.1 platform (Figure 2.1A).  

To transcriptomically classify rabies-labeled input neurons according to established 

transcriptomic cortical cell types we used SingleR to transfer the taxonomy cell type labels from 

a reference dataset to the rabies-labeled input neurons. We used a transcriptomic reference 

dataset, composed of uninfected nuclei collected from V1 with cell type annotations established 

according to the Allen Institute for Brain Science (AIBS) cell type taxonomy 9, that has been 

previously shown to allow accurate characterization of rabies-infected cortical neurons 17.  
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Figure 2.1 Transcriptomic characterization of rabies labeled input cells. (A) Schematic of experiment 

workflow. Monosynaptic rabies tracing was performed in Sepw1, Scnn1a, Tlx, Npr3, and Ntsr1 Cre 

driver mouse lines. Four mice per line were injected with AAV-DIO-TC66T-2A-oG in V1. Three weeks 

after helper virus injection, EnvA+ RVdG-H2B-mCherry was injected into the same region. 10 days after 

injection, V1 was dissected and mCherry+ nuclei collected using FANS. snRNA-seq of FANS–sorted 

rabies-infected nuclei was performed using the 10× Genomics platform. (B) Levels of taxonomy used to 

transcriptomically classify input neurons. (C) UMAP of 23,940 rabies-labeled nuclei color coded by the 

Cre-line tracing experiment they were collected from (top) or by subclass identity (bottom). Data from 

each line and tracing experiment were analyzed separately and then merged for visualization purposes. 
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SingleR was used to conduct supervised label transfer annotation of cell types for it’s robustness 

against cell type similarity and increased cell type number compared to other computational 

methods 18,19. Input neurons were classified at the class level (glutamatergic, GABAergic, or 

non-neuronal), subclass level (Sst, Pvalb, ect), and at the subtype level (Sst Chodl, Sst Esm1, ect) 

(Figure 2.1B and 2.1C).   

 

Transcriptomic inputs to L2/3 excitatory neurons of mouse V1 

A benefit of mapping transcriptomic inputs to L2/3 excitatory neurons is that we can 

compare the finding revealed using START to other methods that been used to examine this 

circuitry across distinct cortical areas, albeit at more coarse resolutions 14,20–24. We conducted 

rabies tracing as described above using Sepw1-Cre to restrict starter cells to L2/3 excitatory 

neurons. After transcriptomically characterizing input cells, for each experimental animal (n=4, 1 

male, 3 females) we calculated the number of inputs belonging to distinct neuronal subclasses as 

a fraction of the total neuronal inputs. At this resolution, we can better compare the proportions 

of inputs to prior findings. Furthermore, to determine whether certain subclass and subtypes were 

over or underrepresented in inputs to L2/3 we compared the proportions obtained to a computed 

estimate of the prevalence of distinct cell types in wild-type control mouse V1. To obtain a 

measure of the likely prevalence of cell types we performed 10,000 iterations of random 

sampling from the control dataset (methods).  

We found that excitatory L4 IT excitatory neurons were significantly overrepresented in 

rabies-labeled inputs to L2/3 compared to baseline prevalence (39.38% vs 30.21% respectively, 

p = 0.002; Figure 2.2A), largely in agreement with previously reported connectivity 21–23. 

Conflicting findings have been reported regarding excitatory projections from L5 to L2/3, with  
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Figure 2.2 Transcriptomic inputs to L2/3 excitatory neurons of mouse V1. (A) Plot of the proportion 

of rabies-labeled input neurons to L2/3 belonging to distinct transcriptomic subclasses (red). In blue are 

the proportions of neurons belonging to each of the transcriptomic subclasses in control mouse V1 as 

determined by 10,000 iterations of random sampling from the control dataset. (B) Plot of the proportion 

of Pvalb rabies-labeled input neurons to L2/3 belonging to distinct Pvalb transcriptomic subtypes (red). In 

blue are the proportions of Pvalb neurons belonging to each Pvalb transcriptomic subtypes in control 

mouse V1 as determined by 10,000 iterations of random sampling from the control dataset. (C) Plot of the 

proportion of Sst rabies-labeled input neurons to L2/3 belonging to distinct Sst transcriptomic subtypes 

(red). In blue are the proportions of Sst neurons belonging to each Sst transcriptomic subtypes in control 

mouse V1 as determined by 10,000 iterations of random sampling from the control dataset. Values are 

reported as mean ± SEM. Statistics were calculated from Wilcoxon rank-sum test for non-parametric 

comparisons, with Benjamini–Hochberg correction for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01 
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certain studies observing sparse connectivity 22,25,26 and others reporting a high number of  

excitatory L5 projections to L2/3 21,24. We observed an overrepresentation of L5 IT neurons 

(22.56% vs 7.84%. p = 0.002; Figure 2.2A) in rabies-labeled inputs to L2/3. On the other hand, 

L5 ET and L5 near-projecting (NP) neurons were underrepresented (1.51% vs 4.88%. p = 0.002 

and 1.06% vs 2.44%, p = 0.003 respectively; Figure 2.2A).  Excitatory L6 CT, L6 IT, and L6b 

were all underrepresented in rabies-label input neurons (2.8% vs 16%, p = 0.002; 1.64% vs 

7.22%, p = 0.002; 0.31% vs 0.97%, p = 0.0048 respectively; Figure 2.2A).  

