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 Our ability to understand the organization of the brain and its myriad 

connections has advanced greatly, particularly in the last century, but the fine scale 

connectivity of many brain structures remains poorly understood.  At its most 

technologically primitive, investigators laboriously dissected out the fiber tracts that 

xii 
 



 
 

connected one brain region to another. More recently, scientists have developed a 

number of tools that allow the visualization of connections that link brain regions 

together. However, a defined brain structure is not monolithic, and often consists of 

multiple physiologically distinct cell types that perform different functions in a brain 

circuit.  

Although the point to point connectivity of the brain has been painstakingly 

analyzed via traditional neuroanatomical techniques such as tract tracing and electron 

micrography, and the roles of specific cell types have been probed via 

electrophysiological manipulations in reduced circuits, no method yet existed to 

unequivocally label the direct, monosynaptic inputs to specified cell types.  I 

developed a set of viral tools that allow for cell-type specific interrogation of brain 

connectivity, providing an effective method for generating subcircuit maps of 

information flow onto multiple different neuron types, even if they inhabit the same 

brain region.   

I then used these newly-developed tools to reveal the fine-scale organization of 

inputs to the dorsal striatum, a region of the brain that possesses two intermingled, but 

genetically distinct projection cell types with opposing effects on motor output. I 

demonstrated that the two major projection pathways of the basal ganglia do indeed 

receive asymmetric input; direct pathway projection cells within the striatum receive 

preferential input from sensory and limbic structures, whereas neighboring projection 

cells of the indirect pathway preferentially received input from motor cortex.  This 

segregation of connectivity provides a substrate for differential information 
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processing; rather than simply treating the direct pathway as a “Go” stream and the 

indirect pathway as a “NoGo” stream, the direct pathway may preferentially process 

contextual information for purposes of selecting relevant action sequences, whereas 

the indirect pathway may receive an efference copy of motor production in order to 

facilitate switching to a new action or to suppress competing action sequences. 



 
 

Introduction 

 

Understanding the organization of the brain is a fundamental goal of the field 

of neuroscience.  In particular, understanding how functionally specialized brain 

structures transform input signals, and then send information to other brain areas, 

provides the structural backbone for determining how information is processed within 

the central nervous system. Of central importance, then, is understanding the physical 

connectivity between brain regions that defines each brain structure’s potential inputs 

and outputs. 

At the most technologically primitive level, scientists and surgeons could 

determine the physical connectivity of certain brain structures through the careful 

dissection or lesioning of the fiber bundles that emanate from one region and terminate 

elsewhere in the brain (Waller 1850).  This line of investigation provided a crucial first 

approximation of the gross anatomy of the brain and its connections.  However, these 

experiments could not reveal connections that did not form neat, physically separable 

fiber bundles, excluding much of the brain’s wiring from investigation. 

Santiago Ramón y Cajal’s expansion of the Golgi staining method allowed, for 

the first time, the visualization of the detailed morphology of many cell types in the 

brain.  The judicious application of this breakthrough technique, followed by the 

meticulous description of individual labeled nerve cells, provided a first glimpse into 

the complex organization that resided even within single brain structures (Cajal, 

1894).  Later in the 20th century, investigators used similar silver staining techniques 

to label and trace fiber tracts that coursed between different regions of the brain (Fink

1 
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and Heimer, 1967; Nauta, 1952).  These techniques allowed scientists to build much 

more detailed maps regarding the organization and interconnectivity of the brain. 

More recently, investigators have discovered means for utilizing the cellular 

transport mechanisms within living neurons to allow the uptake and spread of contrast 

agents, either along with, or against, the direction of primary information flow within 

the nervous system. Substances such as radioactively labeled amino acids (Cowan et 

al., 1972), phaseolus vulgaris-leucoagglutinin (PHA-L)  (Gerfen and Sawchenko, 

1984), and biotinylated dextran amine (BDA) (Glover et al., 1986), were shown to be 

taken up at cell bodies, and then preferentially transported in an anterograde direction 

toward axon terminals.  In contrast, substances such as horseradish peroxidase 

(Kristensson and Olsson, 1971; Kristensson et al., 1971; LaVail and LaVail, 1972), 

Fast Blue  (Kuypers et al., 1980), and cholera toxin B fragment (Trojanowski et al., 

1981) were demonstrated to preferentially invade axon terminals, followed by 

retrograde transport back to neuronal cell bodies.  Careful application of these 

techniques yielded much more detailed understanding of the point-to-point 

connectivity between brain structures, but had considerable limitations (for review, see 

Lanciego and Wouterlood, 2011).  Anterograde tracing techniques generally yielded 

no information regarding the identity of downstream target cells, and provided no 

means for selecting specific cell types within the targeted brain region.  Retrograde 

tracing techniques could be used to separate out populations of cells if they possessed 

distinct collateral inputs, but any axon terminals within the injection site, and indeed 

along the injection tract, would take up the tracer, leading to the labeling of many 
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different projection cell types.  Worse, many tracers could be taken up by fibers of 

passage, bundles of fibers that course through the targeted brain region of interest but 

do not actually terminate in that brain region.  Thus, investigators had to remain 

extremely careful regarding their interpretations of connectivity derived using these 

methods. 

In parallel, investigators were beginning to utilize neurotropic viruses to probe 

the organization of the nervous system.  In particular, the herpes viruses (Kristensson 

et al., 1974) and rabies virus were known to spread transneuronally to infect the 

nervous system.  The rabies virus in particular was prized for its native ability to 

spread exclusively in a retrograde direction, providing the native virus with a means 

for transporting from a bite at the periphery into the heart of the central nervous 

system.  This allowed the rabies virus to change the behavior of its host organism, 

facilitating spread from one animal to the next.  Investigators, however, prized rabies’ 

specific retrograde spread for its ability to build multi-step connectivity models within 

the nervous system.  However, due to the high degree of interconnectivity in the brain, 

polysynaptic spread of rabies virus would quickly overwhelm the injected animal with 

labeled neurons, making interpretation of connectivity difficult. Development of rabies 

virus variants that spread more slowly allowed better dissection of polysynaptic 

circuitry  (Ugolini, 1995), but interpretation of timing and extent of polysynaptic 

spread remained problematic. The herpes viruses, which tend to spread both 

anterogradely and retrogradely, were less widely used until a variant of herpes simplex 

virus that spread exclusively in the retrograde direction, termed “pseudorabies” virus, 

 
 



4 
 

was identified  (Strack and Loewy, 1990).  Herpes virus that spreads specifically 

anterogradely has also been described (Sun et al., 1996), providing a tool that the 

rabies virus cannot easily replace.  Unfortunately, cell toxicity and animal death 

remain as major hurdles to the wide adoption of herpes viruses as transneuronal 

tracers. 

Even with all of these tools at their disposal, a combination of electron 

micrography and electrophysiology remained (and still remains) the gold standard for 

unequivocally demonstrating neuronal connectivity.  Unfortunately, electron 

micrography can only sample miniscule regions of the brain at once, and remains 

dependent on currently available contrast agents to determine the identity of pre- and 

postsynaptic cells.  Electrophysiology demonstrates the electrical connectivity 

between cells, but heavily relies on reduced slice preparations that sever much or all 

long-range connectivity.  In vivo physiology relied heavily on extracellular recordings 

and field stimulation that provided verification of area-to-area connectivity, but 

generally could not identify pre- or post-synaptic cells unless they had sufficiently 

distinct waveforms.  In vivo intracellular recording alleviates this identification 

problem, but successfully recording from pairs of connected neurons, particularly in 

different brain regions, is an incredibly time-consuming, low-probability event. 

So now we come to the crux of the matter: how do we understand the fine 

scale organization of the brain, at the level of specific cell types, when they may share 

the same brain area with a dozen other types of neurons?  The molecular genetic 

revolution has recently provided us with a broad swath of tools that can be utilized to 
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better understand the organization of the nervous system.  In particular, two lines of 

developments made the research in this dissertation possible.  Advances in rabies 

virology led to the production of a rabies virus that is incapable of traversing synapses 

(Mebatsion et al., 1996) without a supplemental source of the rabies glycoprotein 

(Etessami et al., 2000).  Furthermore, seminal work in the Callaway lab led to the 

generation of a rabies virus that cannot even infect mammalian tissue in the absence of 

an avian receptor protein (Wickersham et al., 2007).  By expressing the avian receptor 

TVA and the rabies glycoprotein in a neuron, Wickersham and colleagues were able to 

specifically target rabies virus infection to that neuron, and label its direct presynaptic 

partners through monosynaptic retrograde spread of the rabies virus. 

The second line of research is largely grounded in mouse genetics, and led to 

the production of stable lines of mice that express genes in some restricted manner.  In 

particular, by using control elements for genes that are differentially expressed in 

various neuronal populations, investigators were able to target gene expression to 

specified types of cells in the nervous system (for review, see van der Weyden et al., 

2002).  Of particular importance are the rapidly increasing number of mouse lines that 

express the DNA-modifying protein Cre recombinase in a cell-type restricted manner; 

Cre recombinase can enable conditional expression of other genes that are flanked by 

DNA sequences known as lox sites. 

These two advances provided a potentially intriguing means for interfacing the 

modified rabies virus in a mouse genetic model.  If an investigator could restrict TVA 

and rabies glycoprotein expression to a single cell type, one would be able to generate 
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detailed input maps specifically onto the targeted cell population, at the whole brain 

level, while sparing the rest of the circuit.  This would then allow for the dissection of 

the fine-scale connectivity of various brain structures at the level of functionally 

distinct cell types.  These subcircuit maps would considerably advance our 

understanding of how information is transmitted and processed in the brain. 

Into this arena, I developed multiple generations of helper viruses that would 

potentially allow for the cell-type specific expression of TVA and rabies glycoprotein.  

Although several means of performing this feat are now available, when I started my 

thesis project in 2007, such techniques were still in their infancy and were largely 

theoretical.  After screening many batches of virus, I eventually developed a helper 

virus that successfully restricted gene expression to a genetically specified cell type, 

enabled the modified rabies virus to specifically infect these cells, and then spread 

monosynaptically presynaptically to label these cells’ myriad inputs.  These 

experiments represent the first chapter of my dissertation, and were published in part 

in the Proceedings of the National Academy of Sciences USA (Wall et al., 2010). 

Now that I had a new generation of viral tools at my disposal, I utilized my 

viral toolbox to understand the fine-scale organization of the dorsal striatum.  

Although the gross connectivity of the striatum has been intensively studied and 

documented, the functional role of inputs into the striatum remain poorly understood 

due to the presence of two distinct projection cell classes that inhabit the same region, 

but project to different downstream structures and produce opposing effects on 

movement.  Until recently, these two projection cell classes were extremely difficult to 
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segregate; the dorsal striatum lacks stratification or nuclear organization that can 

partially segregate different cell classes.  Indeed, neurons of the direct pathway are 

interspersed along with cells of the indirect pathway.  Furthermore, both types of cells 

have similar electrophysiological signatures and even sufficiently similar morphology 

that their identification remained difficult, even post-hoc (Kreitzer, 2009).   

However, these cell classes can be distinguished based on the differential 

expression of dopamine receptors (Gerfen, 1992), and importantly, this difference can 

be used to generate mice that express Cre recombinase in only direct or indirect 

pathway neurons (Gong et al., 2007).  I used this bridge to target rabies virus infection 

to one pathway or the other, and document the inputs that flow onto each pathway.   

It is known that a distinct functional switch occurs at the level of the striatal 

projection neuron; activity of direct pathway projection cells facilitates voluntary 

motor activity, whereas activity in the indirect pathway interrupts or inhibits motor 

production.  Do these two information streams separate at the level of the striatal 

medium spiny neuron, or is relevant information conveyed separately even before this 

point?  I was able to demonstrate asymmetric input into the striatum, providing a 

substrate for information segregation even before the level of the striatal projection 

neuron.  This asymmetric information flow suggests more complex roles for striatal 

processing, and more nuanced roles for the basal ganglia motor pathways as a whole.  

This work comprises the second half of my thesis and is currently a manuscript in 

preparation. 
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Chapter 1: Monosynaptic circuit tracing in vivo through Cre-
dependent targeting and complementation of modified rabies virus 

 
1.1 ABSTRACT 

We describe a powerful system for revealing the direct monosynaptic inputs to 

specific cell types in Cre-expressing transgenic mice through the use of Cre-dependent 

helper virus and a modified rabies virus.  We generated helper viruses which target 

gene expression to Cre-expressing cells, allowing us to control initial rabies virus 

infection and subsequent monosynaptic retrograde spread.  With optimization of 

injection parameters for the brain area of interest, investigators can utilize this system 

to elucidate the connections onto a desired cell type in a high-throughput manner, 

limited only by the availability of Cre mouse lines. This method allows for 

identification of circuits that would be extremely tedious or impossible to study with 

other methods and, by expressing various transgenes from the rabies genome, also has 

the potential to allow manipulation of targeted neuronal circuits without perturbing 

neighboring cells. 

 

1.2 INTRODUCTION 

One of the most intractable problems in systems neuroscience has been the 

systematic description of neural connectivity in the intact mammalian brain.  Many 

different types of neurons, each with distinct connectivity and function, can inhabit the 

same brain region.  Even within a single neocortical column, dozens of types of 
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projection neurons and local interneurons perform the computations that ultimately 

lead to the spiking output of that column.  From painstaking studies utilizing 

molecular and cell biology techniques, electron microscopy, and electrophysiology, we 

are beginning to understand how a neuron’s connectivity contributes to its function in 

the circuit in which it is embedded, but we lack efficient means for performing circuit-

level analyses in vivo.  Especially in brain regions with considerable neuronal 

heterogeneity, we are still greatly limited in our ability to study how groups of cells 

form their fine-scale connections, how these connections change over time, and how 

this plasticity affects a cell type’s computational role in a dynamic circuit. 

Standard anterograde and retrograde neuronal tracers can reveal the locations 

of neurons projecting to or from particular brain regions, but fail to identify the cell 

types that actually receive the synaptic connections. This difficulty can be overcome 

by combining anterograde tracing with electron microscopy, but such studies are 

extremely tedious, often requiring years to elucidate just a small fraction of the 

possible connections. Furthermore, even EM studies do not readily reveal which cell 

types contribute to anterogradely labeled synapses or which cell types receive these 

connections. Over the last two decades, electrophysiological experiments in living 

brain slices have made it possible to more readily assay connections at high resolution. 

Although still relatively cumbersome, these studies have successfully revealed that 

connectivity is extremely precise, allowing investigators to decipher many of the rules 

of local circuit connectivity. However, slice studies are limited in their ability to reveal 

connections between distant neurons, which often account for the majority of synaptic 
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inputs onto a given cell. 

Modern advances in virology and genetic technology are now beginning to 

complement more traditional approaches and promise to revolutionize our 

understanding of the precise organization of neural circuits in complex brain structures 

(Luo et al., 2008).  For example, it has recently become possible to express 

channelrhodopsin in axons originating from a known source and cell type, and then 

test possible postsynaptic targets for functional connectivity through intracellular 

recording in brain slices (Petreanu et al., 2007). Cre-dependent expression of wheat 

germ agglutinin (WGA) or tetanus toxin C-fragment can allow transneuronal tracing 

of connections to or from specific cell types in Cre-expressing mouse lines (Braz et 

al., 2002; Maskos et al., 2002), but the lack of amplification following transneuronal 

spread may limit detection of weak connections and polysynaptic spread creates 

ambiguity about what cells are directly versus indirectly connected. Generation of a 

retrograde transsynaptic herpes virus (PRV) whose replication is Cre-dependent 

(DeFalco et al., 2001), or expression of WGA-Cre fusion protein (Gradinaru et al., 

2010), provide systems that can amplify and are therefore likely to be more sensitive. 

