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Abstract

The mammalian nervous system is a complex network of interconnected cells. We review 

emerging techniques that use the axonal transport of adeno-associated virus (AAV) vectors to 

dissect neural circuits. These intersectional approaches specifically target AAV-mediated gene 

expression to discrete neuron populations based on their axonal connectivity, including: 1) neurons 

with 1 defined output, 2) neurons with 1 defined input, 3) neurons with 1 defined input and 1 

defined output, and 4) neurons with 2 defined inputs or outputs. The number of labeled neurons 

can be directly controlled to trace axonal projections and examine cellular morphology. These 

approaches can precisely target the expression of fluorescent reporters, optogenetic ion channels, 

chemogenetic receptors, disease-associated proteins, and other factors to defined neural circuits 

in mammals ranging from mice to macaques, and thereby provide a powerful new means to 

understand the structure and function of the nervous system.
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Introduction

The mammalian nervous system contains anatomically distinct neuron populations 

connected by axon networks of immense complexity. Numerous methods have been used 

to trace these neural circuits, including axonally transported organic compounds conjugated 

to fluorescent molecules or detected by immunolabeling, axonally transported inorganic 

fluorescent dyes or microspheres, and recombinant gene transfer vectors generated from 
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axonally transported viruses (Saleeba et al., 2019). Herpes-simplex virus 1 (HSV1) strain 

H129 is used for polysynaptic anterograde labeling of neurons (Archin and Atherton, 

2002; Lo and Anderson, 2011), while rabies virus and pseudorabies virus are used for 

polysynaptic retrograde labeling (Strack et al., 1989; Card et al., 1998; Wickersham et 

al., 2007; Kim et al., 2016). HSV1 and rabies virus vectors have also been modified for 

monosynaptic anterograde and retrograde tracing, respectively, by deletion of viral genes 

that are essential for infection and replication: when these essential genes are supplied in 

trans to a defined neuron population, the viral tracer spreads only a single synapse beyond 

this neuron population (Wickersham et al., 2007; Kim et al., 2016; Zeng et al., 2017).

Adeno-associated virus (AAV) is a non-enveloped parvovirus carrying a single-stranded 

DNA genome of ~4.7 kb (Atchison et al., 1965). Recombinant AAV vectors are widely used 

for both clinical gene therapy and experimental gene delivery because they drive strong, 

safe, and long-lasting gene expression in non-dividing cells (Kaplitt et al., 1994; Deverman 

et al., 2018; Hudry and Vandenberghe, 2019). AAV vectors have several advantages relative 

to other viral vectors. Wild-type AAV is not pathogenic and AAV vectors are typically 

handled at biosafety level (BSL)-1, which does not require specialized equipment such 

as a biosafety cabinet. Unlike helper-dependent HSV1 and rabies virus, AAV does not 

replicate prior to axonal transport and a second helper virus is not required to initiate 

monosynaptic tracing. Many recombinant AAV genome plasmids carrying diverse promoters 

and transgenes are available from the Addgene repository (Table 1), and many natural 

and engineered AAV capsids with unique tropism have been described (Gao et al., 2004; 

Tervo et al., 2016; Chan et al., 2017; Davidsson et al., 2019). Manufacturers such as 

Addgene and the UNC Vector Core sell ready-to-use aliquots of common AAV vectors. 

If needed, many academic and commercial facilities can produce affordable custom AAV 

preparations. These advantages make AAV vectors relatively straightforward to obtain and 

use for neural circuit tracing. Not only can AAV vectors express fluorescent proteins in 

neurons to trace their axonal projections (Oh et al., 2014), but recent advances now support 

the use of AAV vectors for monosynaptic retrograde and anterograde labeling, in addition 

to specific labeling of neurons that send outputs to or receive inputs from multiple defined 

brain regions. This expanded toolset relies on two innovations: the directed evolution of 

new AAV capsids for improved axonal transport and the development of new methods for 

intersectional gene expression.