Descriptions of inhibitory cell subclasses to L2/3 pyramidal neurons have previously 

been reported; however, these approaches largely fail to separate the major inhibitory cell 

subclasses (Sst, Pvalb, Vip) into more distinct inhibitory cell types 14,21. We therefore sought to 

comprehensively examine inhibitory inputs to L2/3 at the much more precise resolution 

conferred by transcriptomic characterization. Specifically, we investigated whether L2/3 

excitatory neurons receive differential input from distinct inhibitory subtypes. We calculated the 

number of inputs belonging to distinct inhibitory subtypes as a fraction of the total inputs from 

the corresponding subclass. Within the Pvalb subclass, we found one subtype that was 

overrepresented and three subtypes that were underrepresented. The Pvalb Tpbg subtype was 

significantly enriched compared to its prevalence in control mouse V1 (43.65% vs 20.7%, p = 

0.015; Figure 2.2B). Pvalb Tpbg interneurons have been show to predominantly reside in and 

send extensive axonal projections to L2/3 27. Pvalb Akr1c18 Ntf3, Pvalb Gpr149 Islr, and Pvalb 

Reln Tac1 were all underrepresented in Pvalb inputs to L2/3 (0% vs 5.99%, p = 0.015; 2.94% vs 

9.55%, p = 0.022; and 5.67% vs 15.07%, p = 0.015; Figure 2.2B). Pvalb Reln Tac1 has been 

found to correspond to fast-spiking cells with L5-dominant axon innervation. Similarly Pvalb 



 

58 

Akr1c18 Ntf3 and Pvalb Gpr149 Islr send extensive axonal projections to deep layers, but 

largely avoid L2/3 27.  

Within the Sst subclass, we found 2 subtypes that were overrepresented and two subtypes 

that were underrepresented. Sst Mme Fam114a1, one of the enriched Sst subtypes (19.26% vs 

4.81%, p = 0.013; Figure 2.2C), has been found to send axons to L1 (Martinotti-like), but 

additionally is characterized as having axonal projections that split evenly across two distinct 

layers 27. Sst Esm1, the other overrepresented subtype (9.67% vs 1.9%, p = 0.048; Figure 2.2C), 

is found primarily in L5 and interestingly sends projections primarily to deeper layers and have 

few projections to superficial layers 27.  Sst Chrna2 Glra3 and Sst Chrna2 Ptgdr were both 

underrepresented in Sst inputs (0% vs 7.89%, p = 0.039 and 0% vs 7.28%, p = 0.039; Figure 

2.2C).   

 

Transcriptomic inputs to L6 CT neurons of mouse V1 

 Similar to our current understanding of L2/3 local connectivity, our knowledge of 

local inputs to L6 CT excitatory neurons is limited to broad classifications of inputs 14,20,24. At 

the subclass level, we observed an overrepresentation of L5 IT neurons (22.83% vs 7.85%, p = 

0.0023) and an underrepresentation of L4 IT (20.17% vs 30.21%, p = 0.0023) and most 

inhibitory neuron subclasses (Figure 2.3A). At the subtype level two Pvalb subtypes and one Sst 

subtype were enriched in inputs to L6 CT (Figure 2.3B and 2.3C). Both enriched Pvalb subtypes, 

Pvalb Sema3e Kank4 (18.68% vs 7.97%, p = 0.01) and Pvalb Gpr149 Islr (17.95% vs 9.53%, p = 

0.03) have axons targeting deep cortical layers 27. Conversely, Pvalb Tpbg, which was 

overrepresented in inputs to L2/3, was underrepresented in inputs to L6 CT (12.16% vs 20.7%, p 

= 0.03). The Sst Chodl subtype was the only Sst subtype significantly overrepresented in input to  
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Figure 2.3 Transcriptomic inputs to L6 CT excitatory neurons of mouse V1. (A) Plot of the 

proportion of rabies-labeled input neurons to L6 CT belonging to distinct transcriptomic subclasses (red). 

In blue are the proportions of neurons belonging to each of the transcriptomic subclasses in control mouse 

V1 as determined by 10,000 iterations of random sampling from the control dataset. (B) Plot of the 

proportion of Pvalb rabies-labeled input neurons to L6 CT belonging to distinct Pvalb transcriptomic 

subtypes (red). In blue are the proportions of Pvalb neurons belonging to each Pvalb transcriptomic 

subtypes in control mouse V1 as determined by 10,000 iterations of random sampling from the control 

dataset. (C) Plot of the proportion of Sst rabies-labeled input neurons to L6 CT belonging to distinct Sst 

transcriptomic subtypes (red). In blue are the proportions of Sst neurons belonging to each Sst 

transcriptomic subtypes in control mouse V1 as determined by 10,000 iterations of random sampling from 

the control dataset. Values are reported as mean ± SEM. Statistics were calculated from Wilcoxon rank-

sum test for non-parametric comparisons, with Benjamini–Hochberg correction for multiple comparisons. 

*p ≤ 0.05, **p ≤ 0.01 
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L6 CT (19.35% vs 1.68%, p = 0.005). The Sst Chodl subtype corresponds to long-range 

projecting non-Martinotti inhibitory interneurons that are found primarily in deeper layers 9,27–30. 

Multiple Sst subtypes had sparse representation in L6 CT inputs including: Sst Chrna2 Glra3, Sst 

Chrna2 Ptgdr, Sst Hpse Cbln4, and Sst Tac2 Tacstd2.  

 

Discussion  

 The recent explosion of genomic technologies has enabled our ability to characterize 

neural cell types based on their gene expression patterns 8, facilitating work towards the creation 

of a catalogue of the cellular building blocks that make up the mammalian brain 31. However, 

cells do not function in isolation and our newfound understanding of neural diversity has 

generated new questions regarding connectivity properties at the level of transcriptomic cell 

types. Here we present START, a new technical approach for coupling circuit connectivity 

tracing with transcriptomic classification of neural cells. We use START to investigate 

interlaminar synaptic connectivity of  mouse V1. By conducting our analysis at multiple levels of 

cell type granularity (subclass and subtype) we were able to compare subclass level results to 

prior published work and establish the utility of  START as a circuit tracing tool. More 

importantly, with the more precise neural characterization achievable with START we were able 

to uncover new circuit connectivity motifs between inhibitory subtypes and excitatory neurons in 

distinct laminar layers. 
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Methods 

Mouse Transgenic Lines 

All experimental procedures were approved by the Salk Institute Animal Care and Use 

Committee. C57BL/6J mice were used as wild-type. GENSAT BAC transgenic Sepw1-Cre 

NP39, Scnn1a-Tg3-Cre, Tlx3-Cre PL56, Npr3-IRES-Cre-neo, and Ntsr1-Cre GN220 mice have 

been previously described 32–34. Transgenic mice were maintained on C57BL/6J backgrounds. 