Although potentially powerful, these systems do not distinguish between neurons 

connected directly versus indirectly to the starting population.  Furthermore, even 

attenuated PRV strains kill neurons within just a few days (Enquist and Card, 2003), 

and WGA can spread transneuronally in both the anterograde and retrograde directions 

(Braz et al., 2002; Gradinaru et al., 2010; LeVay and Voigt, 1990). 

We wished to use transgenic and knockin mice that express proteins in a cell-
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type specific manner, in conjunction with a modified rabies virus, to produce an 

efficient system for labeling direct, monosynaptic inputs onto defined cell populations. 

Previous studies demonstrated that infection with glycoprotein gene-deleted (G) 

rabies virus, pseudotyped with the avian sarcoma leucosis virus glycoprotein EnvA 

(EnvA-G rabies virus), can be restricted to neurons in brain slice culture that express 

TVA, an avian receptor protein that is absent in mammalian cells unless provided 

through gene delivery vectors (Wickersham et al., 2007b).  Retrograde spread of the 

virus can be restricted to directly presynaptic neurons by separately expressing rabies 

glycoprotein (G) selectively in the same cells.  Expression of a reporter gene from the 

rabies genome directly reveals the synaptically connected neurons (Wickersham et al., 

2007b) and infected neurons remain viable for weeks (Wickersham et al., 2007a).  

Ultimately, we wished to expand this technique to develop a robust, reliable, 

accurate means for identifying direct inputs onto specific cell populations in vivo, and 

to make this technique generically applicable across a wide variety of brain regions 

and cell types.  To accomplish this goal, we developed two generations of Cre-

dependent viral vectors that express the proteins necessary for rabies virus infection 

and transsynaptic spread.  We chose this approach because stereotaxic injection of 

Cre-dependent viruses provides a means for delivering genes of interest in a spatially-

localized manner, allowing us to target a specific cell type in a defined brain region of 

our choosing.  Furthermore, it has recently been demonstrated that adeno-associated 

viruses (AAV) with Cre-dependent gene cassettes can restrict transgene expression to 

cells expressing Cre recombinase in vivo (Atasoy et al., 2008; Cardin et al., 2009; 
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Kuhlman and Huang, 2008).  This strategy allows investigators to utilize hundreds of 

existing mouse lines that express Cre in a restricted manner (high-throughput 

examples of Cre mouse generation include efforts at the Allen Institute (Madisen et al., 

2010), as well as the GENSAT project (Gong et al., 2003)), as well as many other Cre 

lines that are in active development.   

We had to overcome several obstacles in order to make this technique 

generically applicable across a variety of brain regions and Cre mouse lines.  In 

particular, due to the extremely high-sensitivity interaction between TVA and EnvA 

(Federspiel et al., 1994; Zingler and Young, 1996), Cre-dependent control of TVA 

expression from viral vectors needed to be exceptionally tight in order to restrict rabies 

virus infection to specific cell types.  In contrast, efficient retrograde spread of ΔG 

rabies virus required that helper viruses generate very high levels of rabies 

glycoprotein.  Two issues further complicate the development of a robust viral 

targeting strategy in vivo: first, different Cre mouse lines express Cre recombinase at 

varying levels and also vary in the tightness of gene restriction.  Second, viral vectors 

all exhibit some degree of neurotropism (e.g. (Nathanson et al., 2009)), which affects 

their ability to infect certain cell types in different brain regions.   

In this paper, we describe the development of multiple cell type targeting 

strategies, the relative benefits and drawbacks of each strategy, and finally 

demonstrate a two-virus system that can reliably target specific cell types in the brain 

and label their direct, monosynaptic connections in vivo, which can be applied to many 

different brain regions with minimal modification.  This technique provides an 
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appealing means for performing circuit level investigations in the mammalian brain, 

and can potentially deliver a variety of genetically-encoded tools to targeted networks 

without perturbing neighboring neuronal circuits, further expanding its utility to the 

neuroscience community. 

 

1.3 RESULTS 

1.3.1 Overview and Theory 

     To facilitate the clear presentation of our data, we begin with a brief overview 

of our results, outlining the basic observations and the theory underlying the strategies 

that we used. This is followed by a more formal, complete and detailed presentation of 

Results.  

To take advantage of mouse lines expressing Cre in specific cell types, we 

developed two generations of helper viruses that express the genes necessary for the 

infection, complementation, and monosynaptic retrograde spread of EnvA-ΔG rabies 

viruses. The helper viruses selectively express their gene payloads in cells expressing 

Cre recombinase.  The first generation helper virus system utilized a reverse-

complemented gene cassette flanked by antiparallel lox sites, packaged into a 

lentivirus under the control of the CMV promoter.  Cre recombinase can act to invert 

the sequence flanked by these loxP sites, placing the gene package in the correct 

orientation for translation (Figure 1.2A, figure 1.5A).  This system effectively 

restricted detectable levels of gene expression to the proper cell types in a variety of 

Cre mouse lines. 
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     We then used this system, as schematized in Figure 1.1, to directly demonstrate 

rabies virus infection and monosynaptic retrograde spread from a specified 

postsynaptic neuronal population.  We developed Cre-dependent lentiviral vectors 

(“helper virus”) coding for both the avian viral receptor TVA and rabies G, and 

infected a brain region of interest (Figure 1.1, “helper virus”).  Following expression 

of TVA and G in Cre-expressing neurons, we injected EnvA-ΔG rabies expressing 

eGFP [(EnvA)SAD-ΔG-GFP], into the same brain region (Figure 1.1, “rabies virus”).  

This rabies virus can only infect cells expressing the EnvA’s binding partner, TVA 

(Wickersham et al., 2007b), thus targeting rabies virus infection to Cre-expressing 

cells.  Newly synthesized rabies virus particles can then complement with the rabies 

glycoprotein expressed in these cells, which allows the rabies virus to spread 

retrogradely across synaptic contacts, labeling directly presynaptic neurons. Rabies 

infected cells are uniquely labeled by the fluorescent protein expressed from the rabies 

genome (Figure 1.1, red neurons). Because the presynaptic neurons do not express 

rabies glycoprotein, these cells cannot produce infectious rabies virus particles, 

restricting infection to the targeted cell type and its direct monosynaptic inputs 

(Etessami et al., 2000; Wickersham et al., 2007a; Wickersham et al., 2007b). 

     Although this first-generation system was quite effective at mediating rabies 

virus infection and monosynaptic retrograde spread in certain brain regions, some 

local leak expression of TVA in other brain areas motivated us to generate a set of 

second-generation helper viruses that further tighten gene expression.  In these 

second-generation helper viruses, the start codon from the first gene is removed and 
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the Kozak sequence is placed outside the floxed cassette (Seidler et al., 2008).  We 

also utilized the FLEX double-floxed system to improve gene cassette stability, and 

then generated AAVs to carry our constructs (Atasoy et al., 2008). 

     These second-generation viral systems can reliably target specific cell types in 

many brain regions, and, in combination with EnvA-pseudotyped, G-deleted rabies 

virus, effectively label the monosynaptic retrograde inputs to these cells when viral 

titers and injection parameters are properly calibrated.  Since viruses exhibit both titer 

and tropism-specific effects depending on the cell type and brain area, and also differ 

in levels of gene expression depending on choice of promoter, we demonstrate 

appropriate controls that should be conducted to optimize specific infection conditions 

in order to maximize retrograde infection while minimizing non-specific local label. 

 

1.3.2 First Generation Helper Viruses 

     Our first-generation Cre-dependent system, described in detail below, utilized 

lentiviral vectors in which the gene cassette was reverse complemented and flanked by 

antiparallel loxP sites (Figure 1.2A, Figure 1.5A).  When lox sites are situated in an 

antiparallel manner, Cre should act to invert the sequence, placing the gene cassette in 

the proper orientation with respect to the included CMV promoter.  When tested in 

vitro, this lentivirus was very efficient at restricting expression to only Cre+ cells (data 

not shown).   

Furthermore, when injected into Cre transgenic and knock-in animals in vivo, 

we could detect bright GFP expression in the expected cell types, with little to no 
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detectable expression in Cre-negative cells.  To test whether we could target gene 

expression to a variety of cell types and brain areas in vivo, we utilized a trio of Cre-

expressing mouse lines that express Cre in different subsets of neurons.  When 

lentivirus incorporating the eGFP open reading frame in the reverse orientation, 

following the CMV promoter (LV-FRO-GFP, Figure 1.2A), was injected into the 

cerebellum of L7-Cre mice (Barski et al., 2000), which express Cre primarily in 

Purkinje cells, GFP expression was visible in Purkinje cells, as well as a very small 

number of molecular layer interneurons (Figure 1.2B).  This expression pattern was 

consistent with previously reported data on Cre expression in this L7-Cre mouse line.  

No transgene expression was detectable in the hundreds of thousands of neighboring 

granule cells.  When injected into the midbrain of DAT-Cre mice (Zhuang et al., 

2005), we could restrict transgene expression to the dopamine-expressing cells of the 

ventral tegmentum and substantia nigra pars compacta (SNc), with no visible 

expression in the neighboring pars reticulata (Figure 1.2C).  Furthermore, when 

injected into the S1 barrel field (S1BF) of cortex in PV-Cre animals (Hippenmeyer et 

al., 2005), we could target GFP expression to over 95% parvalbumin-positive cortical 

interneurons, with almost no detectable expression in adjacent pyramidal cells or 

parvalbumin-negative interneurons (Figure 1.2D).  By contrast, no expression was 

detectable in any of these regions when injected into wild-type control animals (Figure 

1.2E-G).  In our hands, single-floxed, reverse open reading frame constructs express at 

high levels, but the increased cassette stability afforded by double-floxed systems may 

further augment gene expression. These findings also demonstrate that these Cre-
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dependent strategies can work with a lentiviral vector. 

 After seeing success with fluorescent reporter targeting, we produced Cre-

dependent lentiviruses utilizing the single-floxed inversion strategy to target the 

expression of two genes necessary for the infection and spread of EnvA-ΔG rabies 

(Figure 1.5A).  The first protein, TVA, is an avian receptor protein important for the 

binding of the avian sarcoma leucosis virus (ASLV) glycoprotein EnvA, and 

subsequent EnvA-ΔG rabies virus infection (e.g. Figure 1.1).  Rabies viruses 

expressing EnvA on their surface should be unable to infect cells in the absence of 

TVA, and thus should be incapable of infecting mammalian tissue unless TVA is 

provided.  The second gene in the lentiviral cassette encodes the native rabies virus 

glycoprotein.  This complementation strategy allows EnvA-ΔG rabies to form and 

release functional particles only in cells expressing the lentiviral-encoded rabies 

glycoprotein (Figure 1.1).  These functional virus particles can now infect the axon 

termini of presynaptic neurons, but these presynaptic neurons will not express rabies 

glycoprotein, restricting viral spread to the targeted cell type and its monosynaptically-

connected neurons (Figure 1.1). 

 We produced EnvA-ΔG rabies expressing fluorescent reporters [(EnvA)SAD-

ΔG-GFP and (EnvA)SAD-ΔG-mCherry] and tested their specificity for TVA-

expressing cells in vivo.  We first showed that EnvA-pseudotyped rabies virus does not 

infect in the absence of TVA (Figure 1.3B,D), whereas the rabies G-pseudotyped 

rabies virus is capable of infecting a variety of different neuron types in the mouse 

brain (Figure 1.3A,C).  We then showed that the EnvA-pseudotyped rabies virus does 
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not infect in the presence of a Cre-dependent lentivirus expressing a fluorescent 

reporter alone (Figure 1.4A-B).  These results demonstrate that under these conditions 

the pseudotyped rabies virus does not infect cells in the mouse brain in the absence of 

TVA and that this selectivity is not affected by lentivirus infection.  

     We then wished to determine if a Cre-dependent lentivirus expressing TVA 

could target EnvA-pseudotyped rabies virus infection to specific cell types in Cre 

mice, and demonstrate that EnvA-pseudotyped rabies virus is capable of spreading 

retrogradely when provided with a source of rabies glycoprotein.  To achieve these 

goals, we injected a Cre-dependent lentivirus encoding both TVA and the rabies 

glycoprotein (LV-FRO-TmB, Figure 1.5A) into the cerebellum of L7-Cre mice (Figure 

1.5B). The two genes were linked by a foot-and-mouth-disease virus 2A element, 

which allows for the expression of multiple genes under the control of a single 

promoter via a ribosome skipping mechanism at the glycine-proline junction of the 2A 

element, leading to similar levels of expression of both proteins (De Felipe and 

Izquierdo, 2000; de Felipe et al., 1999; Donnelly et al., 2001; Tang et al., 2009).  

EnvA-pseudotyped rabies virus was injected 5 days after helper virus injection, and 

was allowed to express for one week prior to perfusion and tissue processing. As 

expected, the EnvA-ΔG rabies virus was capable of infecting Purkinje cells, and 

spread to thousands of granule cells, which send direct input onto Purkinje cells 

(Figure 1.5B).  Furthermore, fluorescent reporter expression was high enough to 

visualize single parallel fibers coursing many millimeters from the site of injection.  

As expected from the lack of glycoprotein expression in the rabies virus infected 
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granule cells, mossy fiber inputs to the granule cells were not labeled; transsynaptic 

spread of the rabies virus was therefore monosynaptically-restricted. Again, in wild-

type control animals, almost no fluorescence was detected (Figure 1.5C). Therefore, 

with the LV-FRO-TmB helper virus, EnvA pseudotyped rabies virus infection is 

restricted to the expected cell type and complements with rabies glycoprotein in those 

same cells, allowing retrograde spread to directly presynaptic neurons, without further 

transsynaptic spread. 

 To this point, we have shown that our first generation helper virus is capable of 

expressing a floxed gene cassette in a Cre-dependent manner, allowing for targeted 

gene expression in the cerebellum in vivo.  We utilized this Cre-dependent gene 

expression to target expression of TVA and rabies glycoprotein, which allows an 

EnvA-pseudotyped rabies virus to specifically infect these cells and spread 

retrogradely one synapse.  We also demonstrate that the EnvA-pseudotyped rabies 

virus is incapable of infecting neurons in vivo in the absence of TVA.  We next focus 

on issues that we have discovered through extensive experimentation in a variety of 

Cre mouse lines, which motivated us to generate a second-generation helper virus 

system. These studies are instructive as to the types of controls that should be 

conducted when using these and related reagents to trace neural circuits. 

 Despite evidence described above showing that rabies virus can indeed 

complement with lentivirus-expressed rabies glycoprotein in Purkinje cells and spread 

presynaptically into cerebellar granule cells, we only rarely saw labeled cells in the 

inferior olivary nucleus (data not shown), even though these cells send direct 
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projections onto Purkinje cells.  Though initially surprising, the climbing fiber synapse 

from inferior olive cells onto Purkinje cells is extremely specialized, so we 

hypothesized that this synapse may be less susceptible to infection by rabies virus.  At 

least one study suggests that rabies virus does not infect at the climbing fiber synapse 

(Ruigrok et al., 2008); in their study, the investigators observed that rabies virus could 

efficiently infect cells of the inferior olive through collaterals sent to the lateral 

vestibular nuclei and through the central cerebellar nuclei, but not through the 

climbing fiber synapse onto Purkinje cells.  Alternatively, it is possible that the rabies 

virus can only inefficiently infect climbing fibers, and since each Purkinje cell only 

receives innervation from a single climbing fiber, signal can only be detected when 

sufficiently high levels of rabies glycoprotein and retrograde infection-competent 

rabies virus particles are present at the synapse.  When compared to the tens of 

thousands of parallel fiber synapses onto each Purkinje cell, olivary inputs may be 

difficult to detect unless infection conditions are sufficiently optimized.  To maximize 

the chance of labeling these cells, our second generation viruses incorporate features 

that likely increase expression of the rabies B19 glycoprotein (see further below). 