Axonal Transport of AAV Vectors

Kaspar and colleagues first reported in 2002 that AAV vectors can retrogradely transduce 

neurons (Kaspar et al., 2002). This occurs when AAV particles are endocytosed at an 

axon terminal and are retrogradely transported to the cell body within the Rab7-positive late-

endosome/lysosome by the motor dynein in complex with dynactin (Castle et al., 2014b). 

Conversely, AAV vectors endocytosed at the cell body are most commonly trafficked 

directly to the nucleus and Golgi, but some particles undergo rapid anterograde axonal 

transport mediated by the motor kinesin-2 (Castle et al., 2014b). Although anterogradely 

transported AAV particles can be released at synapses and endocytosed by second-order 

neurons, trans-synaptic transduction by AAV vectors is weak and rarely detectable by 

immunolabeling. However, AAV mRNA may be detected in second-order neurons by in situ 
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hybridization (Cearley and Wolfe, 2007; Castle et al., 2014a). The mechanisms of retrograde 

and anterograde axonal transport appear to be conserved among AAV serotypes (Castle et 

al., 2014a), although differences in endocytosis by projection neurons or at axon terminals 

could lead to different rates of axonal transport among serotypes.

Anterograde trans-synaptic transduction by common AAV serotypes is rarely detectable and 

retrograde transduction is typically weak, but directed evolution of AAV capsid libraries has 

identified novel AAV capsids that demonstrate enhanced axonal transport in the mammalian 

brain. AAV2-retro is a variant of the AAV2 capsid containing a 10-amino acid insertion in 

the heparin binding loop and two additional point mutations (Tervo et al., 2016). AAV2-retro 

demonstrates up to 100-fold greater retrograde transduction of mouse neurons than other 

common AAV serotypes (Tervo et al., 2016). A recent report that AAV2-retro is effective 

in rhesus macaques suggests that its retrograde transport is enhanced across mammalian 

species, further expanding its utility for neuroscience research (Weiss et al., 2020). A second 

new capsid with similarly enhanced retrograde transport, AAV-MNM004, was also recently 

identified by directed evolution (Davidsson et al., 2019).

These novel capsids can broadly map inputs to a given brain region, but in most cases they 

cannot target gene expression to a single defined population of neurons: AAV2-retro and 

AAV-MNM004 will transduce cells at the injection site as well as most neuron populations 

that innervate the injected region. Further, no novel capsids with enhanced anterograde 

trans-synaptic transduction have been identified. When more precise targeting is needed, 

intersectional methods can restrict gene expression to neuron populations that are defined by 

their axonal connectivity.

Intersectional Gene Expression

Intersectional approaches use at least two AAV vectors: the first encodes a site-specific 

DNA recombinase, such as Cre (“AAV-Cre”), and the second carries a genome which 

requires this recombinase to activate gene expression. This is called “intersectional” because 

only neurons transduced by both AAV vectors will express the gene of interest. A single 

Cre recombinase enzyme can permanently turn on gene expression from the recombinase-

dependent AAV genome, so only a very small amount of the recombinase is needed. 

AAV-Cre can thus be delivered not only by retrograde transport, but also by trans-synaptic 

anterograde transport (Zingg et al., 2017).

Cre-dependent AAV genomes are commonly produced by flanking an inverted gene 

sequence with two pairs of Cre-recognition sequences (“lox sites”): Cre recombinase turns 

on gene expression by flipping the gene into the correct orientation (Sauer and Henderson, 

1988; Tsien et al., 1996). This design is termed a Double Inverted Open reading frame 

or “DIO” (Zhang et al., 2010). Flp recombinase is also commonly used; the equivalent 

Flp-dependent design is termed “FlpDIO” or “fDIO” (Fenno et al., 2014).