Mice were housed with a 12-hour light and 12-hour dark cycle and ad libitum access to food and 

water. Both male and female mice were used for RNA sequencing experiments.  

 

Virus Preparation 

AAV8-DIO-TC66T-2A-oG (4.31E+13 GC/mL) and EnvA+RVdG-H2BmCherry 

(7.43E+07) were produced by the Salk GT3 Viral Core. 

 

Animal Surgery for Virus Injection 

For rabies input tracing transgenic mice received AAV helper injections at P49 – P60. 

Mice were initially anesthetized with 2% isoflurane and maintained at 1.5% isoflurane after 

placement on a stereotax (David Kopf Instruments, Model 940 series) for surgery and stereotaxic 

injections. A small craniotomy was made with a mounted drill over the primary visual cortex of 

the left hemisphere using the following coordinates: 3.4 mm posterior and 2.6 mm lateral relative 

to bregma. 100 nl of diluted AAV8-DIO-TC66T-2A-oG (4.31E+12 GC/mL) was injected into 

the center of V1 0.5–0.7 mm ventral from the pia using a pulled glass pipette with a tip size of 30 

um connected to a 1ml syringe with 18G tubing adaptor and tubing. To prevent backflow, the 

pipette was left in the brain for 5 minutes after injection. Three weeks after AAV helper virus 



 

62 

injection, 200 nl of EnvA+RVdG-H2BmCherry (7.43E+07 IU/ml) was injected into the same 

site in V1. After recovery, mice were given water with ibuprofen (30mg/kg) and housed for 10 

days before tissue harvest to allow for fluorescent protein expression. 

 

Brain Dissection and Single Nuclei Isolation 

Ten days after rabies injection, animals were euthanized with an overdose of isoflurane. 

Brains were extracted and immediately submerged in ice-cold slicing solution (2.5mM KCl, 

0.5mM CaCl2, 7mM MgCl2, 1.25mM NaH2PO4, 110mM sucrose, 10mM glucose and 25mM 

NaHCO3) that was bubbled with carbogen. Coronal brain slices (400um thick) were cut using 

VF-300 CompresstomeTM (Precisionary Instruments, Greenville,NC) and submerged in ice-cold 

slicing solution. Subregions of V1 containing mCherry+ nuclei in brain slices were micro-

dissected out under a fluorescent dissection microscope (Olympus SZX6) and transferred to 

microcentrifuge tubes and immediately frozen in dry ice, and subsequently stored at -80°C. The 

remaining brain slices after dissection were collected, fixed with ice-cold 4% PFA overnight, 

stained with DAPI, and scanned with a 10x objective to validate correct V1 dissection using an 

Olympus BX63 Microscope. 

Single nuclei preparations were performed following a published protocol 35 with 

modification. In summary, the frozen brain tissues were transferred to pre-chilled dounce 

homogenizers with 1ml NIM buffer (0.25M sucrose, 25mM KCl, 5mM MgCl2, 10mM Tris-HCl 

(pH7.4), 1mM DTT (Sigma 646563), 10ul of protease inhibitor (Sigma P8340), 1.5ul of RNasin 

Plus RNase inhibitor (Promega, N2611)), 0.1% Triton X-100, and 10 uM DAPI, and gently 

homogenized on ice with ice-cold pestles 10 - 15 times. The homogenate was transferred to pre-

chilled microcentrifuge tubes and centrifuged at 1000 rcf for 8 min at 4°C to pellet the nuclei. 
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The supernatant was aspirated, the pellet gently resuspended in ice-cold 1ml NIM buffer, and 

again centrifuged at 1000 rcf for 8 min at 4°C. The pellet was then resuspended in 450ul of 

nuclei storage buffer (0.25M sucrose, 5mM MgCl2, 10mM Tris-HCl (pH7.4), 1mM DTT, 9ul of 

Protease inhibitor), and filtered through a 40μM cell strainer. The sample was incubated with 

50ul of nuclease-free BSA to prevent nuclei clumping. 

Fluorescence-activated nuclei sorting of single nuclei was performed using a FACS Aria 

Fusion sorter with a 70 μM nozzle at 22.5 PSI sheath pressure. DAPI+/mCherry+ rabies-infected 

nuclei were sorted into 0.2ml Eppendorf PCR tubes and immediately loaded onto the 10X 

Genomics Chromium Controller. Biological replicates were processed on different days. 

 

10x Chromium RNA-Sequencing 

For 10x processing, we used Chromium Next GEM single-cell 3’ Kit (v3.1 Dual Index) 

and Chromium Next GEM single-cell 3' LT Kit (v3.1 Dual Index) (10x Genomics, PN-1000127 

and PN-1000325). We followed the manufacturer’s instructions for single-cell capture, 

barcoding, reverse transcription, cDNA amplification, and library construction. We targeted 

sequencing depth of about 100,000 reads per cell. Pooled libraries were sequenced on Illumina 

NovaSeqTM 6000 Sequencing System (S4) and raw read (fastq) files were aligned to the mouse 

pre-mRNA reference transcriptome (mm10) using the 10x Genomics CellRanger pipeline 

(version 6.0.). Intronic reads were included in expression quantification using the include-introns 

parameter. 
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RNA-seq data quality control and cell-type annotation  

Reference data used in this study includes 10x v3 single nucleus RNA-seq from primary 

visual cortex obtained from the Allen Institute for Brain Science (AIBS, GSE196771). Reference 

10x v3 nuclei were assigned to previously published VISp cell type taxonomy 9 using a nearest 

centroid classifier based on a set of 563 markers that were detected in both datasets (expression > 

0). To estimate the robustness of mapping, classification was repeated 100 times, each time using 

80% of randomly sampled markers, and the probability for each cell to map to every reference 

cluster was computed. R (version 4.1.1), Seurat (version 4.0) 36,37, and SingleR (version 4.1) 18 

were used for snRNA-seq analysis. Doublets were identified using DoubletFinder 38 and 

excluded from analysis. The percentage of mitochondrial transcripts for each nucleus was 

calculated and added as metadata to the Seurat object using percent.mito. Nuclei with less than 

500 genes, more than 8000 genes, and greater than 0.5% of mitochondrial genes were excluded 

from analysis.  