 Although the first generation system worked quite well without detectable leak 

for labeling connected granule cells in the cerebellum, we encountered further 

complications when attempting to utilize the first-generation helper virus in the 

neocortex.  As expected, EnvA-pseudotyped rabies virus was incapable of infecting 

cells in the absence of TVA, either when injected alone or in the presence of a Cre-

dependent control lentivirus (Figures 1.3 and 1.4).  However, when we injected the 
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cerebral cortex or the VTA (rather than cerebellum) of wild-type animals with the 

single-floxed, Cre-dependent lentivirus expressing TVA and rabies glycoprotein, 

followed by EnvA pseudotyped rabies virus expressing eGFP, we detected high levels 

of GFP expression in neurons at the injection site (Figure 1.4E-F). Since GFP can only 

be expressed from the rabies genome and TVA is required for infection with the EnvA 

pseudotyped rabies (see above), these results indicate that there was “leaky” 

expression of TVA in the absence of Cre. Although small levels of leak may be 

tolerable for many analyses, we found that similar numbers of cells were infected with 

the rabies virus in the cortex of wild-type and PV-Cre mice (Figure 1.4C-F), making it 

impossible to separate targeted infection from leak expression.  Interestingly, when we 

expressed Cre-dependent TVA with a co-expressed fluorescent reporter, the 

fluorescent reporter was detectable only in Cre+ cells, with no detectable fluorescence 

in wild-type animals (data not shown).  However, EnvA-pseudotyped rabies virus was 

capable of infecting cells in the absence of Cre when injected into the midbrain or 

cortex.  This implies that levels of leaky expression are too low to be detected from 

direct visualization of reporter genes, but TVA expression is still sufficient to mediate 

EnvA-pseudotyped rabies virus infection in some brain regions.  This is consistent 

with a previous report in which TVA mediated viral infection was possible even when 

TVA could not be detected by standard methods (Seidler et al., 2008).  

 Despite local leak and non-specific infection using the LV-FRO-TmB helper 

virus, EnvA-ΔG rabies infection in wild type animals was restricted to the injection 

site, indicating that any leaky expression of rabies glycoprotein from the lentiviral 
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construct is not sufficient to mediate complementation and transsynaptic spread of the 

rabies virus. Thus, even this first-generation system can still be used to selectively 

trace monosynaptic connections to Cre-expressing neurons when those inputs arise 

from neurons with somata located distant to the site of helper and rabies virus 

injections. Nevertheless, as described further below, other systems are more effective. 

 

1.3.3 Second Generation Helper Viruses 

We therefore generated a second generation system designed to overcome the 

limitations revealed in our analyses of the first system. To reduce the chances of 

spurious gene expression in the absence of Cre, we removed the start codon from each 

of the genes and instead placed a Kozak sequence upstream of a double-floxed 

cassette, driving gene expression only after Cre recombination has occurred (Figure 

1.6A).  This strategy is similar to that described by (Seidler et al., 2008).  

 Our second generation helper virus system utilizes adeno-associated virus 

serotype 9 (AAV9), with two variants that should express the floxed genes at different 

levels.  The first virus, called AAV9-FLEX-hGTB, expresses Cre-dependent htTA-

eGFP, as well as mammalian codon-optimized TVA and G, under the control of a tet-

based promoter, with the start sequence outside of the double-floxed cassette (Figure 

1.6B, top).  In the absence of Cre, there should be no spurious expression since the 

gene cassette is locked in the reverse orientation, the Kozak sequence has been 

spatially separated from the gene cassette, and the tet promoter is extremely weak in 

the absence of the tet transactivator (htTA) (Gossen and Bujard, 1992).  Following Cre 
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recombination, the gene cassette is locked in the proper orientation, in frame with the 

Kozak sequence, which can now drive gene expression.  As htTA is produced, the tet 

promoter becomes progressively stronger, eventually driving very high levels of gene 

expression. The second virus, AAV9-pEF1-FLEX-GTB (Figure 1.6B, middle), 

utilizes the double-floxed and Kozak-out strategies, but utilizes the EF1 promoter 

instead of the tet promoter and does not contain the coding sequence for htTA.  A third 

virus used for control experiments, called AAV9-pEF1-FLEX-GT (Figure 1.6B, 

bottom), is identical to the previous virus, except that it does not contain the coding 

sequence for rabies glycoprotein in its genome.  This virus can be used in tandem with 

the EnvA-pseudotyped rabies virus as a control to test for restriction of the initial 

rabies virus infection to Cre-expressing cells. 

     To demonstrate that primary infection is limited to Cre-expressing cells, we 

injected AAV9-pEF1-FLEX-GT into the cerebellum of L7-Cre mice.  Three weeks 

later, we injected EnvA-ΔG-mCherry rabies virus into the same location (Figure 

1.7A).  As in previous experiments, brain tissue was extracted and processed one week 

following the rabies virus injection.  Similarly to the previous results using the Cre-

dependent reporter lentivirus, Cre-dependent AAV expressed almost exclusively in 

Purkinje cells (Figure 1.7B).  As expected, EnvA-pseudotyped rabies virus was only 

capable of infecting these TVA-expressing cells, and in the absence of rabies 

glycoprotein, the rabies virus could not spread further (Figure 1.7C).  As expected, 

reporter gene expression was completely undetectable from both the AAV and rabies 

virus in wild-type animals (Figure 1.7D). 
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 We then wished to demonstrate complementation and retrograde spread of the 

EnvA-pseudotyped rabies virus in the presence of rabies glycoprotein.  AAV9-pEF1-

FLEX-GTB was injected into the cerebellum of L7-Cre mice, followed 3 weeks later 

by injection of EnvA-ΔG-mCherry rabies (figure 1.7E).  As predicted, bright mCherry 

signal was detected in Purkinje cells and their direct monosynaptic inputs.  As with the 

first-generation system, thousands of granule cells and their parallel fibers were 

labeled (figure 1.7F); in addition, this second-generation system brightly labeled cells 

in the inferior olive, demonstrating that rabies virus can indeed infect and travel 

retrogradely across the climbing fiber synapse when complementation is mediated by 

an optimized helper virus (figure 1.7G).  No rabies virus infection was detectable in 

the absence of Cre (Figure 1.7H). 

 To demonstrate the utility of this two-virus system in mouse neocortex, we 

began by injecting AAV9-pEF1-FLEX-GT into the barrel cortex of PV-Cre mice, 

followed 3 weeks later with EnvA-ΔG-mCherry rabies.  As expected, we detected 

fluorescent protein expression from both viruses in parvalbumin-positive interneurons, 

but we also observed viral protein expression in a small population of layer 5 

pyramidal cells (figure 1.8).  Although these results were initially perplexing, a recent 

paper (Madisen et al., 2010) demonstrated that some GABA-negative cells in layer 5 

of this mouse line do in fact express parvalbumin and, as a result, also express Cre.  

This observation demonstrates an important point when utilizing this circuit-tracing 

system: labeling specificity will only be as tight as the Cre mouse line in which the 

experiments are performed.  However, proper controls, such as injecting a Cre-
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dependent virus expressing TVA without rabies glycoprotein, will prevent 

investigators from drawing improper conclusions from their circuit labeling data. 

 When we injected the tet-dependent helper virus (AAV9-FLEX-hGTB) into 

mouse barrel cortex, followed three weeks later with EnvA-ΔG-mCherry rabies, we 

were able to detect large numbers of rabies virus-infected cells in the PV-Cre mouse, 

with little to no leak in the wild-type animal.  We were able to detect extensive local 

infection in the barrel fields of S1 (Figure 1.9B), as well as large numbers of 

retrogradely labeled cells in S2 (Figure 1.9C), contralateral S1 (data not shown), and 

the thalamic nuclei VPm and Po (Figure 1.9D).  Each of these brain areas is known to 

project directly into the barrel fields of S1, and these results now demonstrate that 

these sources connect to PV-expressing neurons. There was a small amount of local 

leak infection in the wild-type animal (figure 1.9A), but no long-range retrograde 

infection, indicating that the small amounts of leak TVA were sufficient to mediate 

primary infection with EnvA-pseudotyped rabies virus, but any leaky expression of 

rabies glycoprotein was not sufficient to mediate transsynaptic spread.  These data 

demonstrate that the second-generation helper virus system can be used in tandem 

with the EnvA-pseudotyped rabies virus to target primary infection to Cre-expressing 

cells in the cortex and label both local and long-range monosynaptic inputs onto these 

cells with high efficiency. 

 Although the tet-dependent helper virus (AAV9-FLEX-hGTB) is extremely 

efficient at facilitating the infection of long-range retrograde connections onto Cre-

expressing cells, we wished to completely eliminate local leak expression in order to 
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facilitate analysis of local connectivity.  This proved to be possible with the AAV9-

pEF1-FLEX-GTB helper virus.  We injected AAV9-pEF1-FLEX-GTB into the 

neocortex of PV-Cre mice, followed 3 weeks later with EnvA-ΔG-mCherry rabies.  

Smaller numbers, but still many hundreds, of cells were detected near the injection site 

(Figure 1.9F), and retrograde label was detectable in the same brain regions as 

described above (Figure 1.9G-H).  Leak expression in the wild type was dramatically 

reduced (Figure 1.9E).  We then performed the same experiment, except we diluted the 

effective EnvA-ΔG-mCherry rabies virus concentration approximately 30-fold.  Under 

these conditions, local leak expression in the absence of Cre was completely 

eliminated (Figure 1.9I).  Local rabies virus infection was preserved, but the number 

of cells was considerably reduced (Figure 1.9J), as expected by the injection of fewer 

rabies virus particles.  Some local and long-range retrograde complementation was 

detectable, but was predictably reduced many-fold (Figure 1.9K-L). The locally 

infected cells included both PV expressing neurons which must have been the source 

of the primary rabies virus infection, as well as PV-negative neurons that can be 

inferred to be those providing direct monosynaptic local connections to PV cells. 

 The only problem we have encountered in our experiments with the second-

generation helper viruses is that the eGFP does not appear to express in the AAV9-

FLEX-hGTB and AAV9-pEF1-FLEX-GTB viruses.  However, as demonstrated 

above, the TVA and rabies glycoprotein genes appear to function normally.  Although 

the lack of fluorescence in AAV9-FLEX-hGTB could be explained by the generation 

of a misfolded htTA-eGFP fusion protein, eGFP generally tolerates both N- and C-
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terminal fusions, and does not explain the lack of fluorescence in AAV9-pEF1-

FLEX-GTB.  The lack of GFP expression from these viruses could potentially be due 

to the peptide baggage associated with expressing multiple genes with 2A elements, 

which has been shown to interfere with fluorophore detection in previous studies 

(Hasegawa et al., 2007; Lengler et al., 2005).  The GFP may be misfolded, 

mistrafficked, or somehow otherwise prevented from generating a stable fluorophore.  

Future iterations of this helper virus may benefit from utilizing optimized 2A elements 

(Tang et al., 2009), expressing different fluorescent proteins, or producing fusion 

proteins that reduce the number of genes linked together in a single cassette.  

However, when data are analyzed in the presence of proper controls (TVA-only helper 

virus, injections into wild-type animals, as well as others described above), the 

absence of detectable GFP in the helper virus should not reduce this system’s utility in 

analyzing circuit level connectivity. 

 By modifying the injection parameters of one or both viruses, it is possible to 

work under a wide regime of conditions that allow for the study of long-range 

connectivity, local brain circuitry, or both.  Usage of AAV9-FLEX-hGTB, in 

conjunction with the EnvA-pseudotyped rabies virus, appears optimal for examining 

long-range connectivity from many different regions of the brain onto a defined cell 

population, under the purification and titer conditions defined above.  Usage of AAV9-

pEF1-FLEX-GTB greatly reduces nonspecific gene expression, but also reduces the 

numbers of rabies virus-infected cells.  These conditions are likely optimal for labeling 

robust long-range connections onto a defined cell population, while still facilitating 
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analysis of local connectivity.  When local leak expression must be completely 

eliminated, in order to examine local connectivity with greatest precision, AAV9-

pEF1-FLEX-GTB can be used in conjunction with EnvA pseudotyped rabies viruses 

of moderate titer.  This combination, when utilized in the mouse neocortex, completely 

eliminates any local rabies virus infection in the absence of Cre.  However, the number 

of infected cells in the PV-Cre mouse is greatly reduced, and as expected, the number 

of retrogradely-labeled cells is also reduced. 

 

1.4 DISCUSSION 

 We have demonstrated that a combination of Cre-dependent helper virus and 

EnvA-pseudotyped, G-deleted rabies virus can be used to effectively identify the 

direct local and long-distance connections to Cre-expressing neurons. By using these 

approaches in various mouse lines that selectively express Cre recombinase in specific 

types of neurons, it will be possible to identify the sources and cell types providing 

direct monosynaptic input to any cell type for which relevant mouse lines are 

available. In demonstrating the effectiveness of these tools, we have also attempted to 

illustrate potential limitations, conditions under which caution should be taken, and 

controls which can be used to validate results.  First, we showed that a Cre-dependent 

lentivirus using a simple inversion strategy is sufficient to target fluorescent reporter 

expression to specific cell types in vivo, and works across a variety of lines.  

Furthermore, we showed that EnvA-pseudotyped rabies virus cannot infect 

mammalian tissue in the absence of TVA.  We then showed that when TVA and rabies 
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glycoprotein are provided by a Cre-dependent lentivirus, the pseudotyped rabies virus 

can infect Purkinje cells in the L7-Cre mouse, then spread retrogradely one synapse.  

We also demonstrated that while the first-generation helper virus system works well as 

a proof of concept and may function very well in some brain regions, very small 

amounts of leak TVA arising from spurious gene expression are sufficient to mediate 

nonspecific infection in the neocortex of wild-type animals. 

 Our second generation helper virus system overcame the shortcomings of the 

first-generation virus system, recapitulating known brain circuitry in the cerebellum 

while elucidating the connections onto Cre-expressing cells in the neocortex of PV-

Cre mice.  By altering levels of helper virus gene expression and/or optimizing the 

titer of the EnvA-pseudotyped rabies virus, we were able to specifically examine 

either long-range circuitry or local connections, and these conditions appear to 

function in other brain regions with little modification.  These features make this 

technique generically applicable to analyze the connectivity of many cell types in the 

brain that can be targeted through existing or newly-generated Cre-expressing mice.   

We next discuss technical issues that investigators should consider to minimize 

potential problems that they may encounter while using this or similar systems to 

study brain circuitry. Although it may be convenient to assume that all monosynaptic 

retrograde label detected in the PV-Cre mouse arises from synapses onto fast-spiking 

cortical interneurons, other investigators have documented that some layer 5 pyramids 

in the PV-Cre mouse also express Cre (Madisen et al., 2010), suggesting that the 

retrograde inputs we documented could potentially connect to either fast-spiking 
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interneurons or this subpopulation of layer 5 pyramidal cells.  Indeed, when we inject 

a second-generation Cre-dependent virus expressing TVA but not rabies glycoprotein, 

the rabies virus can infect both PV+ interneurons and some layer 5 pyramids.  This 

evidence points out a rather obvious but extremely important point: the quality of the 

Cre mouse places an upper bound on the effectiveness of this system’s ability to target 

specific cell types.  Development of intersectional strategies that can further limit 

either Cre expression or gene expression following Cre recombination may improve 

our ability to target specific cell types in existing lines in the future. 