Retrograde Expression: 1 Defined Output—The first intersectional approach uses 

retrograde transport to specifically label neurons in the target brain region that send 

outputs to a defined brain region (Figure 1A). Cre-dependent AAV is injected in the target 

region and AAV-Cre is injected in the output region: retrograde transport of AAV-Cre will 
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specifically label neurons in the target brain region that innervate the defined output region 

(Conner et al., 2019). Although most AAV serotypes undergo retrograde transport, we 

recommend using AAV2-retro-Cre for optimal efficiency. This method may be applied to 

bidirectional circuits if a low concentration of AAV2-retro-Cre is used, because high titers 

above 1013 vector genomes per mL are required for efficient anterograde trans-synaptic 

Cre expression (Zingg et al., 2017). Although serotypes other than AAV1 and 9 were not 

reported to drive trans-synaptic Cre expression even at high titers (Zingg et al., 2017, 2020), 

we recommend using the lowest effective dose of AAV2-retro to minimize the potential for 

off-target labeling in bidirectional circuits. This approach has been used to study the role of 

lateral hypothalamus outputs to the periaqueductal gray in predation and evasion (Li et al., 

2018), to study the role of locus coeruleus outputs to the spinal dorsal horn in acute and 

chronic itch (Koga et al., 2020), and to study the role of peri-habenular nucleus outputs to 

the nucleus accumbens in depressive-like behavior caused by light exposure at night (An et 

al., 2020).

Anterograde Trans-synaptic Expression: 1 Defined Input—The second approach 

uses anterograde transport to specifically label neurons in the target brain region that receive 

inputs from a defined brain region (Figure 1B). Cre-dependent AAV is again injected in 

the target brain region, and AAV1-hSyn1-Cre is injected in the input region: anterograde 

trans-synaptic transport of AAV1-hSyn1-Cre will specifically label neurons in the target 

brain region that are innervated by the defined input region (Zingg et al., 2017, 2020). 

AAV serotype 1 and the human synapsin 1 (hSyn1) promoter are recommended for efficient 

anterograde trans-synaptic Cre expression (Zingg et al., 2017, 2020). An important caveat 

is that because AAV1 is transported retrogradely, neurons in the target brain region with 

outputs to the region injected with AAV1-hSyn1-Cre will also be labeled by retrograde 

transport of AAV1-hSyn1-Cre. This method should thus be used only in unidirectional 

circuits; directionality can be verified using conventional retrograde tracers such as cholera 

toxin subunit B or Fluoro-Gold (Saleeba et al., 2019). This approach has been used to study 

neurons in the bed nucleus of the stria terminalis that receive input from the parabrachial 

nucleus and their role in regulating stress response (Jaramillo et al., 2020), to study the 

cerebellar projections of pontine neurons that receive input from defined cortical regions 

and their role in sensorimotor processing (Henschke and Pakan, 2020), and to study the 

projections of neurons in the peri-habenular nucleus that receive input from retinal ganglion 

cells and their role in conducting light signals at night (An et al., 2020).

Multi-Synaptic Expression: 1 Defined Input and 1 Defined Output—The third 

approach combines both retrograde and anterograde transport to specifically label neurons 

that send outputs to a defined brain region and also receive inputs from another defined 

brain region (Figure 1C). Cre-dependent AAV2-retro is injected in the defined output 

region, while AAV1-hSyn1-Cre is injected in the defined input region. Neither injected brain 

region is labeled. Instead, neurons that innervate the defined output region are retrogradely 

transduced by Cre-dependent AAV2-retro, but only those neurons that are also innervated 

by the defined input region will receive AAV1-hSyn1-Cre and activate gene expression. It 

is essential to use AAV2-retro for the Cre-dependent vector because other serotypes may 

not drive strong retrograde gene expression. Although this approach is not strictly limited 
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to unidirectional circuits, note that neurons with collateral outputs to both the defined input 

region and the defined output region may be labeled by retrograde rather than anterograde 

transport of AAV1-hSyn1-Cre.

This method does not restrict gene expression to a single target brain region, but instead 

broadly labels neurons that both innervate the defined output region and are themselves 

innervated by the defined input region. In addition, neurons in the output region will be 

labeled if they are directly innervated by the input region. To restrict gene expression to a 

single target brain region, a third AAV vector expressing Flp recombinase can act as a gate 

between AAV1-hSyn1-Cre and AAV2-retro (Fenno et al., 2014; Zingg et al., 2017). In this 

case, Flp-dependent AAV2-retro is injected in the defined output region, AAV1-hSyn1-Cre 

is injected in the defined input region, and a third Cre-dependent AAV-DIO-Flp vector is 

injected in the target brain region. As before, neurons that innervate the defined output 

region will be retrogradely transduced by Flp-dependent AAV2-retro, while neurons that 

are innervated by the defined input region will receive AAV1-hSyn1-Cre by trans-synaptic 

anterograde transport. However, because AAV-DIO-Flp is now required for gene expression 

by AAV2-retro, only neurons in the target brain region injected with AAV-DIO-Flp will be 

labeled.