SingleR was used for supervised labeled transfer of class, subclass, and subtype 

taxonomy from the reference dataset to rabies-labeled input neurons. To decrease supervised 

annotation performance susceptibility to the effects of large subtype numbers, cell type 

similarity, and rare cell type detection we employed pseudo-bulk aggregation of reference cells 

within specific subtype labels 19. After log-normalization and principal components analysis, k-

means clustering within each subtype label is performed to create pseudo-bulk reference samples 

that preserve the label’s internal distribution. To classify rabies-labeled input neurons the 

Spearman correlation between each rabies-labeled input neuron’s expression profile and that of 

each reference sample is computed. This process is performed iteratively, rerunning the 

correlation analysis but using only the top cell types from the previous step until only one cell 
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type annotation remains. At each iteration only the variable genes between the top cell types are 

used to differentiate between closely related cell types. Poor quality or ambiguous assignments 

were determined according to the per-cell delta score, which is the difference between the score 

for the assigned label and the median across all labels for each cell. Low deltas indicate an 

uncertain assignment and high deltas score indicate a high confidence assignment. Cells with 

small deltas that were outliers compared to other annotated cells in that label were excluded from 

further analysis.  

We compared the proportion of rabies-labeled input neurons corresponding to distinct 

transcriptomic subtypes to the prevalence of those subtypes in wild-type control mouse V1. To 

obtain a comparable measure of the likely prevalence of any given subtype we first performed 

random sampling from the control dataset, where the number of cells sampled (n) = the average 

number of input cells obtained across mice within a Cre-mouse line (4 mice per line). 10,000 

iterations of random sampling of n cells were performed independently for each Cre-mouse line. 

The prevalence of a given subtype was reported as the mean of the subtype proportion across all 

10,000 iterations. This mean was compared to the proportion mean obtained across 4 animals in 

each set of rabies tracing experiments. Statistical significance was assessed by Wilcoxon rank-

sum test with Benjamini–Hochberg correction for multiple comparison using R. Not significant 

(ns): P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. 
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Appendix 

 

Figure 2.S1 Details on rabies-labeled presynaptic input nuclei sorting, related to Figure 1. (A) 

Example image of coronal brain slice from a monosynaptic rabies tracing experiment after V1 dissection. 

Dashed box indicates dissected region. Long-range rabies-labeled input neurons to V1 found in non-

dissected brain regions are visible outside of V1 boundary. (B-F) Detailed gating strategy of fluorescence-

activated nuclei sorting used for sorting mCherry+ rabies-labeled nuclei. Gate 1 (B) selects for DAPI+ 

nuclei to exclude debris. Gate 2-4 (C-E) exclude cell doublets based on single nuclei morphology. Gate 5 

(F) selects for mCherry+ fluorescence. 
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Chapter 3. Quantification of monosynaptic rabies tracing efficiency   

Abstract 

Retrograde monosynaptic tracing using genetically modified rabies virus is an important 

component of the growing toolkit available for the investigation of neural circuit structure and 

connectivity. It allows for the identification of first-order presynaptic connections to cell 

populations of interest across both the central and peripheral nervous system, helping to decipher 

the complex connectivity patterns of the neural networks that give rise to brain function. 

However, despite its utility, the efficiency with which genetically modified rabies virus spreads 

retrogradely across synapses remains uncertain. Currently, it is unknown what proportion of total 

inputs to a start cell of interest are labeled using this method. Here we use a new rabies virus 

construct that allows for the simultaneous labeling of pre and postsynaptic densities to 

investigate spread efficiency at the synapse level. We demonstrate that less than half of first-

order presynaptic excitatory inputs to excitatory or inhibitory starter cell types are labeled. 

Furthermore, we find evidence that spread efficiency is not dependent on the subcellular location 

of the synaptic input. 

 

Introduction 

Monosynaptic rabies tracing using glycoprotein (G) – deleted rabies virus (RVdG) is a 

powerful tool for the study of neural circuit connectivity. This method enables scientists to label, 

genetically manipulate, or monitor the activity of brain-wide monosynaptic inputs to cell 

populations of interest. Since its introduction 1,2 it has been widely used for the identification of 

presynaptic inputs to single neurons 3–5, projection-defined neurons 6,7, adult-born neurons 8,9, 

transplanted neurons 10,11, hPSC-derived organoid neurons 12,13, and genetically defined 
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excitatory neurons 14,15, inhibitory neurons 16,17, and non-neuronal cell types 18,19. In addition to 

being used for the identification of inputs, the incorporation of Ca2+ indicators and light-activated 

opsins into rabies reagents 20 now allow rabies tracing experiments to probe the relationship 

between function and connectivity 5,21,22. The ability of genetically modified RVdG to selectively 

spread retrogradely between synaptically connected cells allows for the identification of 

presynaptic partners regardless of their distance from one another and has led to novel insights 

throughout brain regions of the central nervous system.  

