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Abstract

Viruses that spread transsynaptically provide a powerful means for studying interconnected 

circuits in the brain. Here we describe the use of adeno-associated virus, serotype 1 (AAV1) as a 

tool for achieving robust, anterograde transsynaptic spread in a variety of unidirectional pathways. 

A protocol for performing intracranial AAV1 injections in mice is presented, along with additional 

guidance in planning experiments, sourcing materials, and optimizing the approach to achieve 

the most successful outcomes. Following the methods presented here, researchers will be able to 

reveal postsynaptically connected neurons downstream of a given AAV1 injection site, and access 

these input-defined cells for subsequent mapping, recording, and manipulation to characterize 

their anatomical and functional properties.
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INTRODUCTION

A fundamental challenge in neuroscience is to define and experimentally access different 

cell-types within a circuit. Viral tools that spread transsynaptically greatly facilitate 

this process by naturally spreading to upstream neuronal populations defined by their 

postsynaptic targets (e.g. Rabies virus, Wickersham et al., 2007; PRV, DeFalco et al., 

2001; Ekstrand et al., 2008) or downstream populations defined by their presynaptic inputs 

(e.g. Herpesvirus H129, Lo & Anderson, 2011; Zeng et al., 2017; VSV, Beier et al., 

2011), and then driving the expression of viral transgenes that enable the study of these 

cells. However, while viruses that permit retrograde access to presynaptic neurons have 

been widely adopted, those that undergo anterograde transsynaptic spread remain under 

development due to their toxicity and bidirectional spread.
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Recently, we demonstrated the capacity for AAV1 to spread transsynaptically to cells 

downstream of an injection site (Figure 1; Zingg et al., 2017; Zingg et al., 2020). This 

viral spread was restricted to first-order neurons in expected postsynaptic targets, did not 

appear to leak from axons-of-passage, exhibited preferential transmission through synaptic 

mechanisms, and demonstrated equal efficiency when tested in a variety of different cell-

types and pathways. Thus, given these observations, along with its well established lack of 

toxicity, AAV1 shows great promise as an alternative to existing tools for manipulating and 

mapping input-defined cell populations. One important caveat, however, is that it must only 

be applied in unidirectional pathways due to its capacity to spread in a retrograde direction.

Here, we present a simple approach for accessing postsynaptic neurons using AAV1 

constructs that express a particular recombinase protein, such as Cre or FlpO. 

These may be applied in combination with a wide variety of transgenic and viral 

resources to flexibly study the anatomical connections, functional response properties, or 

behavioral contributions of any given input-defined cell population of interest. Moreover, 

complementing existing transgenic and retrograde viral strategies for accessing cell-types, 

the anterograde transsynaptic transport properties of AAV1 uniquely enable the examination 

of topographically precise input-output relationships for a given structure, regardless of their 

small size or targeting difficulty (e.g. pallidal nuclei, Lee et al., 2020).

In this protocol, we focus primarily on the strategic planning and experimental design 

aspects of this method, highlighting the various combinatorial ways in which transsynaptic 

delivery of AAV1 may be used to study the connectivity and function of input-defined cell 

populations. We then present a basic protocol describing the procedures for intracranial 

injection of AAV1 in mice, and include additional steps for tissue processing and imaging. 

As these stereotaxic viral injection procedures have previously been reported in detail 

(Harris et al., 2012; Gore et al., 2013), we focus on any special considerations relevant to 

achieving optimal transsynaptic spread of AAV1 and subsequent detection of downstream 

labeling.

STRATEGIC PLANNING

This section offers guidance in choosing the best viruses and transgenic mice for AAV1 

transsynaptic applications, identifies potential commercial sources for acquiring these 

materials, and addresses some of the important caveats that must be considered when 

designing experiments. In addition, we highlight several ways in which this technique may 

be used in combination with other viral tools and transgenic mice to determine the identity, 

connectivity, and functional properties of neurons labeled via transsynaptic delivery of 

AAV1.