Note that because very little Flp is needed to turn on gene expression, a small amount 

of leaky Flp expression in the absence of Cre can result in off-target labeling (Fischer et 

al., 2019). We recommend using the improved design for Cre-dependent gene expression 

recently described by Fischer and colleagues, termed Cross-over Insensitive ATG-Out or 

“CIAO,” in which the start codon is placed outside of non-homologous lox sites to reduce 

leak expression (Table 1) (Fischer et al., 2019). Use of an AAV-CIAO-Flp design will limit 

off-target labeling.

Multi-Synaptic Expression: 2 Defined Inputs or 2 Defined Outputs—The final 

approach uses both Cre and Flp recombinases to specifically label neurons in the 

target brain region that receive inputs from two defined brain regions (Figure 1D). 

The target brain region is injected with a bicistronic AAV vector carrying one Cre-

dependent expression cassette and one Flp-dependent expression cassette, such as AAV-

DIO-GFP;FlpDIO-tdTomato (Oh et al., 2020). AAV1-hSyn1-Cre is then injected in one 

defined input region and AAV1-hSyn1-Flp is injected in another defined input region. In 

the above example, neurons will express both GFP and tdTomato only if they receive both 

inputs, and thus receive both AAV-Cre and AAV-Flp by anterograde trans-synaptic transport. 

Note that expression of only a single gene does not provide evidence that a neuron receives 

only a single input, because this approach is unlikely to label every innervated neuron. 

Alternatively, the target brain region can be injected with an AAV vector carrying a single 

expression cassette that is both Cre- and Flp-dependent (Table 1) (Fenno et al., 2014); this 

will only label neurons that receive both inputs. As above, because AAV1-hSyn1-Cre is 

also transported retrogradely these approaches should be used only in unidirectional circuits. 

This method has been used to label neurons in the posterior medial nucleus of the thalamus 

that receive inputs from both motor and somatosensory cortices, and to label neurons in 

striatum that receive inputs from both motor cortex and the ventral posteromedial nucleus of 

the thalamus (Oh et al., 2020).
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A similar approach can be used to retrogradely label neurons in the target brain region 

that send outputs to two defined brain regions. The bicistronic vector is again injected 

in the target brain region, while AAV2-retro-Cre is injected in one defined output region 

and AAV2-retro-Flp is injected in another defined output region. Neurons in the target 

region will express both GFP and tdTomato only if they send outputs to both regions. This 

approach may be applied to bidirectional circuits so long as low concentrations of AAV2-

retro are used for retrograde delivery of both Cre and Flp, because efficient anterograde 

trans-synaptic Cre expression requires high concentrations of AAV (Zingg et al., 2017).

Controlling the Number of Labelled Neurons—Sparse labeling may be needed to 

examine individual cell morphology or trace individual axons. Although reducing the dose 

of the Cre-dependent vector reduces the number of labeled cells, this also reduces the 

strength of gene expression. A superior method that preserves strong gene expression 

while providing direct control over the number of labeled neurons is injection of a third 

Cre-dependent AAV-CIAO-Flp vector, which acts as a gate between AAV-Cre and a Flp-

dependent AAV vector (Lin et al., 2018; Zingg et al., 2020). For example, when labeling 

neurons with one defined input, AAV-DIO-tdTomato is injected in the target brain region 

and AAV1-hSyn1-Cre is injected in the defined input region. To control the number of 

labelled neurons, the same AAV1-hSyn1-Cre vector is injected in the input region, but two 

different vectors are injected in the target region: Cre-dependent AAV-CIAO-Flp and Flp-

dependent AAV-FlpDIO-tdTomato (Table 1) (Figure 2). Trans-synaptic AAV1-hSyn1-Cre 

now turns on Flp expression, and Flp then turns on tdTomato expression. Because Flp is 

required for tdTomato expression, the number of labeled neurons is directly controlled by 

the dose of AAV-CIAO-Flp, which can be adjusted to achieve the desired sparseness of 

labeling without altering the strength of tdTomato expression (Zingg et al., 2020).