Despite the utility and widespread use of monosynaptic rabies tracing to study neural 

connectivity, there is uncertainty about the efficiency of transsynaptic spread from starter cells to 

input neurons. Although studies quantifying inputs to single neurons have provided some insight 

into the efficiency of spread 3,4,23, results vary widely across experimental conditions and no 

direct measurements of spread efficiency are available. Furthermore, using the convergence 

index, recent studies have shown that the number of input neurons labeled per starter cell can be 

improved about 10-fold by modifying the rabies glycoprotein 24 or replacing the rabies virus 

strain 25. The convergence index is defined as the number of rabies-labeled input neurons divided 

by the number of starter cells. Despite making quantitative comparisons these studies relied on 

methods that result in large animal to animal variability and require tedious counting across 

many animals. Most importantly, these methods fail to quantify what proportion of all inputs are 

labeled. Additionally, the use of convergence index fails to address questions of the influence of 

biological factors on rabies spread efficiency, such as distance of synapses to the starter cell 

soma or differences of spread from different starter cell types.   

In this study we examine the efficiency of RVdG retrograde spread from starter cell to 

input neurons at the synaptic level. We designed a new genetically modified rabies virus that 
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labels presynaptic and excitatory postsynaptic densities. This construct allows us to quantify the 

proportion of excitatory synapses on a starter cell that have their corresponding input neuron 

labeled with rabies virus. We found that rabies retrogradely labels about 35% to 40% of 

excitatory inputs to cell populations of interest. Furthermore, we found that efficiency of spread 

does not vary by the proximity or distance of synapses to the starter cell soma or by the type of 

neuronal dendrite. Overall, this study provides insight into some long-standing questions about 

the efficiency of monosynaptic rabies tracing.  

  

Results 

RVdG-PSD95GFP-SynPhRFP viral construct allows simultaneous fluorescent labeling of pre 

and postsynaptic densities 

To investigate the efficiency of rabies transsynaptic spread from starter cells to input 

neurons we developed a high throughput and precise method to directly measure transsynaptic 

spread at the synapse level. We created a new deletion-mutant rabies virus construct that 

expresses two synaptic fusion protein transgenes from the rabies G locus (Figure 3.1A) modeled 

after existing rabies constructs known to label multiple subcellular compartments of neurons 26. 

One gene encodes for a fusion protein of the postsynaptic marker, postsynaptic density 95 (PSD-

95), and enhanced green fluorescent protein (eGFP). The other encodes for a fusion protein of 

the presynaptic marker synaptophysin (SynPh) and the brighter and more photostable red 

fluorescent protein TagRFP-T 27. We chose the synaptophysin-TagRFP-T (SynPhRFP) fusion 

protein as it has previously been shown to result in a punctate red fluorescent pattern that 

colocalizes with varicosities on axons when expressed from the rabies genome 26. Injection of 

RVdG-PSD95GFP-SynPhRFP in mouse primary visual cortex (V1) resulted in strong punctate 
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Figure 3.1 RVdG-PSD95GFP-SynPhRFP allows simultaneous fluorescent labeling of pre and 

postsynaptic densities. (A) Schematic of RVdG-PSD95GFP-SynPhRFP viral construct design. Two 

transgenes were inserted into the G locus of the rabies genome. One encodes a presynaptically-targeted 

fluorescent fusion protein, synaptophysin TagRFP-T (SynPhRFP), and the other a postsynaptically 

targeted fluorescent fusion protein, PSD-95 eGFP (PSD95GFP).  (B) Coronal sections of mouse V1 

infected with EnvA+ RVdG-PSD95GFP-SynPhRFP imaged at 20X with confocal microscopy. Top row 

shows neurons expressing both PSD95GFP and SynPhRFP fusion proteins. Bottom row shows a zoomed 

in image of the region enclosed by the dashed square in the top row. White arrows point to PSD-95 

puncta, blue arrows to synaptophysin puncta, and gray arrows to large non-specific nuclear fluorescent 

aggregates. Scale bars represent 100 um (top row) or 10 um (bottom row). (C) Airyscan super-resolution 

images taken at 63X showing co-localization of PSD95GFP fusion protein expressed from the rabies 

genome with anti-PSD95 antibody staining in magenta. Scale bar = 1 um. 
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green and red fluorescent labeling (Figure 3.1B), with green labeling prominent on dendrites and 

dendritic spine (Figure 3.2E, 3.2F) that colocalized with antibody staining against endogenous 

PSD-95 (Figure 3.1C).  

 

Rabies transsynaptic spread efficiency across excitatory synapses from excitatory starter 

neurons  

To quantify the proportion of inputs labeled with rabies virus we injected three Cre-

dependent helper adeno-associated virus (AAV) into Nr5a1-Cre mice to sparsely target initial 

rabies infection to L4 excitatory neurons (Figure 3.2A, 3.2B). AAV8-nef-AO-66/71-TVA950 

(AAV-CIAO-TVA), expresses the TVA receptor for the avian sarcoma leukosis virus envelope 

protein, EnvA, which is necessary for entry of pseudotyped EnvA+ RVdG into Cre+ cells. 

However, recombinant-independent off-target leak expression of transgenes is common in 

recombinase-dependent DIO and FLEX AAV constructs. Because even miniscule quantities of 

TVA leak expression is sufficient for pseudotyped rabies to enter off-target cells and confound 

results 28, it was necessary to minimize leak expression of TVA. We therefore used the novel 

cross-over insensitive ATG-out (CIAO) AAV construct, which has been shown to eliminate leak 

expression and provide reliable and targeted transgene expression 29, to express TVA in our 

population of interest. AAV8-hSyn-FLEX-H2BBFP-oG expresses optimized rabies glycoprotein 

(oG) 24, which allows for trans-complementation in EnvA+ RVdG infected neurons, also termed 

starter cells, allowing the rabies to spread retrogradely into presynaptically connected inputs. Co-

expression of nuclear mTagBFP2 (BFP), a brighter and more photostable blue fluorescent 

protein 30, and oG allows for the unambiguous identification of starter cells (Figure 3.2C, 3.2E). 

Because H2BBFP only labels the nucleus of starter cells, we used AAV-CAG-FLEX-smFP_myc 
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to trace their dendrites. This AAV expresses spaghetti monster fluorescent protein (smFP), which 

consists of dark non-fluorescent GFP fused to 10 Myc epitope tags that can be combined with 

anti-Myc antibody staining to attain bright fluorescent labeling of subcellular structures 31. 