Furthermore, due to the sensitive interaction between TVA and EnvA 

pseudotyped virus (Seidler et al., 2008; Zingler and Young, 1996), as well as the 

ability of rabies virus to amplify through replication, this system is much more 

sensitive to leaky TVA expression levels than similar experiments performed using 

Cre-dependent viruses expressing proteins visualized by more conventional means 

(e.g. fluorescence or immunohistochemistry).  For more typical experiments it is 

permissible to have small amounts of leak expression in undesirable cell types because 

the effects are negligible. For example, very small amounts of channelrhodopsin 

expression are unlikely to be able to generate light-activated currents and, as 

demonstrated here, minimal leaky expression of rabies glycoprotein is insufficient to 

complement G-deleted rabies virus. However, since very few molecules of TVA 

appear to be necessary to mediate EnvA-pseudotyped rabies virus infection, 

experimental parameters need to be optimized beyond those necessary for more 

conventional experiments.  Fortuitously, our optimized second-generation vectors 
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appear to function quite well in a variety of brain regions, and should be effective as a 

high throughput means for circuit-level anatomical analysis without undue exploration 

of injection parameter space. 

When using viral vectors to deliver genes of interest, it is also important to 

appreciate the nuances of the viruses that non-virologists commonly take for granted, 

especially when attempting to utilize multiple viruses in tandem.  All viruses have 

some natural bias toward infecting certain cell types over others, and express genes at 

different levels depending on a combination of tropism and titer.  While attempting to 

reduce the leak in our first-generation helper virus, we came to appreciate that viruses 

are evolved to be efficient gene delivery machines, and it is not trivial to program 

them to do otherwise.  Lentiviruses integrate into the genome, preferentially at active 

gene loci (Schroder et al., 2002), while AAV can either integrate into the host genome 

(Kotin et al., 1990) or form concatemeric episomes within the host cell nucleus (Duan 

et al., 1998), both of which can cause complications when attempting to restrict gene 

expression using lox sites.  Furthermore, when infecting a single cell with two separate 

viruses, complicated interactions between the viruses can and will occur.  Many 

rhabdoviruses, which perform their entire replication cycle in the cytoplasm, block 

nuclear export of mRNA as a means for prioritizing viral protein synthesis and 

genomic replication (Komarova et al., 2007; von Kobbe et al., 2000).  This, of course, 

will block export of mRNA coming from transgenic insertions, and from the helper 

virus constructs as well.  Although we were able to optimize our system to account for 

these potential interactions, these considerations are necessary when utilizing multiple 
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viruses and may be important for interpreting data from future experiments using these 

systems.   

 Finally, we wish to emphasize the necessity of proper controls in order to 

properly analyze data investigating novel patterns of neural connectivity using this 

system.  When utilizing a freshly-prepared batch of virus or examining novel circuitry, 

it is critically important to perform the tests that we described in this article.  Firstly, 

when generating EnvA-pseudotyped rabies virus, it is necessary to verify the quality 

of EnvA pseudotyping.  If the virus preparation is contaminated with particles that 

have residual B19 glycoprotein on the surface, spurious infection will occur in the 

absence of TVA.  Pseudotyping quality can and should be tested both in cell culture 

and in vivo in the brain region of interest.  Second, all experiments should include age- 

and sex-matched wild-type controls in order to detect potential spurious label and to 

help optimize future experiments.  Third, it is extremely important to perform 

experiments using a TVA-expressing, but not B19G expressing, helper virus in order 

to check the specificity of Cre expression in the mouse line.  As we have repeatedly 

mentioned, reporter signal amplification, due to replication of the rabies virus, makes 

this two-virus system an extremely sensitive assay that can detect levels of Cre that 

may be invisible using antibody staining or crossing with a Cre reporter line. 

 This two-virus system represents an extremely powerful means for 

understanding brain circuitry by elucidating the direct inputs onto known cell types in 

a variety of brain areas.  As long as investigators account for the considerations 

mentioned above, this technique should prove to be a flexible and generically 
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applicable means for building circuit-level models of neuronal connectivity.  

Furthermore, recent advances in molecular biology, virology, and genetics will allow 

investigators to extend their studies beyond the realm of neuroanatomy.  Since the 

rabies virus itself is a gene delivery vector, the rabies genome can be manipulated so 

that infected neurons will express genes other than the fluorescent reporters illustrated 

here.  Since rabies virus-infected cells remain viable for several weeks (Wickersham et 

al., 2007a), it is possible to combine circuit tracing with functional studies in vivo. For 

example, by expressing channelrhodopsin in the direct inputs onto a defined cell type, 

investigators can control the activity of this connected neuronal population without 

activating neighboring, unconnected neurons, allowing for more precise analysis of 

the role of direct synaptic input in regulating the activity of cells of interest. By 

utilizing the full range of novel genetic tools that can monitor or manipulate infected 

neurons (Luo et al., 2008), investigators should be able to modify this system to probe 

a variety of circuit-level questions in vivo that were previously unanswerable with 

standard electrophysiological techniques. 

 

1.5 METHODS 

All methods using live animals described below were in accordance with 

protocols approved by the Salk Institute Institutional Animal Care and Use 

Committee. 

 

1.5.1 Lentivirus production 
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     Cre-dependent versions of existing plasmids (Wickersham et al., 2007b) were 

produced through polymerase chain reaction (PCR), using primers containing the 

sequence for a single loxP site in addition to a homologous flanking region to the 

sequence of interest.  The resulting sequences were then cloned into the pCSC-SP-

PW-GFP lentiviral expression vector (Addgene plasmid 12337) into the eGFP locus, 

under the control of existing CMV promoter elements.  Lentivirus was generated as in 

(Tiscornia et al., 2006), with functional titers of ~109 infectious particles/ml as 

determined through infection of Cre-expressing HEK293T cells. 

 

1.5.2 AAV production 

 The AAV gene delivery plasmid (pAAV-FLEX-hGTB) was generated de novo 

by Mr. Gene (Regensburg, Germany), and was amplified and packaged into AAV 

serotype 9 particles by the Salk Institute Viral Vector Core Facility, using methods 

similar to those described in (Grieger et al., 2006).  This preparation yielded genomic 

titers of approximately 9x1012 genome copies (gc)/mL.  htTA and eGFP were intended 

to be linked via a 2A element, but due to a design error, the 2A element is 

nonfunctional, generating an htTA-eGFP fusion protein.  The EF1 promoter plasmids 

(pAAV-EF1-FLEX-GTB and pAAV-EF1-FLEX-GT) were generated by deleting 

one or more elements from the pAAV-FLEX-hGTB plasmid, then subcloning the 

double-floxed gene cassette into an existing vector (pAAV-EF1-double flox-eYFP-

WPRE (Tsai et al., 2009)).  These plasmids use the FLEX double-floxed sequence, 

rather than the DIO sequence used in (Cardin et al., 2009).  Both of the EF1 
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promoter AAVs were isolated through transfection of a single 15cm plate of HEK293T 

cells, followed by freeze-thaw lysis of the cells and crude extraction of the 

intracellular contents, rather than the iodixanol purification method used for pAAV-

FLEX-hGTB.  Genomic titers were both approximately ~108 gc/mL, but functional 

titers appeared to be at least as high as the iodixanol-purified virus. 

 

1.5.3 Rabies virus production 

 EnvA-pseudotyped, G-deleted rabies viruses were produced in a manner 

similar to that described in (Wickersham et al., 2010).  Step-by-step production 

protocols can be viewed online at http://snl-c.salk.edu/SNL-Callaway/Resources.html.  

(EnvA)SAD-G-GFP had functional titers of ~3x108 infectious units (iu)/mL as 

determined through infection of TVA-expressing HEK293T cells.  (EnvA)SAD-G-

mCherry had functional titers of ~2x1010 iu/mL.  For experiments in which we used 

reduced titer stocks to minimize non-specific local infection, virus was diluted ten-

fold, re-aliquotted, and frozen.  This diluted virus had a functional titer of ~7x108 

iu/mL, whose effective concentration was three-fold less than expected from dilution 

alone, presumably due to the effects of freeze-thaw on the concentration of functional 

virus. 

 

1.5.4 Animal surgery and viral injection parameters 

     L7-Cre (Barski et al., 2000), DAT-Cre (Zhuang et al., 2005), and PV-Cre mice 

(Hippenmeyer et al., 2005) were maintained in a C57Bl/6 background and selected for 
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experiments when animals were 2-6 months of age.  For all experiments, age- and sex-

matched C57Bl/6 mice were used as controls.  To perform stereotaxic viral injections 

into the brain, mice were briefly induced under isoflurane and then injected with 

ketamine/xylazine (100 mg/kg ketamine, 10 mg/kg xylazine in sterile saline) to 

achieve stable anesthesia.  Animals were then mounted in a rodent stereotax (David 

Kopf Instruments Model 900 series, Tujunga, CA) and head-fixed using ear bars, bite 

bar, and nose clamp.  A small incision was made in the skin over the skull, exposing 

bregma, lambda, and the location of the desired injection site.  A three-axis 

micromanipulator was used to measure spatial coordinates for bregma and lambda.  

The injection site was calculated relative to these landmarks, using canonical 

coordinates.  The following injection coordinates were used (all values given relative 

to bregma): cerebellum (AP -5.88mm, LM +0.75mm, DV -1.50mm); ventral 

tegmentum / substantia nigra (VTA/SNc) (AP -3.25mm, LM +1.00 mm, DV -

4.20mm); barrel fields of primary somatosensory cortex (S1BF) (AP -0.75mm, LM 

+3.00mm, DV -1.50mm).  A small drill hole was made in the skull over the injection 

site, exposing the brain.  A pulled glass pipet with approximately 30 m tip diameter 

was loaded with virus and then lowered into the brain to the appropriate coordinates.  

A Picospritzer (General Valve Corp, Fairfield, NJ) was used to pulse virus into the 

brain.   

For experiments using lentivirus, 500 nL of virus was injected at a rate of 50-

100 nL/minute, with approximately 1nL injected per pulse.  For the AAV experiments, 

180 nL of virus was injected into the brain at a rate of 15-20 nL/minute, with 
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approximately 350 pL delivered per pulse.  To prevent backflow of virus, the pipet 

was left in the brain for 5 minutes following completion of the injection.  After 

removing the injection pipet, the mouse was removed from the stereotax, the incision 

was closed with wound clips. 

 Mice initially injected with lentivirus were allowed to recover for 5-7 days 

prior to subsequent rabies virus infection, which was injected under the same 

conditions and injection volume as the lentivirus.  Mice initially injected with AAV 

were allowed to recover for 3 weeks prior to rabies virus infection, due to the slower 

kinetics of AAV-mediated gene expression.  In these experiments, rabies virus was 

injected under the same conditions and injection volume as the initial AAV injection.  

In both cases, rabies virus was allowed to replicate and spread for 7 days prior to 

perfusion and tissue processing. 

 

1.5.5 Tissue processing and imaging 

     To preserve brain tissue for imaging and subsequent analysis, animals were 

intracardially perfused with 50 mL solution containing 4% paraformaldehyde in 0.1M 

phosphate buffer, pH 7.2.  After perfusion, the brain was isolated and transferred to a 

post-fixative solution containing 4% paraformaldehyde and 30% sucrose in phosphate-

buffered solution (PBS), and then incubated overnight at 4 degrees Celsius on a 

rotating shaker.   

     40-50 m coronal brain sections were prepared using a microtome with 

freezing stage, and tissue was separated into 4-6 groups to allow for multiple tissue 
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manipulations.  Tissue groups that were not used immediately were placed in a 

cryopreservative solution (30% glycerol, 30% ethylene glycol in PBS) and stored at -

20 degrees Celsius. 

     Fixed tissue was immunostained using a standard protocol.  To preserve GFP 

signal, we used a chicken primary antibody against GFP (1:500, Aves Labs, Tigard, 

OR) and amplified with a Cy2-conjugated anti-chicken secondary antibody (Jackson 

ImmunoResearch, West Grove, PA).  To preserve mCherry signal, we used a rabbit 

polyclonal antibody against DsRed (1:250, Clontech, Mountain View, CA) and 

amplified with a Cy3-conjugated anti-rabbit secondary antibody (Jackson 

ImmunoResearch, West Grove, PA).  To label cell bodies, tissue was stained with 10 

uM for 10 minutes after rinsing off any secondary antibodies.  To label dopaminergic 

neurons in the ventral tegmentum and substantia nigra, we used a primary antibody 

against tyrosine hydroxylase (1:1000, Abcam, Cambridge, MA).  To label 

parvalbumin-positive cells in the neocortex, we used a mouse monoclonal antibody 

against parvalbumin (1:1000, Sigma). 

     Immunostained tissue was mounted on chrome-gelatin subbed slides and 

allowed to dry overnight.  Tissue was then dehydrated and defatted using a series of 

ethanol and xylenes immersion steps.  Slides were then coverslipped using Krystalon 

(Harleco, Gibbstown, NJ) mounting medium and glass coverslips.  Images were 

acquired using a modified Olympus BX51 microscope, globally gamma-adjusted to 

reduce background, and pseudocolored using ImageJ (NIH, Bethesda, MD).  Images 

showing quantitative colocalization were produced by merging color channels in 
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ImageJ.  Images that make use of DAPI only to indicate underlying brain structure 

were overlaid in Photoshop with DAPI as the bottom layer. 
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Figure 1.1. Using a Cre-dependent helper virus to target rabies virus infection and 
monosynaptic retrograde spread 
Cre-dependent helper virus (green) is injected into the brain of a mouse that expresses Cre in a specific 
cell type (Cre+).  Following Cre recombination, this helper virus expresses two proteins that are 
necessary for subsequent rabies virus infection (TVA) and monosynaptic retrograde spread (the rabies 
glycoprotein B19G).  TVA is an avian receptor protein that confers infection capability to rabies virus 
pseudotyped with the avian sarcoma leucosis virus glycoprotein EnvA (red).  EnvA-pseudotyped rabies 
virus is incapable of infecting mammalian neurons in the absence of TVA, restricting rabies virus 
infection to TVA-expressing cells.  The rabies virus has its own glycoprotein gene deleted from its 
genome, which renders the virus incapable of spreading retrogradely in the absence of another source of 
rabies glycoprotein.  The helper virus complements this deficiency, allowing the rabies virus to spread 
one synapse retrogradely.  This presynaptic neuron population does not express the rabies glycoprotein, 
so the rabies virus cannot spread any further, limiting rabies virus infection to a small population of 
Cre-expressing cells and their directly presynaptic partners. 
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Figure 1.2. Using a first-generation helper virus to target protein expression to specific cell 
types in vivo 
(A) Diagram of a simple Cre-dependent lentiviral gene cassette.  The gene(s) of interest (e.g. eGFP) are 
reverse complemented and flanked by antiparallel loxP sites (purple triangles).  Cre can act to invert this 
sequence, leading to gene expression driven by the CMV promoter (CMV Pro).  A Cre-dependent, 
eGFP-expressing lentivirus (LV-FRO-GFP) is illustrated, which was used to test the validity of this 
strategy. 
(B-D) Cre-dependent GFP expression after LV-FRO-GFP infection in three different Cre mouse lines.  
(B) L7-Cre mice express Cre in cerebellar Purkinje cells and a small number of molecular layer 
interneurons.  Cre-dependent GFP expression recapitulates this pattern. Viewed in this plane of section, 
GFP-expressing Purkinje cell dendrites are seen as a “line” extending from the cell body. DAPI staining 
(blue) visualizes the different cerebellar layers; the dense granule cell layer is at the bottom of the 
figure, directly under the Purkinje cells. 
(C) DAT-Cre mice express Cre in dopaminergic cells of the midbrain.  In this panel, Cre-dependent 
lentivirus specifically expresses GFP in substantia nigra pars compacta (SNc), the dopaminergic cell 
layer of the substantia nigra.  Tyrosine hydroxylase staining (red) labels dopaminergic cells in the SNc. 
(D) In the neocortex S1 barrel field (S1BF), PV-Cre mice primarily express Cre in parvalbumin positive 
GABAergic interneurons.  Cre-dependent GFP expression is largely contained to cells that positively 
label for parvalbumin (red). 
(E-G) In contrast, GFP expression is not detectable in the absence of Cre, as examined through LV-
FRO-GFP injections into the same brain regions in wild-type control animals. 
Scale bar in panel B = 100m and applies to all panels (B-G). 
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Figure 1.3. EnvA-pseudotyped rabies virus does not infect mouse neurons in a variety of 
brain regions in the absence of TVA 
(A) Rabies virus with native rabies glycoprotein on its surface infects mouse cortical neurons and 
brightly labels their processes. 
(B) EnvA-pseudotyped rabies virus cannot infect mouse cortical neurons under the same conditions. 
(C) Similarly, rabies G-pseudotyped rabies infects huge numbers of granule cells in the cerebellum 
(these cells have an extremely high density of local axon terminals to be infected). 
(D) By comparison, EnvA-pseudotyped rabies virus cannot infect any neurons in the cerebellum under 
the same conditions. 