Additional Targeting Methods—Transgenic Cre-driver mouse lines can further restrict 

intersectional gene expression to specific neuron subtypes. For example, in vesicular 

glutamate transporter 2 (VGlut2)-Cre transgenic mice or in vesicular GABA transporter 

(VGat)-Cre transgenic mice, AAV-FlpDIO-tdTomato is injected in the target brain region 

and Cre-dependent AAV1-CIAO-Flp is injected in the defined input region: innervated 

neurons in the target region will receive AAV1-CIAO-Flp, but only glutamatergic neurons 

will activate Flp and tdTomato expression in VGlut2-Cre mice, while only GABAergic 

neurons will activate Flp and tdTomato expression in VGat-Cre mice (Zingg et al., 2017; 

Li et al., 2018). This approach can also be applied to the intersectional labeling of neurons 

with one defined output by AAV2-retro, and it is compatible with the many characterized 

Cre-driver mouse lines (Harris et al., 2014), permitting intersectional labeling of neurons 

based on their subtype as well as their connectivity. In addition, transgenic mice that 

universally express a Cre-dependent reporter gene can be used instead of a Cre-dependent 

AAV vector (Madisen et al., 2010). This does not restrict gene expression to a single target 

region, but instead broadly labels the brain region injected with AAV-Cre and most or all 

connected brain regions (Zingg et al., 2017, 2020).

AAV-based intersectional methods can be combined with helper-dependent rabies virus 

vectors for monosynaptic retrograde tracing of inputs to defined neuron populations. This 
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approach uses Cre-dependent AAV vectors to express rabies helper proteins in a population 

of neurons defined by Cre expression (Table 1): when helper-dependent rabies virus is 

injected in the target brain region, it thus replicates and initiates monosynaptic retrograde 

tracing only from the Cre-expressing neuron population, broadly labeling inputs to these 

neurons. To label inputs to a specific neuron subtype, Cre-dependent rabies helper AAVs are 

injected in the target brain region of transgenic Cre-driver mice, such as the VGlut2-Cre 

line; when helper-dependent rabies virus is locally injected in the target brain region, 

monosynaptic retrograde tracing will broadly map inputs to local glutamatergic neurons 

(Beier et al., 2015, 2019). To label inputs to neurons that project to a defined output 

region, Cre-dependent rabies helper AAVs are again injected in the target brain region, while 

AAV2-retro-Cre is injected in the defined output region; local injection of helper-dependent 

rabies virus in the target brain region will now label inputs to local neurons that innervate 

the defined output region (Beier et al., 2015, 2019; An et al., 2020). These two methods 

can be combined by injecting Flp-dependent rabies helper AAVs in the target brain region 

of Cre-driver mice, such as the VGlut2-Cre line, and injecting Cre-dependent AAV2-retro-

CIAO-Flp in the defined output brain region; local injection of helper-dependent rabies virus 

in the target brain region will now label inputs only to those local glutamatergic neurons 

that also innervate the defined output region (Beier et al., 2015, 2019). Note that the injected 

concentration of rabies helper AAVs can directly influence the efficiency and specificity 

of monosynaptic retrograde tracing by helper-dependent rabies virus (Lavin et al., 2020). 

Optimal concentrations will vary depending on the AAV preparation and injection site and 

should be determined by titration following published guidelines (Lavin et al., 2020).