Infection of L4 excitatory neurons with AAV-CAG-FLEX-smFP_myc resulted in strong 

dendritic labeling that improved the ability to accurately trace apical and basal dendrites of 

starter cells (Figure 3.2C, 3.2E, 3.2F). After 3 weeks, EnvA+ RVdG-PSD95GFP-SynPhRFP was 

injected into the same location in V1 and allowed to express for 7 days. We observed that dorsal 

lateral geniculate nucleus (dLGN) long-distance inputs to L4 excitatory neurons were reliably 

labeled with RVdG-PSD95GFP-SynPhRFP (Figure 3.2D).  

Starter neurons that also expressed smFP were first identified using wide-field 

fluorescence microscopy. Select areas of starter neuron dendrites were imaged using Airyscan 

super-resolution microscopy 32 to increase the resolution and signal-to-noise and allow 

visualization of single synaptic puncta (Figure 3.2F). To assess the transsynaptic spreading 

efficiency, we quantified the proportion of starter cell excitatory postsynaptic specializations, 

labeled with PSD95GFP, that were directly opposed with rabies-labeled presynaptic terminals, 

labeled with SynPhRFP (Figure 3.2F). Because L4 excitatory neurons connect to one another, we 

also calculated the proportion of PSD95GFP puncta opposed to SynPhRFP in experiments that 

omitted oG (Figure 3.S1A, 3.S1B, 3.S1C). The omission of oG prevents retrograde spread of 

rabies virus and labeling of input neurons (Figure 3.2D), therefore observed SynPhRFP 

colocalization with PSD95GFP are presumed to be a result of L4 to L4 excitatory neuron 

connections. We found that neurons in which oG was used for trans-complementation displayed 

significantly higher proportions of PSD95GFP puncta colocalized with SynPhRFP compared to 

neurons in which oG was omitted (50.61 ± 3.92% versus 8.86 ± 1.79% respectively, Wilcoxon  
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Figure 3.2 Efficiency of transsynaptic spread from excitatory L4 Nr5a1+ starter cells to excitatory 

inputs. (A) Schematic illustration of experimental design and timeline for monosynaptic rabies tracing. 

Nr5a1-Cre mice were injected in V1 with a mixture of AAV-CIAO-TVA, AAV-FLEX-H2BBFP-oG, and 

AAV-FLEX-smFP_myc. 3 weeks later EnvA+ RVdG-PSD95GFP-SynPhRFP was injected into the same 

site and allowed to express for 7 days. (B) Schematic of rabies retrograde spread efficiency quantification 

paradigm. Starter neurons are distinguished from input neurons based on expression of nuclear BFP from 

AAV-FLEX-H2BBFP-oG in addition to fusion proteins from EnvA+ RVdG-PSD95GFP-SynPhRFP. 

Starter neurons expressing smFP_myc are used for synaptic quantification to allow tracing of distal 

dendrites. Retrograde spread efficiency is measured by quantifying the proportion of postsynaptic 

densities (PSD95GFP) on the starter neuron opposed with rabies-labeled presynaptic terminals 

(SynPhRFP). (C) Representative example images of V1 injection site, obtained using widefield 

fluorescence microscopy at 10X. Scale bar = 200um. (D) Coronal section example images obtained using 

widefield fluorescence microscopy at 10X showing long range monosynaptic input neurons in dLGN to 

Nr5a1+ L4 neurons in V1 when using the new RVdG construct (top). No retrograde spread is observed 

when glycoprotein is omitted, see Figure 3.S1 for additional information. Insets are zoomed in images of 

dashed box regions. Scale bar represents 1 mm in hemisection image or 200 um in inset. (E) Images 

obtained using Airyscan super-resolution imaging at 63X. Left, example image of starter neuron 

(H2BBFP+,PSD95GFP+, and SynPhRFP+) labeled with smFP_myc. Middle, example image of the distal 

domain of an apical dendrite of a starter neuron. Right, example image of the proximal domain of a basal 

dendrite. Scale bar = 20um (all three). (F) Spatial resolution using Airyscan imaging is sufficient to 

quantify rabies transsynaptic spread at the synapse level. Zoomed in image of boxed region in (E) right, 

illustrating PSD-95 puncta co-colocalized with cytoplasmic smFP_myc. Top, yellow boxed region 

highlights a spine with PSD-95 puncta without an opposed rabies-labeled presynaptic density. White 

boxed region highlights a spine with PSD-95 puncta with an opposed rabies-labeled presynaptic density. 

Middle row, zoomed in images of yellow boxed regions and bottom row are zoomed in images of white 

boxed regions. Top, scale bar = 2um and middle and bottom scale bar = 0.5 um. (G) Percent of 

postsynaptic densities (PSD95GFP) on Nr5a1+ starter cells opposed with rabies-labeled presynaptic 

terminals (SynPhRFP). Left, quantification of colocalization at baseline (no glycoprotein) due to L4 to L4 

connections compared to colocalization from transsynaptic spread (with glycoprotein). Middle, 

colocalization on apical vs basal dendrites. Right, colocalization on the distal vs proximal domains of 

apical dendrites. Values are reported as mean ± SEM. Statistics were calculated from the Wilcoxon rank-

sum test for non-parametric comparisons. Individual data points (circles) indicate values for each neuron. 

ns, not significant, ***p ≤ 0.001 



 

81 

 



 

82 

rank-sum test, p = 0.001, n= 9 neurons across 3 mice and n=5 neurons across 2 mice; Figure 

3.2G). Within experimental condition groups, puncta colocalization did not vary significantly 

across neurons from distinct experimental animals. 