 



50 
 

Figure 1.4. EnvA-pseudotyped rabies virus does not infect wild-type neurons in the presence 
of a Cre-dependent lentivirus, but can infect in the presence of miniscule amounts of leak TVA 
(A) A Cre-dependent control lentivirus (LV-FRO-GFP, see also Figure 1.2) was injected into the cortex 
of wild-type mice, followed 5-7 days later with (EnvA)SAD-G-mCherry rabies virus.  As expected, 
EnvA-pseudotyped rabies virus is still incapable of infecting mouse neurons since no TVA is expressed. 
(B) Under identical conditions to A, (EnvA)SAD-G-mCherry rabies virus cannot infect midbrain 
neurons in the ventral tegmental area (VTA) of wild-type mice since no TVA is present. 
(C) When the first-generation helper lentivirus (LV-FRO-TmB, see also Figure 1.5) expressing TVA and 
B19G was injected into cortex of the PV-Cre mouse, followed 5-7 days later with EnvA-pseudotyped 
rabies virus, the rabies virus was capable of infecting local cortical neurons, as expected. Distant 
neurons providing long range connections were only rarely labeled under these conditions. 
(D) Similarly, many midbrain neurons in the VTA were infected with rabies virus in the presence of the 
first-generation helper virus.   
(E-F) Experiments using the first generation helper virus (LV-FRO-TmB) followed by (EnvA)SAD-G-
mCherry rabies in the cortex (E) or VTA (F) of wild-type animals, however, results in similar numbers 
of neurons expressing mCherry as in the Cre mice (C-D). Given that EnvA-pseudotyped rabies virus 
cannot infect cells in the absence of TVA (Fig S1, S2A-B), these results indicate that low levels of leaky 
TVA expression from the first-generation helper virus, are sufficient to mediate (EnvA)SAD-G-
mCherry rabies infection in these brain regions, even in the absence of Cre. 
Scale bar in A = 100m and applies to all panels. 
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Figure 1.5. Using a Cre-dependent lentivirus to target rabies virus infection and retrograde 
spread in the cerebellum of L7-Cre mice 
(A) A lentivirus was constructed that expresses TVA and B19G in a Cre-dependent manner (LV-FRO-
TmB).  The two genes are co-expressed through the use of a foot-and-mouth disease virus 2A element 
(blue), and driven by a single CMV promoter (CMV Pro) following Cre recombination.  The rabies 
virus (illustrated at bottom), has its native glycoprotein gene replaced with eGFP, and the virus particles 
are pseudotyped with EnvA [(EnvA)SAD-G-GFP]. 
(B) Seven days after injection of LV-Fro-TmB into the cerebellum of the L7-Cre mouse, injection of 
(EnvA)SAD-G-GFP rabies virus results in direct infection of cerebellar Purkinje cells and spread of 
the rabies virus retrogradely to connected granule cells.  Rabies virus infection is visualized by imaging 
GFP expression, which is displayed using the “redhot” pseudocolor table (see panel C).  DAPI (blue) 
staining brightly labels the cerebellar granule cell layer.   
(C) Following injections of the same viruses as in (B) into the cerebellum of wild type mice, 
(EnvA)SAD-G-GFP rabies virus is incapable of infecting neurons.  
Scale bar in C = 100m and also applies to panel B. 
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Figure 1.6. Second-generation helper virus strategy utilizing the FLEX Cre-dependent 
expression system 
(A) A second generation of helper viruses was generated that carry reverse-complemented gene 
sequences flanked by two mutually exclusive sets of lox sites (termed FLEX (Atasoy et al., 2008)).  Cre 
can act on either pair of lox sites (lox2272 diagrammed by purple triangles, loxP in red triangles), but 
cannot mediate recombination across different types of lox sites.  Through Cre-mediated inversion of 
antiparallel lox sites, followed by Cre-mediated deletion of identical parallel lox sites, this double-
floxed system stabilizes the Cre-dependent cassette in the proper orientation, allowing for high levels of 
gene expression.  
(B) Diagram of three helper viruses generated using this technique.  AAV9-FLEX-hGTB is a Cre-
dependent construct under the control of a tet-based promoter (TetO-CMVmin).  All genes are linked 
under the control of this promoter by utilizing multiple 2A elements.  This cassette is packaged into an 
AAV serotype 9 vector for efficient neuronal infection.  This vector also utilizes extra means for 
restricting gene expression in the absence of Cre.  First, the tet-dependent promoter is weak in the 
absence of htTA-eGFP, but is very strong in the presence of htTA-eGFP.  Cre-dependent expression of 
htTA-eGFP provides a positive feedback mechanism for strengthening transcription from the tet 
promoter in Cre+ cells, while minimizing promoter activity in the absence of Cre.  Furthermore, the 
start ATG has been removed from all genes (ATG) and instead placed upstream of the floxed cassette 
(see A), providing additional control of leak expression by generating a full open reading frame only 
after Cre recombination (Seidler et al., 2008) (see text).  AAV9-pEF1-FLEX-GTB utilizes the EF1a 
promoter, eliminating the need for htTA expression.  Although these two constructs possess eGFP 
within the gene cassette, eGFP expression was undetectable, but the other genes functionally express 
(see text for further details).  AAV9-pEF1-FLEX-GT is a control vector that expresses eGFP and TVA, 
but not rabies G.  In the presence of this helper virus, EnvA-pseudotyped rabies should be able to infect 
Cre cells but not spread retrogradely.  eGFP is detectably expressed from this construct. 
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Figure 1.7. Second-generation helper virus mediation of rabies virus infection and spread in 
the cerebellum of L7-Cre mice 
(A-D) A helper virus expressing Cre-dependent eGFP and TVA (AAV9-pEF1-FLEX-GT, panel A) was 
injected into the cerebellum of L7-Cre mice (B-C) or wild type mice (D) and allowed to express for 3 
weeks, either in the absence of rabies virus (B) or followed by injection of rabies virus expressing 
mCherry [(EnvA)SAD-G-mCherry] (C-D).   
(B) As expected, the Cre-dependent AAV expresses GFP almost exclusively in Purkinje cells in the L7-
Cre mouse.  
(C) (EnvA)SAD-G-mCherry can only infect cells that are expressing GFP and TVA. In the absence of 
rabies glycoprotein, the rabies virus is unable to spread from the Purkinje cells to presynaptic granule 
cells. 
(D) Cre-dependent AAV does not detectably express GFP, and (EnvA)SAD-G-mCherry is incapable 
of infecting neurons in the wild-type animal, indicating that the Cre-dependent AAV effectively restricts 
TVA expression to only Cre-positive cells. 
(E-H) A Cre-dependent AAV expressing TVA and rabies glycoprotein (AAV9-pEF1-FLEX-GTB) 
(eGFP is in the genome but not detectably expressed, see text) was injected into the cerebellum of L7-
Cre mice (F-G) or wild type mice (H), followed three weeks later with (EnvA)SAD-G-mCherry. 
(F) (EnvA)SAD-G-mCherry can directly infect Purkinje cells and spread transsynaptically to directly 
presynaptic interneurons and granule cells in the presence of TVA and rabies G in the L7-Cre mouse.  
Rabies label is visualized using the Redhot lookup table (panel H) and overlaid onto the DAPI signal 
(blue), which is used to visualize cerebellar layers. 
(G) (EnvA)SAD-G-mCherry can spread from directly infected Purkinje cells, across the climbing 
fiber synapse, and label directly presynaptic cells in the inferior olive in the L7-Cre mouse. 
(H) As expected, no rabies virus infection is detectable in the wild-type animal, confirming that TVA 
expression is properly restricted in the absence of Cre. 
Scale bars = 100m. 
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Figure 1.8. Cre-dependent AAV infects PV+ cells in the barrel cortex of PV-Cre mice, and 
expression of Cre-dependent TVA allows EnvA-G rabies virus to infect these PV+ cells 
(A-D) Injection of AAV9-pEF1-FLEX-GT (Cre-dependent expression of GFP and TVA), followed 
three weeks later with (EnvA)SAD-G-mCherry, into the barrel cortex of PV-Cre mice leads to Cre-
dependent expression of GFP (A) in neurons stained with anti-PV (C).  Since the GFP+ cells also 
express Cre-dependent TVA, (EnvA)SAD-G-mCherry is capable of infecting these cells, but cannot 
spread retrogradely in the absence of B19G (B).  As expected, overlay indicates a large degree of triple 
colocalization between GFP, mCherry, and PV stain (D).  White arrows in panels (A-C) provide a 
conservative marker for triple-colocalized cells.  The PV-Cre mouse line is known to express Cre in a 
small population of layer 5 pyramidal cells, which we also observe (yellow arrows in panels A-C). 
(E-H) depict the worst observed case of leak infection in the wild-type mouse when injected and stained 
under the same conditions as panels (A-D).  The worst-case scenario is shown so that sufficient cells are 
visible to demonstrate that AAV targeting to PV+ cells is indeed a property of Cre-dependent gene 
expression, rather than viral tropism.  A small amount of leak GFP expression (E) from the Cre-
dependent AAV is detectable, and EnvA-G rabies virus can infect, but not spread, from these cells (F).  
Since this leak is independent of Cre expression, neither the AAV nor RV is biased toward infection of 
PV+ neurons (G).  White arrows indicate triple-colocalized cells, whereas yellow arrows indicate cells 
expressing GFP and mCherry, but are PV negative. 
Scale bars = 100m and apply to each set of four panels. 
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Figure 1.9. Rabies virus labels direct inputs to PV+ cells in the barrel cortex of PV-Cre mice 
Helper virus and (EnvA)SAD-G-mCherry rabies virus were injected under three conditions into the 
barrel cortex of PV-Cre mice or into wild-type control animals. 
(A-D) Show (EnvA)SAD-G-mCherry rabies virus infection and spread when mice were injected with 
the strongest helper virus (AAV9-FLEX-hGTB), followed 3 weeks later with full-strength rabies virus.  
A small number of neurons infected with rabies virus are detectable locally in the wild-type animal (A), 
but no long-range leak infection was ever detected. This indicates that a small amount of TVA leak was 
sufficient to mediate some direct infection with EnvA pseudotyped rabies virus, but there was not 
sufficient leak expression of rabies glycoprotein to mediate transsynaptic spread.  In comparison, in the 
PV-Cre mouse (B-D) many thousands of cells are infected locally (B) and long-range signal is detected 
in regions known to send connections to barrel cortex, such as secondary somatosensory cortex (C), as 
well as thalamic nuclei VPm and Po (D).  Thus, the Cre-dependent expression of rabies glycoprotein 
resulted in complementation, allowing the (EnvA)SAD-G-mCherry rabies virus to spread selectively 
from the PV+ neurons to their direct presynaptic inputs. This regime appears optimal for studying long-
range circuitry onto a defined cell type by maximizing label of long-range connections at the expense of 
some local leak. 
(E-H) show the same comparisons as in A-D while using the weaker helper virus (AAV9-pEF1-
FLEX-GTB), followed 3 weeks later with full-strength rabies virus.  Local leak in the wild-type is 
drastically reduced (E), while local label resulting from a combination of direct infection and 
transsynaptic spread in the PV-Cre animal is reduced but still extremely abundant (F).  Long range 
transsynaptic label in other cortical regions (G) and thalamus (H) is also reduced but still present.  This 
regime provides a happy medium that still labels long-range connections with acceptable frequency but 
reduces the complicating effects of local leak infection in the absence of Cre. 
(I-L) show rabies virus label in the presence of AAV9-pEF1-FLEX-GTB (compare to E-H), but with 
(EnvA)SAD-G-mCherry rabies virus diluted approximately 30-fold prior to injection.  Local leak 
infection is completely eliminated in the wild-type animal (I), but many hundreds of directly and 
transsynaptically infected cells are still detectable in the PV-Cre mouse (J).  However, long-range inputs 
onto PV+ cells in cortex are only rarely labeled, as seen by lack of somata in S2 (K) and thalamus (L).  
This regime appears to be optimized for studying local circuitry in the Cre animal. 
Scale bar = 100 m and applies to all panels. 
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Chapter 2: Differential innervation of direct and indirect pathway 
striatal projection neurons  

 
 
2.1 ABSTRACT 

The dorsal striatum integrates diverse information from cortex, thalamus, and 

midbrain to shape motor learning.  The two major projection cell classes in the dorsal 

striatum project to different downstream basal ganglia targets and have opposing 

effects on motivated behavior.  We examined whether differential input can provide a 

substrate for information segregation onto these two projection cell types.  We used a 

monosynaptic rabies virus system to specifically label direct synaptic inputs onto 

direct- or indirect-pathway striatal projection neurons.  We discovered that sensory 

cortical and limbic structures preferentially innervated the direct pathway, whereas 

motor cortex preferentially targeted the indirect pathway.  Thalamostriatal input, 

dopaminergic input, as well as input from specific cortical layers, was similar onto 

both pathways.  We also provide evidence for direct serotonergic innervation of 

striatum, as well as direct input from the pedunculopontine tegmental nucleus. 

Together, these findings provide a framework for guiding future studies of basal 

ganglia circuit function. 

 

2.2 INTRODUCTION 

Output from the dorsal striatum, which serves as the major input structure for 

the basal ganglia, is organized into two primary projection pathways that have 
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opposing effects on movement.  The coordinated activity of these two output streams 

is thought to be critical for learning and facilitating proper action sequences.  