Other Considerations—The in vivo safety of AAV vectors is well established, but 

excessive Cre activity leads to off-target editing of the host genome, DNA damage, and 

apoptosis (Loonstra et al., 2001; Baba et al., 2005; Amin et al., 2019). This is problematic 

because anterograde trans-synaptic Cre expression by AAV1 is inefficient and requires a 

high dose of AAV1-Cre (Zingg et al., 2017). To control the level of Cre expression at the 

injection site, we recommend using an AAV genome that does not contain a woodchuck 

hepatitis virus post-transcriptional regulatory element (WPRE) (Table 1) (Zingg et al., 

2020). The WPRE stabilizes mRNA and increases gene expression (Loeb et al., 1999), 

which results in greater trans-synaptic Cre expression in the target brain region, but may 

also lead to toxic overexpression of Cre at the injection site (Zingg et al., 2020). We 

also recommend using the neuron-specific hSyn1 promoter, which is validated for efficient 

trans-synaptic AAV1-Cre expression without apparent toxicity at relatively high vector 

concentrations above 1013 vector genomes per mL (Zingg et al., 2017, 2020), and we 

recommend avoiding strong pancellular promoters such as the CAG promoter, which may 

drive toxic overexpression of Cre (Baba et al., 2005).

Destabilized Cre (DD-Cre) can also prevent Cre toxicity by controlling Cre activity (Sando 

et al., 2013). DD-Cre is tagged with bacterial dihydrofolate reductase, which destabilizes 

Cre and triggers proteasomal degradation prior to DNA editing. Administration of the 

blood-brain barrier-penetrant antibiotic Trimethoprim (TMP) stabilizes DD-Cre, preventing 

its degradation and resulting in temporally restricted Cre activity (Sando et al., 2013). This 

reduces the risk of toxicity by minimizing the duration of Cre activity.
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A limitation of intersectional targeting is that the input or output neurons must be spatially 

segregated from the target neuron population; these approaches are not practical for the 

study of local circuitry where AAV-Cre injection cannot reach input or output neurons 

without also diffusing directly to the target neurons. As noted above, AAV1-Cre should 

only be used for trans-synaptic anterograde labeling in unidirectional circuits because AAV1 

may also be transported retrogradely. In addition, because some AAV capsids can efficiently 

transduce neurons from the cerebrospinal fluid (CSF) (Hordeaux et al., 2015; Castle et al., 

2018), care should be taken to avoid leakage of AAV-Cre into the CSF during infusion.

Trans-synaptic anterograde spread of AAV1-Cre may be impacted by variables that are not 

yet fully understood due to the novelty of this approach. Synaptic vesicle release is required 

for trans-synaptic spread of AAV1-Cre (Zingg et al., 2020), but it is not known whether 

the input neuron firing rate influences the efficiency of trans-synaptic spread. AAV1 can 

drive anterograde trans-synaptic Cre expression over long distances, such as from input 

neurons in motor cortex to target neurons in lumbar spinal cord (Zingg et al., 2020), 

but it is not known whether the efficiency is reduced at longer distances. It also appears 

that AAV1-Cre does not spread trans-synaptically from most neuromodulatory projection 

neurons: minimal trans-synaptic labeling was reported from cholinergic input neurons, while 

no trans-synaptic labeling was reported from serotonergic or noradrenergic input neurons 

(Zingg et al., 2020). It is not known whether reduced efficacy in neuromodulatory circuits 

is due to reduced tropism of AAV1 for these projection neurons, lower rates of anterograde 

axonal transport, or differences in synaptic release. When applying this approach to a new 

circuit, an AAV1-Cre vector that co-expresses a fluorescent reporter can be used to label all 

potential input neurons, and a “color-flipping” AAV that changes the color of fluorescent 

reporter expression when exposed to Cre can be used to differentially label neurons in the 

target brain region that received AAV-Cre and those that did not (Table 1).

Discussion

These intersectional approaches have broad applications for neuroscience research. Beyond 

the expression of standard fluorescent proteins, intersectional methods can also be used 

for Brainbow labeling, in which each neuron is labeled by a stochastic combination of 

four different fluorescent reporters, resulting in up to 100 different colors that can be 

discriminated by confocal microscopy (Livet et al., 2007; Cai et al., 2013). Because each 

neuron is labeled a unique color, many different axons in the same circuit can be traced 

together without the need for sparse labeling. Brainbow uses Cre recombination to activate 

stochastic expression of fluorescent proteins, and thus the standard Brainbow 3.1 AAV 

vectors can serve as Cre-dependent AAV for intersectional labeling (Table 1). The two 

standard Brainbow 3.1 AAV vectors each encode two fluorescent proteins; when co-injected 

and activated by Cre, neurons are uniquely labeled by stochastic expression of the four total 

fluorescent proteins (Cai et al., 2013).