To determine how efficiency of spread is related to distance from the cell body we 

sampled from different portions of the dendritic arbors of starter cells. Sampled areas within 

75um of the soma were classified as proximal dendritic domains and areas within 75um of  the 

pial surface were considered distal domains. We found no significance difference between 

efficiency of spread at proximal regions of apical dendrites compared to the distal regions as 

determined by PSD95GFP and SynPhRFP puncta colocalization (49.14 ± 3.49% versus 57 ± 

5.43% respectively, Wilcoxon rank-sum test, p = 0.34; Figure 3.2G). We also compared 

retrograde spread efficiency at basal dendrites to apical dendrites and observed no significant 

difference (44.52 ± 3.96% versus 53.05 ± 3.99% respectively, Wilcoxon rank-sum test, p = 0.22; 

Figure 3.2G). 

 

Rabies transsynaptic spread efficiency across excitatory synapses from inhibitory starter 

neurons  

To assess possible differences in rabies retrograde spread efficiency for different starter 

cell types, we conducted monosynaptic rabies tracing using RVdG-PSD95GFP-SynPhRFP as 

described above using mouse lines that express Cre recombinase in two distinct types of 

inhibitory neurons. We used the knock-in Som-IRES-Cre and Vip-IRES-Cre lines to target initial 

infection to either somatostatin (Sst)-expressing or vasoactive intestinal peptide (Vip)-expressing 

inhibitory neurons (Figure 3.3A). We selected Sst and Vip interneurons as both exhibit very low 

levels of recurrent connections compared to parvalbumin (Pvalb)-expressing neurons, which  
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Figure 3.3 Efficiency of transsynaptic spread from inhibitory starter cells to excitatory inputs. (A) 

Representative example images of V1 injection site for Sst-Cre mouse line (top) and Vip-Cre mouse line 

(bottom), obtained using widefield fluorescence microscopy at 10X. Scale bar = 200um. (B) Images 

obtained using Airyscan super-resolution imaging at 63X.  Example image of Vip+ (right) and Sst+ (left) 

starter neurons (H2BBFP+,PSD95GFP+, and SynPhRFP+) labeled with smFP_myc. Scale bar = 20um. 

(C) Left, percent of postsynaptic densities (PSD95GFP) on VIP+ and Sst+ starter cells opposed with 

rabies-labeled presynaptic terminals (SynPhRFP). Middle, colocalization on the distal vs proximal 

domains of Sst+ dendrites. Right, colocalization on the distal vs proximal domains of Vip+ dendrites. 

Values are reported as mean ± SEM. Statistics were calculated from Wilcoxon rank-sum test for non-

parametric comparisons. Individual data points (circles) indicate values for each neuron. ns, not 

significant. 
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connect extensively to each other 33,34. We found no significant difference between the percent of 

PSD95GFP puncta opposed with SynPhRFP on Sst dendrites compared to Vip dendrites (36.93 ± 

2.29% versus 38.38± 1.22% respectively, Wilcoxon rank-sum test, p = 0.86, n = 6 neurons 

across 2 mice and n = 9 neurons across 3 mice; Figure 3.3C). We also assessed whether 

retrograde spread efficiency varied based on distance from the cell body. For Sst starter cells, 

colocalization of PSD95GFP with SynPhRFP on proximal dendritic domains did no differ 

significantly from distal dendritic domains (38.803 ± 2.65% versus 34.612 ± 2.88% respectively, 

Wilcoxon rank-sum test, p = 0.48). We observed similar results for Vip starter cells, with no 

difference between retrograde spread efficiency at proximal versus distal domains (39.80 ± 

1.90% versus 36.122 ± 1.14% respectively, Wilcoxon rank-sum test, p = 0.11) 

 

Discussion 

Genetically modified RVdG has proven instrumental in deciphering the intricate 

connectivity patterns of neural networks. Here we investigated the efficiency with which RVdG 

spreads retrogradely across excitatory synapses and report, for the first time, direct 

measurements of the proportion of presynaptic inputs to a starter neuron of interest that are 

labeled using the monosynaptic rabies tracing system. Our results demonstrate that only a 

fraction of presynaptic inputs to starter cells are labeled, with about 35% to 40% of excitatory 

inputs to examined cell types labeled when using oG and the SAD-B19 rabies strain. 

Furthermore, we found that efficiency of spread did not vary depending on the distance of 

synapses to the cell body or across dendrite types. 

 Considering the finding that rabies labels less than half of synaptic inputs, it is likely that 

differential spread of rabies virus leads to differences in the probability of distinct input types 
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being labeled. Although we found evidence that the subcellular location of synaptic contacts of 

input cells onto the dendrites of starter cells does not affect spread efficiency it remains unknown 

what leads to the observed incomplete labeling. It is possible that this is affected by the number 

of synaptic contacts a presynaptic neuron makes onto the starter cell or differences in uptake 

receptors on the axon of distinct input cell types 28. It is important to note that we only examined 

spread efficiency at excitatory synapses, labeled with the excitatory postsynaptic density marker 

PSD-95, and did not quantify the efficiency of spread to inhibitory presynaptic inputs.  

Prior studies suggest that maximizing glycoprotein expression, either through the use of 

strong promoters 16 or optimized helper virus concentration 35, increases spread efficiency. 

Importantly, the use of 2A linker elements has been implicated to reduce expression levels of 

glycoprotein 36,37. Thus, the use of separate AAVs, with one expressing glycoprotein 

independently from other genes, is recommended to improve efficiency. In the described 

experiments we utilized a 2A linker element to incorporate both nuclear BFP and oG into the 

same helper virus to achieve unambiguous identification of starter cells expressing oG, which 

was required for the measurement of transsynaptic spread. We therefore expect that efficiency of 

spread may be higher in experiments using AAVs that express glycoprotein independently 

compared to values reported here. Overall, we report the efficiency of spread achieved in 

multiple conditions consisting of distinct starter neuron types. Additionally, the described 

approach can be used by other researchers to test efficiency of spread across different rabies 

reagents, distinct input cell types, and starter neuron types not tested in this study.  
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Methods 

Mouse Transgenic Lines 

All experimental procedures were approved by the Salk Institute Animal Care and Use 

Committee. C57BL/6J mice were used as wild-type. GENSAT BAC transgenic Nr5a1-Cre, 

knock-in Som-IRES-Cre, and knock-in Vip-IRES-Cre mice have been previously described 38,39. 