Although the two projection cell classes in dorsal striatum, known as medium spiny 

neurons (MSNs), are largely intermingled, they can be distinguished by their gene 

expression and by their downstream targets.  Direct-pathway MSNs express the 

dopamine D1 receptor (Gerfen, 1992; Ince et al., 1997), and project primarily to pars 

reticulata of substantia nigra (SNr) (Smith et al., 1998), as well as sending strong 

inputs to the entopeduncular nucleus (EP), the rodent homologue of the internal 

portion of globus pallidus. Indirect pathway MSNs express the dopamine D2 receptor 

(Gerfen, 1992) and send their primary projections to the globus pallidus (GP, external 

portion in primates).  Activation of direct or indirect pathways yields opposing effects 

on movement, reinforcement, and reward-related behaviors (Ferguson et al., 2011; 

Kravitz et al., 2012; Lobo et al., 2010).  Although the gross anatomy of striatal input 

has been thoroughly studied through use of traditional tracers, these techniques cannot 

distinguish inputs onto specific cell types, nor can they separate synaptic from 

extrasynaptic input. Moreover, they can often label fibers of passage. Painstaking 

electron micrograph studies have found some preliminary evidence that input bias into 

the dorsal striatum may exist (Lei et al., 2004), but these data can only study tiny 

fractions of the total input into striatum.  Slice physiology studies have also 

demonstrated some input specificity from a few brain regions (Bevan et al., 1998; 

Gittis et al., 2010), but slice preparations cannot preserve the myriad connections that 

flow into dorsal striatum.  We wished to overcome these limitations by utilizing 
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newly-developed genetic tools to dissect the inputs onto MSN subtypes in dorsal 

striatum with single cell resolution, at the whole brain level. We sought to determine 

whether information segregation in the basal ganglia arises at the level of the MSNs in 

the striatum, or whether these two pathways receive differential input that could 

differentially regulate the activity of one pathway versus the other. These data could 

provide a starting point for assessing how distinct striatal inputs shape the functional 

roles of the direct and indirect pathways.   

We utilized pathway-specific Cre driver lines, combined with a recently-

described technique that allows us to target specific cell types and label their 

monosynaptically-connected inputs (Wall et al., 2010). We then quantified the relative 

input strengths from brain regions that project directly onto direct- or indirect-pathway 

MSNs in the striatum. Together, these data provide intriguing evidence for the 

specificity of inputs flowing into the dorsal striatum, and provide strong predictive 

motivation for studying the physiological significance of biased input from cortex and 

from the limbic system.   

 

2.3 RESULTS 

 

2.3.1 Two-virus system enables targeting of inputs to striatal projection neuron 
subtypes 

We utilized a two-virus system, in combination with Cre-expressing mouse 

lines, to target genetically-specified projection neuron subtypes in the striatum and 

specifically label their monosynaptic inputs (Haubensak et al., 2010; Wall et al., 
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2010).  The first virus is a Cre-dependent adeno-associated virus (AAV) that expresses 

TVA and rabies glycoprotein; these proteins are necessary for infection and 

monosynaptic spread of a modified rabies virus.  The second virus is a monosynaptic 

rabies virus that has been modified in two ways: first, the native rabies glycoprotein in 

the viral membrane has been replaced with an avian sarcoma leucosis virus envelope 

protein (EnvA), preventing infection of mammalian neurons in the absence of its 

binding partner, TVA.  Second, the glycoprotein gene from the rabies virus genome 

has been deleted, preventing new particles from spreading retrogradely in the absence 

of another source of glycoprotein.  Once TVA from the AAV is expressed in Cre+ 

neurons, the rabies virus specifically infects these cells.  Since the Cre-dependent 

AAV provides Cre+ cells with a source of rabies glycoprotein, newly formed rabies 

virus particles can spread monosynaptically retrogradely from these Cre+ cells.  The 

inputs to these cells do not contain Cre and thus do not express TVA or rabies 

glycoprotein, preventing the rabies virus from spreading beyond this step.  This 

technique effectively restricts rabies virus infection to only Cre+ cells and their direct, 

monosynaptic inputs. 

We injected either D1R-Cre mice, D2R-Cre mice (Gong et al., 2007), or wild-

type C57 control mice with 180nl of helper virus (Figure 2.1A), followed three weeks 

later with 180nl of modified rabies virus injected at the same location, but along a 

different injection tract (Figure 2.1B), to avoid potential double-labeling of dopamine 

receptor-expressing cells along the injection tract.  We then waited one week for the 

rabies virus to replicate and spread monosynaptically before tissue processing and 
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analysis (Figure 2.1C).  We mounted every second section and stained against dsRed 

to amplify mCherry expression from the rabies virus, and counterstained with a 

fluorescent Nissl marker (Neurotrace 500/525).  We then scanned each slide on a 

semi-automatic fluorescence slide scanner and counted labeled somata to determine 

the numbers of retrogradely labeled cells in each brain region.  Mice with fewer than 

50 input cells originating outside of striatum were excluded from analysis to prevent 

small number bias, yielding a final data set consisting inputs from 9 D1R-Cre mice 

and 10 D2R-Cre mice. 

 

2.3.2 Projection patterns from directly-infected MSNs validate specificity of 
rabies virus targeting 

Direct-pathway MSNs in the dorsal striatum directly project to SNr, with 

major projections to the EP and a smaller fraction of projections to the GP.  As 

expected, when monosynaptic rabies virus was injected into AAV-infected D1R-Cre 

mice, dense projections associated with the direct pathway were labeled, terminating 

in SNr and EP, with a few projections to GP (Figure 2.2A).  When the striatum was 

examined at higher power, a stark border between striatum and globus pallidus is 

detectable, emphasizing the specificity of infection to striatal neurons (Figure 2.2B).  

In contrast, indirect-pathway MSNs project almost exclusively to the GP, with 

negligible projections to other direct pathway target structures. When monosynaptic 

rabies virus was injected into AAV-infected D2R-Cre animals, projections associated 

with the indirect pathway were readily obvious (Figure 2.2C), heavily innervating GP 

but sparing EP and SNr.  At higher power, the sharp border between striatum and 
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globus pallidus was again detectable, but heavy labeling of axon terminals in GP again 

emphasizes the specificity of virus targeting to indirect pathway MSNs (Figure 2.2D).  

The sites of primary injection within the striatum were largely overlapping, as 

diagrammed in (Figure 2.2E-F) and charted in (Figure 2.2G). 

As noted above, even though the injection sites were somewhat near the border 

of GP, genetic restriction of primary infection to either D1R- or D2R-expressing 

MSNs provided nearly complete restriction of primary infection to dorsal striatum 

(Figure 2.2B,D).  A few cells in the GP were sometimes labeled (Figure 2.2A), 

indicating that these cells likely provide direct input to neurons in the dorsal striatum.  

However, due to their proximity to the injection site, these inputs were not analyzed 

further.  Rabies virus infection was rarely detectable at the injection site in wild-type 

animals, and wild-type mice never had any label outside of striatum, further 

emphasizing the specificity of rabies virus targeting only to Cre-expressing cells and 

their direct inputs. 

 

2.3.3 The majority of inputs to both the direct and indirect pathways arise from 
cortex and thalamus 

Figure 2.3 summarizes the major long-range inputs onto the direct and indirect 

pathways.  Inputs were normalized across each animal to prevent mice with many 

labeled inputs from overly biasing total input proportion.  Only inputs that were 

detected in at least three mice total (across all mouse types) were included for display.   

Corticostriatal neurons comprised the majority of long-range inputs onto both 

pathways (61.1% of total inputs onto the direct pathway, 69.6% onto the indirect 
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pathway).  These inputs arose primarily from the somatosensory and motor cortices, as 

well as significant input from prefrontal cortical structures and limbic structures 

known to project directly into striatum.  Dorsolateral striatum is known to receive 

primarily somatosensory and motor inputs (Kunzle, 1975; Liles and Updyke, 1985; 

McGeorge and Faull, 1989), while dorsomedial striatum is thought to receive a higher 

proportion of frontal and limbic inputs (Goldman and Nauta, 1977; McGeorge and 

Faull, 1989; Ragsdale and Graybiel, 1981).  The slight lateral bias of the injection site 

(Figure 2.2F) likely explains the relative proportion of inputs from various cortical 

structures.   

Thalamus provided the majority of the remaining inputs into striatum (22.0% 

of total inputs onto the direct pathway, 25.5% of total inputs onto the indirect 

pathway).  Although the dorsal striatum receives input from a large number of 

thalamic nuclei, the majority of thalamostriatal input arose from the medial dorsal and 

parafascicular nuclei, with significant contribution of inputs from other thalamic 

structures.  These inputs correspond well with previous experiments using traditional 

retrograde tracers to label thalamic inputs to the dorsal striatum (Pan et al., 2010). 

Other brain structures that project into dorsal striatum include the 

dopaminergic substantia nigra pars compacta, the serotonergic dorsal raphe nucleus, 

and potentially the cholinergic basal nucleus of Meynert.  Other midbrain and 

hindbrain structures, including the amygdala and the pedunculopontine tegmental 

nucleus, also provided some input. The seemingly low strength of input from 

substantia nigra pars compacta likely arises from the fact that the monosynaptic rabies 
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virus only spreads at direct chemical synapses and does not spread at volume 

transmission synapses (Ugolini, 2010); this observation is described in detail in 

subsequent experiments (Figure 2.7). 

 

2.3.4 Preferential innervation of direct- or indirect-pathway striatal projection 
neurons 

We first wished to determine whether there were differences in the excitatory 

drive onto the direct vs. indirect pathway, so we examined the strength of cortical 

glutamatergic input onto D1R vs. D2R-expressing cells.  Representative images from 

three cortical structures (primary sensory (Figure 2.4A-B) and motor cortices (Figure 

2.4C-D), as well as the orbitofrontal cortex (Figure 2.4E-F)) demonstrate the quality of 

label obtained via monosynaptic tracing.  Due to the slight lateral injection targeting, 

the chosen injection site is dominated by sensorimotor input, but also contains 

considerable prefrontal and a small amount of limbic cortical input (Figure 2.4G).  We 

separated the corticostriatal input into four major streams: prefrontal (insular and 

orbitofrontal cortices, as well as the frontal association area), motor (primary and 

secondary motor cortices), sensory (primary and secondary somatosensory cortices), 

and limbic (prelimbic, retrosplenial, cingulate, perirhinal, and entorhinal cortices).   

We found that while prefrontal cortical structures similarly innervated direct and 

indirect pathway MSNs (21.3%±3.3% of total cortical input vs. 25.1%±2.4% onto 

D1R cells vs. D2R cells, respectively, all reported values mean ± 1 SEM, p=0.4 by 

two-tailed t-test), other cortical structures provided considerably biased input onto one 

stream or the other (Figure 2.4G).  Motor cortices provided significantly higher levels 
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of input to the indirect pathway (28.9%±3.3% vs. 43.1%±3.2%, p=.007).  In contrast, 

somatosensory and limbic cortices tended to provide stronger input to the direct 

pathway (somatosensory: 38.4%±3.6% vs. 29.3%±2.6%, p=0.05; limbic: 11.3%±3.4% 

vs. 2.5%±1.2%, p=0.02).  As seen in figure 2.3, biased sensory and motor input almost 

exclusively arose from the primary cortical structures, whereas all limbic structures 

appeared to provide more input to direct pathway MSNs.  These data provide evidence 

for the segregation of cortical input onto the two striatal motor streams. 

To further demonstrate the difference in the proportions of cortical input 

innervating the direct and indirect pathways, we performed a center of gravity analysis 

to determine the center of corticostriatal input onto D1R and D2R MSNs.  Overall, 

corticostriatal inputs to the direct pathway were significantly posterior to the inputs to 

indirect pathway neurons (0.63mm+-0.11mm rostral to bregma for D1R-Cre mice, 

0.93mm+-0.06mm for D2R-Cre mice, p=0.03 by two-tailed t-test).  One D1R-Cre 

mouse with considerable prefrontal input had significantly shifted center of gravity 

compared to all other animals (p<0.05 via Grubbs’ outlier test) and was removed from 

visual comparison (with outlier removed, center of gravity was 0.54mm±0.07mm for 

D1R-Cre mice, vs 0.93mm±0.06mm for D2R-Cre mice, p=7x10-4 by two-tailed t-test, 

Figure 2.4H; outlier is indicated by faded circle).  The dashed line delineates the 

border between primary somatosensory and primary motor cortex at the sagittal slice 

containing both cohorts’ center of gravity (2.04 mm lateral from the midline).  Both 

the lateral-medial and dorsal-ventral center of gravity positions were nearly identical 

between D1R-Cre and D2R-Cre mice (LM: 2.08mm±0.10mm lateral from the midline 
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vs. 2.05mm±0.07mm for D1R-Cre vs. D2R-Cre mice, DV: 2.07mm±0.05mm deep 

from bregma vs. 2.07mm±0.06mm).  These data, in combination with (Figure 2.6A), 

indicate that more posterior cortical structures (somatosensory and limbic cortices) 

provide more input to the direct pathway, whereas more rostral cortices (namely, 

primary motor cortex) provide stronger input to the indirect pathway. 

 

2.3.5 No difference in cortical layer input to direct- or indirect-pathway 
projection neurons 

It is known that two morphologically distinct types of corticostriatal pyramidal 

cells exist, which have been proposed to differentially innervate striatal projection 

neuron subtypes (Reiner et al., 2003).  Intratelencephalic-type (IT-type) pyramidal 

neurons project to both ipsilateral and contralateral striatum, and primarily inhabit 

cortical layers 2/3 and superficial layer 5.  Another type of corticostriatal neuron only 

projects to ipsilateral striatum but also sends projections along the pyramidal tract 

(PT-type), and these cells are primarily located in superficial and deep layer 5.  We 

hypothesized that these two cell types may be a source of differential input onto the 

two striatal output pathways.  We therefore compared the levels of layer 2/3 input, 

superficial layer 5, and deep layer 5 onto either D1R or D2R-expressing MSNs. 

When documented across the four cortical regions that provided the greatest 

input to dorsal striatum (Figure 2.4I), direct and indirect pathway MSNs received 

similar proportional levels of input from each cortical layer (S1: primary 

somatosensory cortex, M1: primary motor cortex, M2: secondary motor cortex, PFC: 

insular and orbitofrontal cortices, p>0.15 for all individual cortical region/layer D1R 
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vs. D2R comparisons by two-tailed t-test).  Furthermore, there was no significant 

difference in terms of overall cortical input strength from any specific input layer.  For 

layer 2/3, inputs were 19.3%±2.5% vs. 23.3% ±2.1% of overall cortical inputs from 

D1R vs. D2R, mean±1 SEM, p=0.24 by two-tailed t-test.  For superficial layer 5, 

including all layer 5 input from prefrontal regions, inputs were 56.7%±2.6% vs. 

55.7%±2.7%, p=0.79.  For deep layer 5, inputs were 10.4%±3.0% vs 8.2%±1.1%, 

p=0.50.  Contralateral corticostriatal input was too sparse for statistical comparison, 

but for the animals with greatest overall cortical label, contralateral inputs comprised 

5.2%±2.7% of cortical input in D1R-Cre mice (n=3, mean±1 SEM), and 8.1%±2.8% 

of total cortical input in D2R-Cre mice (n=5).  These results suggest that the two 

corticostriatal projection cell types do not provide biased input onto either the direct or 

indirect pathway. 

Interestingly, although each cortical layer provided similar input onto D1R and 

D2R MSNs, the proportion of superficial vs. deep layer input varied considerably 

across brain areas, with more superficial input detected in rostral cortical areas, and 

almost exclusive deep layer input from more caudal cortical regions.  Primary 

somatosensory cortex provided almost exclusively layer 5 input, primary motor cortex 

provided some superficial input but remained deep-layer dominated, and prefrontal 

cortices provided a mix of superficial and deep layer input.  These results were 

validated by injecting a G-deleted rabies virus with native glycoprotein on its surface.  