The impact of intersectional gene expression extends well beyond circuit tracing. 

Intersectional expression of optogenetic ion channels and chemogenetic Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) permits functional interrogation of 

circuit activity (Table 1) (Zingg et al., 2017; Li et al., 2018; An et al., 2020; Jaramillo et al., 
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2020; Koga et al., 2020). Neural circuits can also be specifically ablated by intersectional 

expression of diphtheria toxin receptor (Table 1) (Azim et al., 2014). Activating, inhibiting, 

or ablating discrete neural circuits can dissect their roles in animal behavior and disease 

pathogenesis. In addition, intersectional expression of disease-associated proteins can model 

the impact and spread of pathology in specific neuron populations; this is particularly 

relevant for the study of Alzheimer’s disease and Parkinson’s disease, in which tau or 

α-synuclein pathology spreads by axonal transport within neural circuits (Wu et al., 2016; 

Henderson et al., 2019). AAV-based intersectional gene expression is safe and effective 

in diverse species and will support innovative research in large animal models including 

non-human primates. These powerful approaches are advancing the next generation of 

neuroscience research, and their development provides another important step towards 

understanding the complex anatomy and function of the mammalian nervous system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Viral vectors are widely used for experimental gene expression. Intersectional approaches 

use axonal transport to converge multiple viral vectors on a defined neuron population. 

This can label and trace neural circuits, dissect the contributions of specific circuits to 

animal behavior, model the spread of disease pathology, and more. These new approaches 

are powerful, but their novelty and complexity limit widespread adoption. We remove 

this barrier with an illustrated review of the history of intersectional targeting, the range 

of different approaches, and their emerging applications for neuroscience research.
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Figure 1. Intersectional Targeting of Defined Neural Circuits.
(A) Targeting gene expression to neurons with one defined output by retrograde transport 

of AAV2-retro-hSyn1-Cre. (B) Targeting gene expression to neurons with one defined input 

by anterograde trans-synaptic transport of AAV1-hSyn1-Cre. (C) Targeting gene expression 

to neurons with one defined input and one defined output by anterograde trans-synaptic 

transport of AAV1-hSyn1-Cre and retrograde transport of Cre-dependent AAV2-retro. (D) 

Targeting gene expression to neurons with two defined inputs by anterograde trans-synaptic 

transport of both AAV1-hSyn1-Cre and AAV1-hSyn1-Flp.
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Figure 2. Controlling the Number of Labeled Neurons.
The number of labeled neurons can be directly controlled by local injection of a Cre-

dependent AAV-CIAO-Flp vector, which acts as a gate between anterograde trans-synaptic 

delivery of AAV1-hSyn1-Cre and a Flp-dependent vector such as AAV-FlpDIO-tdTomato. 

Because only cells that receive AAV-CIAO-Flp can activate gene expression, reducing the 

dose of this vector reduces the number of labeled cells without altering the strength of gene 

expression.
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Table 1.
Select Plasmids Available from the Addgene Repository.

Ready-to-use AAV preparations of many of these plasmids are sold directly by Addgene.

Catalog 
Number Name Source Notes

Recombinase AAV Plasmids 

105555 pENN.AAV.hSyn.Cre.hGH James M. Wilson (University of 
Pennsylvania)

Expresses Cre using the hSyn1 promoter. Does 
not contain a WPRE.

51507 AAV pmSyn1-EBFP-Cre Hongkui Zeng (Allen Institute 
for Brain Science)

Expresses Cre fused to eBFP using the mouse 
synapsin 1 (mSyn1) promoter. Does not contain 

a WPRE.

51669 AAV phSyn1(S)-FlpO-bGHpA Hongkui Zeng (Allen Institute 
for Brain Science)

Expresses FlpO using the hSyn1 promoter. FlpO 
is codon-optimized for mice. Does not contain a 

WPRE.