Transgenic mice were maintained on C57BL/6J backgrounds. Mice were housed with a 12-hour 

light and 12-hour dark cycle and ad libitum access to food and water. Both male and female mice 

were used for experiments.  

 

Virus Preparation 

The following AAVs were produced by the Salk GT3 Viral Core: AAV8-hSyn-FLEX-

H2BmTagBFP2-oG (3.57E+13 GC/ml) and AAV8-nef-AO-66/71-TVA950 (5.25E+13 GC/mL). 

AAV1-CAG.FLEX.GFPsm_myc.WPRE.SV40 (1.12E+13 GC/ml) was purchased from 

Addgene. EnvA+ RVdG-5PSD95eGFP-SynPhRFP (1.55E+08 IU/ml) was produced by the Salk 

GT3 Viral Core.  

 

Animal Surgery for Virus Injection 

For rabies transsynaptic spread efficiency experiments mice received AAV helper 

injections at postnatal day (P) 50. Mice were initially anesthetized with 2% isoflurane and 

maintained at 1.5% isoflurane after placement on a stereotax (David Kopf Instruments, Model 

940 series) for surgery and stereotaxic injections. A small craniotomy was made with a mounted 

drill over the primary visual cortex of the left hemisphere using the following coordinates: 3.4 

mm posterior and 2.6 mm lateral relative to bregma. The following viruses AAV8-hSyn-FLEX-
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H2BmTagBFP2-oG, AAV8-nef-AO-66/71-TVA950, and AAV1-CAG.FLEX.GFPsm_myc. 

WPRE.SV40 were mixed at a ratio of 1:40, 1:100, and 1:2 respectively. 100nl of mixture was 

injected into the center of V1 0.5–0.7 mm ventral from the pia using a pulled glass pipette with a 

tip size of 30um connected to a 1ml syringe with 18G tubing adapter and tubing. To prevent 

backflow, the pipette was left in the brain for 5 minutes after injection. Three weeks after AAV 

helper injection, 150 nl of EnvA+ RVdG-5PSD95eGFP-SynPhRFP was injected into the same 

site in V1. Mice were housed for 10 days to allow for transsynaptic rabies spread and fluorescent 

protein expression. After recovery, mice were given water with ibuprofen (30mg/kg) and housed 

for 10 days to allow for transsynaptic rabies spread and fluorescent protein expression. 

 

Histology  

Ten days after rabies injection, brains were harvested after transcardial perfusion using 

PBS followed by 4% paraformaldehyde (PFA). Brains were dissected out from skulls and post-

fixed with 2% PFA and 15% sucrose in PBS at 4°C for 16–20 hours, then immersed in 30% 

sucrose in PBS at 4°C before sectioning. 50 um coronal brain sections were prepared using a 

freezing microtome and stored in PBS with 0.01% sodium azide at 4°C. Free-floating sections 

were incubated at 4°C for 16 hours with rabbit anti-Myc (1:500, C3956; Sigma-Aldrich) primary 

antibody in PBS/0.5% normal donkey serum/0.1% Triton X-100, followed by donkey anti-rabbit 

conjugated to Alexa 647 (A-21206, ThermoFisher) at room temperature for 2–3 hours. 

Immunostained tissue sections were mounted on slides with polyvinyl alcohol mounting medium 

containing DABCO and allowed to air-dry overnight. 
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Image Acquisition and Analysis  

Individual sections were first scanned at 10x magnification using an Olympus BX63 

wide-field fluorescent microscope to detect starter neurons triple positive for H2BBFP-oG, 

smFP_myc, and RVdG-PSD95GFP-SynPhRFP. Individual starter neurons were then imaged 

using a Zeiss LSM 880 Airyscan FAST Microscope with a Plan-Apochromat 63x/1.4 Oil DIC 

M27 objective. First, neurons were confirmed to be starter neurons by checking for expression of  

nuclear BFP. Z-stacks of images were acquired with a step interval of 500 nm for select dendritic 

domains. Dendrites immediately next to the soma and spanning 75um away were defined as 

proximal dendrites and representative images were acquired. Using expression of smFP_myc, 

dendrites were traced from the soma up to the pial surface. Dendritic regions spanning 75um 

from the pial surface were acquired and designated as distal domains. Images were processed 

and analyzed using NIH ImageJ software (FIJI). Images were first analyzed with only the far-red 

(smFP_myc) and green channel visible to count all PSD95GFP labeled postsynaptic densities 

colocalized with the far-red labeled dendritic region. After postsynaptic counts for that region 

were quantified, the red channel was turned on to quantify the amount of presynaptic densities 

colocalized with postsynaptic densities. Due to the abundance of synapses across a 50um coronal 

section, puncta were counted manually one z-plane at a time. Wilcoxon rank-sum test for non-

parametric comparisons was used for statistical analysis. For all figures: ***, p < 0.001; ns = not 

significant,  p > 0.05. 
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Appendix 

 

Figure 3.S1 (A) Schematic illustration of experimental design and timeline for control experiments 

without glycoprotein. Nr5a1-Cre mice were injected in V1 with a mixture of AAV-CIAO-TVA and 

AAV-FLEX-smFP-myc. 3 weeks later EnvA+ RVdG-PSD95GFP-SynPhRFP was injected into the same 

site and allowed to express for 7 days. (B) Representative image of V1 injection site, obtained using 

widefield fluorescence microscopy at 10X. Scale bar = 200um. (C) Images obtained using Airyscan 

super-resolution imaging at 63X. Top, example image of rabies-infected neuron labeled with smFP_myc, 

without glycoprotein. Bottom, zoomed in image of boxed region in top image, illustrating PSD-95 puncta 

colocalized with cytoplasmic smFP_myc. Scale bar = 20um (top) and scale bar = 2um (bottom). 
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