This virus acts as a traditional retrograde tracer, and demonstrated similar layer input 

patterns to those discovered using the cell-type specific monosynaptic tracer virus 
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(Figure 2.5).  These results demonstrate that the overall layer patterns of cortical input 

onto each motor pathway accurately reflect the total cortical input into dorsal striatum. 

Both the strength of cortical layer input and cortical region input are 

summarized in (Figure 2.4J).  Although cortical structures provided similar layer input 

to both the direct and indirect pathways, more frontal cortical structures provided a 

greater proportion of superficial input compared to primary somatosensory and motor 

cortices.  Overall, motor cortex preferentially innervates the indirect pathway, whereas 

somatosensory and limbic cortices provide biased input to the direct pathway.  This 

information bias could be propagated to downstream basal ganglia structures targeted 

by direct and indirect pathway MSNs. 

 

2.3.6 Thalamic input into the striatum does not show biased connectivity 

The other main source of excitatory input into the striatum arises from 

glutamatergic thalamostriatal afferents; various thalamic nuclei provided 

approximately 25% of the total input neurons in our experiments.  Of these nuclei, the 

parafascicular (PF) nucleus and the medial dorsal (MD-MDL) nuclei of the thalamus 

provided the strongest input, with considerable remaining input from the central (CM-

CL), ventromedial (VM), anterior medial (AM), and anterior lateral (AL) nuclei.  

These results are summarized in figure 2.6; thalamic sections were manually 

registered via scaled rotation at 1/6 sampling density to provide a representative map 

of thalamic input neurons.  All thalamic nuclei provided similar input to both direct 

and indirect pathway MSNs; of the two largest input structures, the parafascicular 
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nucleus provided 46.9%±3.7% vs. 55.0%±4.7% of total thalamic input to D1R vs. 

D2R-expressing neurons, mean±1 SEM, p=0.20 by two-tailed t-test, and the medial 

dorsal nuclei provided 37.3%+-3.2% vs. 28.8+-3.9% of total thalamic input to D1R-

Cre mice vs. D2R-Cre mice, p=0.11. 

 

2.3.7 Dopaminergic input into the striatum is largely mediated via volume 
transmission, and direct synaptic input is similar onto both motor pathways 

We then examined the strength of synaptic dopaminergic input from the 

substantia nigra onto striatal projection cells.  Both types of neurons received similar 

levels of dopaminergic input, suggesting that dopamine primarily acts to gate striatal 

output through the differential effects of dopamine on the dopamine D1 receptor vs. 

the dopamine D2 receptor, rather than through differences in anatomical connectivity.  

Surprisingly, we observed that a relatively small proportion of total labeled inputs 

arose from the substantia nigra, so we compared these data to the data gathered using 

rabies as a traditional retrograde tracer (Figure 2.7).  Since the modified rabies virus 

system only spreads at chemical synapses, we can use these two viruses to determine 

the proportion of direct synaptic dopamine vs. total dopamine input into the striatum.  

Interestingly, synaptic dopamine inputs comprised only a small fraction of the total 

dopaminergic input into the striatum (0.8%+-0.3% of total labeled inputs for both 

D1R-Cre and D2R-Cre mice, mean+-1SEM, vs. 6.7% of total inputs in a C57 mouse 

injected with rabies as a traditional retrograde tracer), suggesting that volume 

transmission plays a large role in modulating the activity of striatal neurons.  This 

provides further evidence that expression of different dopamine receptors, rather than 
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synaptic connectivity, provide the major source for the differential effects of dopamine 

on striatal neurons. 

 

2.3.8 The amygdala preferentially innervates direct pathway MSNs 

We were very curious to examine the relative strength of amygdala input into 

the striatum; both the central and basolateral nuclei of the amygdala are known to 

innervate the dorsal striatum (Kelley et al., 1982), but the relevance of this input 

stream is poorly described.  The amygdala provided considerably stronger input onto 

the direct pathway (mean 4.3% ± 1.4% of total inputs for D1R-Cre, vs. 0.1% ± 0.1% 

for D2R-Cre mice, p=0.0153 by one-tailed Wilcoxon rank-sum test, z=2.16, U=18. 

Non-parametric statistical test used because D2R input is floored near zero).  This 

observation mirrors the biased limbic cortical input onto the direct pathway described 

in figure 2.4.  These results suggest that the limbic system, including both limbic 

cortex and amygdala, may convey affective value information to the striatum, biasing 

action selection preferentially through the direct pathway, consistent with a role for the 

direct pathway in reinforcement.   

 

2.3.9 Minor inputs and possible non-canonical input structures 

The dorsal raphe nuclei provided some synaptic input onto both pathways 

(1.1% ± 0.8% in D1R-Cre mice, 0.1%±0.1% in D2R-Cre mice) but the total number of 

synaptic inputs was relatively small.  This small fraction of input recapitulates the 

results of figure 2.7, where neuromodulatory streams provide a relatively small 
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proportion of direct synaptic input onto striatal MSNs; this is unsurprising given the 

prevalence of volume transmission from the serotonin system.  Direct serotonergic 

input to the dorsal striatum has been previously described (Pan et al., 2010; Vertes, 

1991), but its potential functional roles are only beginning to be explored (Di Matteo 

et al., 2008).  

Minor inputs (<1% of total inputs, but documented in at least three animals), 

were also documented from the pedunculopontine tegmental nucleus (PPTg), 

subthalamic nucleus, hypothalamus, and basal nucleus of Meynert.  The projection 

from PPTg to the dorsal striatum has been described in other animal models (Nakano 

et al., 1990; Saper and Loewy, 1982), suggesting that PPTg to dorsal striatum 

connectivity is highly conserved across species.  The PPTg has recently come under 

increased scrutiny as a potential deep-brain stimulation target for alleviation of basal 

ganglia dysfunction, particularly through its direct projections to other structures of 

the basal ganglia, including the subthalamic nucleus, SNc, and the EP.  Our results 

provide further evidence that the PPTg conveys information to almost every step of 

the basal ganglia circuit, and that deep brain stimulation of the PPTg could have wide-

ranging effects on basal ganglia activity.  The subthalamic nucleus has also been 

shown to provide some direct input to dorsal striatum in mice (Pan et al., 2010), 

indicating high levels of interconnectivity between mouse basal ganglia nuclei.  Inputs 

from the hypothalamus and basal nucleus of Meynert represented the sparsest inputs 

from our dataset (when sampled at half density, one cell each was detected in three 
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animals total).  These non-canonical input structures would need more evidence to 

conclusively demonstrate the existence of these connections. 

 

2.4 DISCUSSION 

We built brain-wide maps of inputs to the two main projection cell types in 

striatum, discovering potential differences in input strengths from cortical and limbic 

structures onto the direct or indirect pathway that would have been extremely difficult 

to demonstrate using previous technology.  By using genetic tools to segregate the 

inputs to D1R and D2R-expressing MSNs, we demonstrated that information 

segregation into the basal ganglia may occur even before the level of the striatal 

medium spiny neuron. 

 

2.4.1 Potential roles for asymmetric input into dorsal striatum 

The specific roles of the direct and indirect pathways in behavior have been 

debated for decades, and identification of the sources of synaptic inputs to these 

circuits may provide fresh insight into their function. Classical models of the basal 

ganglia have suggested that the direct pathway facilitates, whereas the indirect 

pathway suppresses, movements and actions (Albin et al., 1989; DeLong, 1990), yet 

their roles are surely more complex than this. Modeling and evidence from 

reinforcement paradigms suggest that, within specific contexts, the direct pathway 

may facilitate previously-rewarded actions, whereas the indirect pathway may 

suppress previously-unrewarded actions (Bromberg-Martin et al., 2010; Frank et al., 
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2004; Hikida et al., 2010; Kravitz et al., 2012). Such a scheme relies on an integration 

of motor, sensory, and reward information, yet little is known about how this 

information is relayed to the basal ganglia or how it might affect specific cell types 

(Fee, 2012). Dopamine (reward signaling) is hypothesized to oppositely act on direct- 

and indirect-pathway MSNs via distinct signaling through Gs-coupled D1 and Gi-

coupled D2 receptors (Gerfen et al., 1990), but differential actions of motor and 

sensory afferents on MSN subtypes has not, to our knowledge, been proposed. 

Here, we find differential innervation of indirect-pathway MSNs by motor 

cortex afferents, whereas inputs transmitting contextual information (sensory/limbic) 

preferentially innervate direct-pathway MSNs. This architecture suggests a model of 

basal ganglia function in which action information (e.g. efference copy) is 

differentially transmitted to the indirect pathway, potentially to suppress competing 

actions, or to prime the animal to switch to the next step in an action sequence. In 

contrast, contextual information, encompassing sensory information (from 

somatosensory cortex) and valence (from amygdala) may be preferentially routed to 

the direct pathway to select or initiate actions, based on past experiences in similar 

contexts.  However, as with any anatomical labeling technique, we must be careful 

extrapolating physiological significance from anatomical data alone, as described in 

more detail in Technical Considerations. 

We did not detect differential input to direct- or indirect-pathway MSNs from 

specific cortical layers, which are thought to contain different types of corticostriatal 

projection cells.  These results run counter to a previous study that identified 
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preferential input from intratelencephalic-projecting corticostriatal cells, which are 

found preferentially in superficial cortical layers, onto the direct pathway (Lei et al., 

2004).  Pyramidal-tract projecting neurons, which preferentially reside in deep cortical 

layers, were shown to preferentially project onto the indirect pathway, based on the 

diameter of corticostriatal axon terminals.  However, we cannot rule out differential 

innervation of direct- or indirect-pathway MSNs from PT- versus IT-type cells 

residing within each cortical layer, particularly in superficial layer 5, where both cell 

types are thought to exist (Morishima et al., 2011; Reiner et al., 2003).   In contrast, 

our data is consistent with electrophysiological studies demonstrating similar effects 

on direct- and indirect-pathway MSNs after stimulation of the IT-type cortical neurons 

in the contralateral hemisphere (Ballion et al., 2008). 

It is also important to note that inputs onto direct-pathway vs. indirect-pathway 

projection cells represent only one potential form of organization within the dorsal 

striatum.  Considerable evidence exists that while the dorsal striatum initially appears 

homogeneous, the striatum can be subdivided into compartments that have 

considerable specificity based on expression of a variety of markers (for review, see 

Crittenden and Graybiel, 2011).  For example, small patches of striatum can be easily 

detected by their low levels of calbindin expression (Ito et al., 1992; Liu and Graybiel, 

1992; Martin et al., 1991).  These patches, also known as striosomes, are surrounded 

by a matrix of high calbindin expression, and are posited to represent functionally 

distinguishable subregions of dorsal striatum based on a number of characteristics 

(Amemori et al., 2011; Crittenden and Graybiel, 2011; Watabe-Uchida et al., 2012).  
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Although we targeted the direct vs. indirect pathway independently of striosomal 

organization, our results regarding preferential innervation of the direct pathway from 

limbic structures parallels evidence in the striosomal literature; intriguingly, limbic 

cortices (Gerfen, 1989; Jimenez-Castellanos and Graybiel, 1987) and the amygdala 

(Ragsdale and Graybiel, 1988) are thought to preferentially innervate striosomal 

compartments, which may themselves be preferentially populated with direct-

pathway-like MSNs that project directly to the SNc, as well as to the SNr, GP, and EP 

(Fujiyama et al., 2011).  These results, in conjunction with our own experiments, 

suggest that both target cell location within the striosome-matrix dichotomy and 

neuronal cell type may interact to generate fine-scale organization within the dorsal 

striatum.   

  

2.4.2 Technical considerations 

We must emphasize that although we discovered differences in the relative 

proportion of labeled input cells from certain brain structures onto either the direct or 

indirect pathway, this technique alone does not provide conclusive information 

regarding the physiological importance of this biased connectivity.  Although it is 

quite tempting to assign potential functional roles for the differences in input strength 

we observed from various cortical and limbic input structures, further experiments are 

necessary to make physiological claims to this effect.  Indeed, since the virology of 

rabies virus spread is incompletely understood, we cannot even be completely certain 

of the anatomical substrate for these documented differences in input strength from 
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various brain structures.  These values could potentially be associated with a number 

of factors, including total synapse number, total surface area of synaptic contacts, or 

other, incompletely understood parameters associated with the retrograde spread of 

rabies virus (for review, see Callaway, 2008; Ugolini, 2010).  Instead, we should treat 

these data as a resource for generating predictive hypotheses for the organization of 

inputs into the dorsal striatum, which can then be probed using functional techniques. 

 

2.4.3 Future applications 

These data, in conjunction with other recent studies, have now demonstrated in 

multiple systems the broad applicability of the monosynaptic rabies virus system for 

building anatomical data sets onto targeted cell populations (Haubensak et al., 2010; 

Miyamichi et al., 2011; Wall et al., 2010; Watabe-Uchida et al., 2012).  Indeed, it is 

extremely heartening to see how closely the monosynaptic rabies virus recapitulates 

data generated in previous retrograde tracer studies.  This good concordance between 

previous studies and new data generated using the monosynaptic rabies system 

provides strong evidence for its use as a monosynaptic targeting device.  Investigators 

can now build subcircuit input maps to a variety of brain structures by genetically 

targeting specific cell types, providing much more detailed information about how 

different populations of neurons in the brain communicate with one another.  We 

demonstrated that even heavily intermingled cell populations can be specifically 

targeted, revealing potential subcircuit specificity from input structures across the 

brain.   
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Importantly, since the rabies virus itself is a genetic expression vector, this 

same targeting system can be used to functionally probe connected brain subcircuits 

through optogenetic stimulation, imaging of population activity, or a variety of other 

genetic manipulations (Osakada et al., 2011).  These tools can now be used to 

functionally examine the physiological importance of biased connectivity patterns 

described through anatomical targeting of specific cell populations, providing a means 

for directly examining the hypotheses generated through the production of anatomical 

data sets.  This provides a direct bridge between anatomy and physiology that was 

either lacking or difficult to assess using prior anatomical tracer techniques.  

Furthermore, by using a bridge virus to target rabies virus infection directly to specific 

cell types, we now have a good means for segregating direct synaptic input from other 

potential sources of label, including fibers of passage and axon termini that signal via 

volume transmission.  These characteristics make the monosynaptic rabies virus 

system immensely powerful for studying both anatomy and function in the brain. 

 

2.4.4 Concluding remarks 

We utilized the power of cell-type targeted monosynaptic rabies to specifically 

label the inputs to the striatal direct and indirect pathways, discovering biased input 

from sensory and limbic cortices, as well as amygdala, onto the direct pathway, as 

well as preferential motor innervation of the indirect pathway.  We also confirmed 

direct serotonergic input to the striatum, as well as demonstrating direct drive from the 

pedunculopontine tegmental nucleus to the dorsal striatum.  These data provide a 
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strong framework for understanding the potential roles of both symmetric and 

asymmetric input for striatal information processing. 

 

2.5 MATERIALS AND METHODS 

All methods using live animals described below were in accordance with protocols 

approved by the Salk Institute and University of California, San Francisco Institutional 

Animal Care and Use Committees. 

 

2.5.1 AAV production 

 The initial AAV gene delivery plasmid expressing TVA and rabies 

glycoprotein [pAAV-FLEX-hGTB (Addgene #26196)] was generated de novo by Mr. 