149296 pAAV-nef-CIAO2-Flp Edward Callaway (Salk 
Institute)

For Cre-dependent expression of FlpO. Uses a 
CIAO design to reduce leak expression.

Cre-Dependent Fluorescent Reporter AAV Plasmids 

28306 pAAV-FLEX-tdTomato Edward Boyden (Massachusetts 
Institute of Technology) For Cre-dependent expression of tdTomato.

51502 AAV pCAG-FLEX-EGFP-WPRE Hongkui Zeng (Allen Institute 
for Brain Science) For Cre-dependent expression of eGFP.

114471 pAAV-Ef1a-fDIO mCherry Karl Deisseroth (Stanford 
University) For Flp-dependent expression of mCherry.

45185 AAV-EF1a-BbTagBY
Joshua Sanes (Harvard 
University), Dawen Cai 

(University of Michigan)

For Cre-dependent Brainbow 3.1 labeling by 
coinjection with AAV #45186.

45186 AAV-EF1a-BbChT
Joshua Sanes (Harvard 
University), Dawen Cai 

(University of Michigan)

For Cre-dependent Brainbow 3.1 labeling by 
coinjection with AAV #45185.

55650 pAAV-hSyn Con/Fon EYFP Karl Deisseroth (Stanford 
University)

For expression of eYFP requiring both Cre and 
Flp activity.

112677 pAAV EF1a Nuc-flox(mCherry)-
EGFP

Brandon Harvey (National 
Institutes of Health)

For expression of nuclear-localized mCherry that 
is switched to nuclear-localized eGFP by Cre 

activity.

Additional Cre-Dependent AAV Plasmids 

20298
pAAV-EF1a-double 

floxed-hChR2(H134R)-EYFP-WPRE-
HGHpA

Karl Deisseroth (Stanford 
University)

For optogenetic excitation by Cre-dependent 
expression of channelrhodopsin-2 fused to eYFP.

22222 AAV-FLEX-Arch-GFP Edward Boyden (Massachusetts 
Institute of Technology)

For optogenetic inhibition by Cre-dependent 
expression of archaerhodopsin-3 fused to eGFP.

44361 pAAV-hSyn-DIO-hM3D(Gq)-
mCherry

Bryan Roth (University of 
North Carolina)

For chemogenetic excitation by Cre-dependent 
expression of Gq-coupled human muscarinic 

receptor fused to mCherry.

44362 pAAV-hSyn-DIO-hM4D(Gi)-mCherry Bryan Roth (University of 
North Carolina)

For chemogenetic inhibition by Cre-dependent 
expression of Gi-coupled human muscarinic 

receptor fused to mCherry.

104492 pGP-AAV-syn-FLEX-jGCaMP7f-
WPRE

Douglas Kim and GENIE 
project (Howard Hughes 

Medical Institute)

For Cre-dependent expression of the fluorescent 
calcium sensor jGCaMP7f.

124364 pAAV-FLEX-DTR-GFP
Eiman Azim (Salk Institute), 

Thomas Jessell (Howard 
Hughes Medical Institute)

For targeted cell ablation by Cre-dependent 
expression of the diphtheria toxin receptor fused 

to eGFP.

Other Plasmids 
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Catalog 
Number Name Source Notes

81070 rAAV2-retro helper
Alla Karpova (Howard Hughes 

Medical Institute), David 
Schaffer (UC Berkeley)

Helper plasmid for production of AAV2-retro.

100798 pAAV-syn-FLEX-splitTVA-EGFP-tTA
Ian Wickersham 

(Massachusetts Institute of 
Technology)

For Cre-dependent expression of rabies helper 
TVA protein and eGFP when coinjected with 

AAV #100799.

100799 pAAV-TREtight-mTagBFP2-B19G
Ian Wickersham 

(Massachusetts Institute of 
Technology)

For Cre-dependent expression of rabies helper 
G protein and mTagBFP2 when coinjected with 

AAV #100798.

The abbreviation “FLEX” stands for “flip excision,” which is an alternative term for a Cre-dependent DIO design.
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