Gene (Regensburg, Germany).  The virus was synthesized by the Salk Viral Vector 

Core and had genomic titers of ~10^12 gc/ml.  We generated the EF1 promoter 

plasmid used in this study [pAAV-EF1-FLEX-GTB (Addgene #26197) by deleting 

one element pAAV-FLEX-hGTB plasmid, then subcloning the double-floxed gene 

cassette into an existing vector [pAAV-EF1-double flox-eYFP-WPRE, courtesy of 

Karl Deisseroth, Stanford University, Stanford, CA].  The resulting plasmid uses the 

FLEX double-floxed sequence, rather than the DIO sequence.  pAAV-EF1-FLEX-

GTB was isolated through transfection of a single 15cm plate of HEK293T cells, 

followed by freeze-thaw lysis of the cells and crude extraction of the intracellular 

contents.  Genomic titer was approximately ~108 gc/mL.   
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2.5.2 Rabies virus production 

 EnvA-pseudotyped, G-deleted rabies viruses were produced in a manner 

similar to that described in (Wall et al., 2010; Wickersham et al., 2010).  (EnvA)SAD-

G-mCherry had functional titers of ~2x1010 infectious units (iu)/mL as determined 

through infection of TVA-expressing HEK293T cells. 

 

2.5.3 Animal surgery and viral injection parameters 

     D1R-Cre and D2R-Cre mice (Gong et al., 2007) were maintained in a C57Bl/6 

background and selected for experiments when animals were 2-6 months of age.  For 

all experiments, age- and sex-matched C57Bl/6 mice were used as controls.  To 

perform stereotaxic viral injections into the brain, mice were briefly induced under 

isoflurane and then injected with ketamine/xylazine (100 mg/kg ketamine, 10 mg/kg 

xylazine in sterile saline) to achieve stable anesthesia.  Animals were then mounted in 

a rodent stereotax (David Kopf Instruments Model 940 series, Tujunga, CA) and head-

fixed using ear bars, bite bar, and nose clamp.  A small incision was made in the skin 

over the skull, exposing bregma, lambda, and the location of the desired injection site.  

A three-axis micromanipulator was used to measure spatial coordinates for bregma 

and lambda.  All mice received monohemispheric injections at the following 

coordinates (all values given relative to bregma): AP +0.5 mm, LM -2.0 mm, DV -

3.25 mm.  A pulled glass pipet with approximately 30 m tip diameter was loaded 

with virus and then lowered into the brain to the appropriate coordinates.  A 

Picospritzer (General Valve Corp, Fairfield, NJ) was used to pulse virus into the brain.  
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pAAV-FLEX-hGTB was used in two D1R-Cre and two D2R-Cre mice, in conjunction 

with ten-fold diluted rabies virus (2x109 IU/mL), yielding results indistinguishable 

from the remainder of the mice, which used pAAV-EF1-FLEX-GTB with full-

strength rabies virus.   

To avoid coincident AAV and rabies virus infection along the injection tract, 

the AAV injection approached the injection site straight down along the dorsal-ventral 

axis, while the rabies virus injection approached the same site from the midline at an 

angle of 28 degrees tilt from parallel to the dorsal-ventral axis, with no tilt relative to 

the anterior-posterior axis.  A small drill hole was made in the skull over the pipet 

insertion site, exposing the brain.   

180 nL of helper virus was injected into the brain at a rate of 15-20 nL/minute, 

with approximately 350 pL delivered per pulse.  To prevent backflow of virus, the 

pipet was left in the brain for 5 minutes following completion of the injection.  After 

removing the injection pipet, the mouse was removed from the stereotax, the incision 

was closed with wound clips.  Mice were allowed to recover for 3 weeks prior to 

rabies virus infection.  In these experiments, rabies virus was injected under the same 

conditions and injection volume as the initial AAV injection.  Rabies virus was 

allowed to replicate and spread for 7 days prior to perfusion and tissue processing. 

 

2.5.4 Tissue processing 

     To preserve brain tissue for imaging and subsequent analysis, animals were 

intracardially perfused with 30 mL solution containing 4% paraformaldehyde in 0.1M 
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phosphate buffer, pH 7.2.  After perfusion, the brain was isolated and transferred to a 

post-fixative solution containing 4% paraformaldehyde and 30% sucrose in phosphate-

buffered saline (PBS), and then incubated overnight at 4 degrees Celsius on a rotating 

shaker.   

     40 m brain sections were prepared using a microtome with freezing stage, 

and tissue was separated into 4-6 groups to allow for multiple tissue manipulations.  

Most brains were cut sagitally in order to better visualize striatonigral projection 

axons, as well as frontal cortex layer boundaries.  However, some brains were instead 

cut coronally to better delineate cortical layer borders near the midline and in very 

lateral cortical regions.  Tissue groups that were not used immediately were placed in 

a cryopreservative solution (30% glycerol, 30% ethylene glycol in PBS) and stored at 

-20 degrees Celsius. 

Fixed tissue was immunostained using a standard protocol.  To preserve 

mCherry signal, we used a rabbit polyclonal antibody against DsRed (1:250, Clontech, 

Mountain View, CA) and amplified with a Cy3-conjugated anti-rabbit secondary 

antibody (Jackson ImmunoResearch, West Grove, PA).  To visualize cell bodies and 

perikarya, tissue was also labeled with a fluorescent Nissl stain (Neurotrace 500/525, 

Invitrogen, Carlsbad, CA) at 1:500 dilution in PBS for 15 minutes after 

immunostaining.     Immunostained tissue was mounted on chrome-gelatin subbed 

slides and allowed to dry overnight.  Tissue was then dehydrated and defatted using a 

series of ethanol and xylenes immersion steps.  Slides were then coverslipped using 

Krystalon (Harleco, Gibbstown, NJ) mounting medium and glass coverslips.   
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2.5.5 Imaging and slice registration 

Slides were scanned on a Nanozoomer HT 2.0 semi-automated fluorescent 

slide scanner (Hamamatsu Photonics, Shizuoka, Japan), and cell counts from these 

scans were manually acquired using Aperio ImageScope software (Aperio 

Technologies, Vista, CA).  ImageScope software was also used to verify injection 

coordinates and to generate whole slice images from the raw slide image data.  Some 

figure images were acquired using a modified Olympus BX51 microscope, globally 

gamma-adjusted to reduce background, and pseudocolored using ImageJ (NIH, 

Bethesda, MD).  Images showing quantitative colocalization were produced by 

merging color channels in ImageJ.  Images that make use of the Neurotrace 

fluorescent Nissl stain only to indicate underlying brain structure were overlaid in 

Photoshop with Neurotrace as the bottom layer. Manual registration of thalamic slices 

was performed by extracting whole slice images using Aperio ImageScope software, 

then performing scaled rotation in Adobe Illustrator, using Paxinos mouse atlas 

(Academic Press, Orlando, FL) panels as a background reference.   

 

2.5.6 Center of gravity analysis 

 Center of gravity analysis for corticostriatal inputs was performed by 

weighting neuron counts for each cortical area by a fixed stereotaxic position defined 

for each area.  All coordinates are defined in mm relative to bregma, with the 

following format: (Anterior-posterior, lateral-medial, dorsal-ventral).  Primary 
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somatosensory cortex, upper lip region: (0.9, 3.0, -2.25); primary somatosensory 

cortex, barrel fields (-0.78, 3.0, -1.75); primary somatosensory cortex, limb region: (-

0.12 , 1.8, -1.25); secondary somatosensory cortex: (-0.58, 3.7, -2.8); agranular insular 

cortex: (1.54, 3.7, -2.8); granular/dysgranular insular cortex: (0.36, 3.27, -3.5); 

primary motor cortex: (1.18, 1.75, -1.6); secondary motor cortex: (1.42, 0.75, -1.35); 

lateral orbitofrontal cortex: (2.57, 1.38, -2.7); ventral orbitofrontal cortex: (2.53, 0.75, 

-2.5); granular retrosplenial cortex: (-2.59, 0.4, -0.7); agranular retrosplenial cortex: (-

2.7, 0.6, -0.7); cingulate cortex: (1.0, 0.24, -0.75); frontal association area: (2.8, 1.5, -

1.5); prelimbic cortex: (2.25, 0.24, -1.75); perirhinal cortex: (-3.09, 4.0, -4.0); 

entorhinal cortex: (-3.69, 3.5, -4.5). 
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Figure 2.1. Experimental design.  
(A) Adult D1R-Cre or D2R-Cre are injected in the dorsal striatum with 180 nl of AAV9 expressing 
TVA and rabies glycoprotein in a Cre-dependent manner.   
(B) 21 days later, the same mice are injected with 180 nl of monosynaptic rabies virus that can only 
infect cells expressing TVA, and can only spread retrogradely from cells expressing rabies 
glycoprotein.   
(C) Direct inputs onto either direct pathway (D1R-expressing) or indirect pathway (D2R-expressing) 
MSNs are labeled one week after rabies injection. 
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Figure 2.2. Rabies virus infection is restricted to proper cell type and is constrained to 
dorsal striatum.   
(A) Injection site and resulting fiber projections from starter cells in a D1R-Cre mouse.  As expected, 
direct pathway MSNs are labeled and heavily innervate EP and SNr, with some termini in GP. All scale 
bars indicate 250 µm.  
(B) The border between dorsal striatum and globus pallidus shows that direct infection is tightly 
constrained to the striatum.  
(C) Injection site and resulting fiber projections from starter cells in a D2R-Cre mouse. As expected, 
indirect pathway MSNs heavily innervate GP, with little to no label in EP or SNr.  
(D) Higher magnification at the border of striatum and globus pallidus shows strong direct infection in 
the striatum, with axon termini in GP.  
(E-F) Mean center and mean injection span are diagrammed with colored crosses in a sagittal section 
(E) and a coronal section (F).  Red crosses indicate the mean extent of injections into D1R-Cre mice, 
and blue crosses indicate injections into D2R-Cre mice.   
(G) Mean position, extent, and variability of the primary injection site for D1R-Cre and D2R-Cre mice.  
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Figure 2.3. Summary data figure.   
Direct pathway inputs are labeled in red, indirect pathway inputs labeled in blue.  Only inputs that were 
detected in at least three animals are displayed.  The majority of direct synaptic inputs arise from cortex 
and thalamus, with a smaller proportion of inputs from midbrain and hindbrain structures.  Error bars 
indicate 1 SEM. 
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Figure 2.4. Sensory and limbic cortices preferentially innervate the direct pathway, whereas 
motor cortex targets the indirect pathway.  Overall layer input is similar.  
(A-B) Cortical inputs from somatosensory cortex onto both direct and indirect pathway MSNs arise 
almost exclusively from superficial layer 5, though overall input density appeared to be higher onto 
direct pathway MSNs.  
(C-D) Motor cortex inputs onto both pathways arise primarily from superficial layer 5, but some 
superficial layer cells also contribute input.  Motor cortex preferentially innervates the indirect pathway.  
(E-F) Inputs from the insular and orbital cortices (labeled PFC) arise from both superficial and deep 
layers, and appear to innervate both the direct and indirect pathway similarly.  
(G) Cortical inputs were segregated into four major input streams.  Direct pathway inputs are colored 
red, whereas indirect pathway inputs are shaded in blue.  Individual p values indicate two-tailed t-test 
comparison of direct vs. indirect pathway input for each stream.  Error bars indicate 1 SEM.   
(H) Center of gravity analysis demonstrates that cortical input to the direct pathway is significantly 
caudal to that for the indirect pathway.  Individual anterior-posterior centers of gravity are indicated by 
colored circles at the top of the graph.  The two-dimensional chart shows center of gravity for cortical 
inputs to the direct and indirect pathways in both the anterior-posterior and dorsal-ventral dimensions.  
Bar width indicates +-1 SEM.  The plane of slice is 2.04 mm lateral to the midline.  The border between 
primary somatosensory and primary motor cortex at this plane of slice is indicated by the dashed line 
for reference.  One mouse with significantly different center of gravity is excluded in this cohort, and is 
indicated by the light circle.   
(I) Summary diagram showing the relative contribution of different cortical layers to striatal input for 
four different cortical areas in the plane of slice containing the cortical center of gravity (ordered from 
rostral to caudal).  Within a given cortical region, each cortical layer provided similar proportions of 
input onto the direct and indirect pathways, even though absolute numbers of inputs could be 
dramatically different (see figure 3).  More rostral brain structures provided more superficial input than 
more caudal cortical areas.  
(J) Summary image diagrams both the relative strength of layer input from major cortical input 
structures (shaded in tan) as well as the relative amount of input streaming from each cortical area onto 
direct (red) and indirect (blue) motor pathway MSNs, as well as the downstream targets of these MSNs. 
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Figure 2.5. Cortical inputs labeled using unpseudotyped rabies virus injected into dorsal 
striatum as a retrograde tracer demonstrate similar layer organization to monosynaptic rabies 
injections. 
(A) The vast majority of somatosensory input to dorsal striatum is confined to superficial layer 5, with a 
tiny amount of deep layer 5 input.  Scale bar = 100 µm for all panels.   
(B) Superficial layer 5 input still dominates the primary motor corticostriatal stream (right half of 
panel), with a small amount of layer 2/3 and deep layer 5 input.  A greater proportion of superficial 
input is detected in secondary motor cortex (left half of panel).  
(C) Prefrontal cortex provides mixed superficial and deep input to the dorsal striatum.   
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Figure 2.6. Thalamic inputs to dorsal striatum innervate the direct and indirect pathways 
similarly.   
(A) Sagittal slice diagram depicts the site of densest thalamic input.  The dashed box corresponds to the 
region of interest displayed in (d) and (e).   
(B,D,F) Thalamic inputs onto direct pathway MSNs labeled at 1/6 sampling density.  The majority of 
thalamic inputs arise from thalamic nuclei MD, MDL and PF, with other inputs from AD, AM, and the 
central nuclei.  
(C,E,G) Thalamic inputs onto indirect pathway MSNs labeled at 1/6 sampling density.  The majority of 
thalamic inputs arise from nuclei MD, MDL, and PF, with nuclei VM, AM, and VL providing smaller 
proportions of input.   
Abbreviations: AD: anterior dorsal nucleus, AM: anterior medial nucleus, AV: anterior ventral nucleus, 
CL: central lateral nucleus, CM: central medial nucleus, Gus: gustatory nucleus, IAD: interior anterior 
dorsal nucleus, LDDM: lateral dorsal nucleus, dorsomedial portion, LPMR: lateral posterior nucleus, 
mediorostral portion, LHb: lateral habenula, MD: medial dorsal nucleus, MDC: medial dorsal nucleus, 
central portion, MDL: medial dorsal nucleus, lateral portion, MHb: medial habenula, PC: paracentral 
nucleus, PT: paratenial nucleus, Re: reuniens nucleus, Rt: reticular thalamic nucleus, Sub: submedius 
nucleus, VA: ventral anterior nucleus, VL: ventral lateral nucleus, VM: ventral medial nucleus. 
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Figure 2.7. Only a small portion of dopaminergic input to striatum is synaptic.  
(A) Substantia nigra in a D1R-Cre mouse.  Note the high density of axons in SNr that arise from direct 
pathway MSN starter cells.  As noted in figure 3, a relatively small proportion of direct synaptic input 
arises from SNc.   
(B) Substantia nigra in a D2R-Cre mouse.  Note the relative lack of axons in SNr, since indirect 
pathway MSN starter cells largely project to the globus pallidus rather than to SNc.  Again, a relatively 
small number direct synaptic dopaminergic inputs are detected in SNc.  
(C) Substantia nigra in a C57 mouse injected in striatum with rabies as a standard retrograde tracer.  
When rabies virus is taken up nonspecifically at axon terminals in striatum, a much larger proportion of 
dopaminergic cells is labeled in SNc.  Direct pathway MSNs can also take up rabies virus from local 
axons within striatum, leading to mCherry expression that is detectable in axon fibers that terminate in 
SNr. 
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