Selection of AAV1 construct

There are a wide variety of commercially available AAV1 vectors that can be used for 

transsynaptic gene delivery (see Table 1). When choosing a particular viral construct, 

three features are important to consider for achieving optimal results: type of promoter, 

type of recombinase, and inclusion or exclusion of the woodchuck hepatitis virus post-
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transcriptional regulatory element (WPRE). Each are discussed separately below and 

recommendations are provided.

Choice of promoter: The promoter sequence initiates transcription of the viral transgene 

and determines both the expression level and the type of tissue in which it takes place. 

Several promoters are commonly used, such as CAG, EF1a, and CMV, based on their 

ability to drive robust gene expression in the brain. Each of these, however, are capable 

of expressing in both neuronal and glial cell-types and may therefore result in astrocyte 

labeling when used in AAV1 transsynaptic experiments. To avoid this, we recommend using 

the human synapsin-1 promoter (commonly abbreviated as hSyn, hSyn1, Syn, or Syn1), 

which drives strong gene expression specifically in neurons, but not glia.

Choice of recombinase: A growing number of recombinase options have become 

available to researchers, including the Cre/lox, FlpO/frt, DreO/rox, vCre/vlox, and 

oNigri/nox systems. A few considerations may be important when deciding which to use. 

These include the relative efficiency of recombination for a given system, the availability of 

“improved” or “codon-optimized” variants, and the potential for cross-reactivity when used 

in combination with other recombinase systems.

Recombinase proteins recognize and bind to specific sequences of DNA (e.g. loxP sites 

for Cre, frt sites for FlpO) and catalyze the excision or inversion of the DNA fragment 

between each recognition site (see Tian & Zhou, 2021 for a review). This capability has 

been exploited to achieve cell-type specific gene expression, whereby a recombinase is 

used to unlock an endogenous or virally-delivered transgene by rearranging or removing 

parts of the construct that normally prevent its expression. The efficiency with which 

different recombinase systems achieve this may vary, however, and this can factor into 

the overall efficiency of the transsynaptic labeling observed with any given AAV1 injection. 

In particular, FlpO has been reported to be somewhat less efficient than Cre (Ringrose et 

al., 1998), and in our experience injections of AAV1-hSyn-FlpO tend to yield slightly fewer 

postsynaptically labeled cells when compared with equivalent injections of AAV1-hSyn-Cre 

(Zingg et al., 2020). Given this variability, it may be important to test new recombinase 

systems relative to the performance of Cre before implementing them in AAV1 transsynaptic 

applications.

In addition, the genetic sequences of some recombinase proteins have been modified from 

their original form in order to improve expression in the mammalian system (Raymond & 

Soriano, 2007; Shimshek et al., 2002; Gustafsson et al., 2004). The modified versions are 

often denoted with an “O” for “codon-optimized” (e.g. FlpO, DreO, oNigri) or an “i” for 

“improved” (e.g. iCre). Opting for the use of these improved variants in the AAV1 construct 

may confer an increase in recombinase expression levels and result in greater numbers of 

transsynaptically labeled cells.

Lastly, cross-reactivity may occur between different recombinase systems when used 

together. This has been reported for Cre/lox and DreO/rox systems (Fenno et al., 

2014; Madisen et al., 2015; Daigle et al., 2018), and thus should be avoided when 

designing intersectional experiments. On the other hand, Cre/lox and FlpO/frt have a well 
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characterized lack of cross-reactivity and offer a safe choice for combinatorial studies 

(Madisen et al., 2015; Fenno et al., 2020). In light of this, controls to confirm the 

specificity of recombinase-dependent gene expression should be performed for any new 

pair of recombinases used.

Use of the WPRE enhancer: WPRE is commonly included in AAV constructs to 

stabilize mRNA transcripts, which in turn boosts overall levels of protein expression from 

the viral transgene. Previous reports have cited as much as a sevenfold increase in gene 

products expressed from AAV constructs that include WPRE (Loeb et al., 2002). In our 

experience, the inclusion of WPRE in Cre- or FlpO-expressing AAV1 vectors greatly 

increases the amount of transsynaptic labeling observed, however this comes with the caveat 

of increased toxicity in cells at the injection site. This effect is likely due to the high 

level of recombinase expression achieved with WPRE, which in turn may increase the rate 

of off-target binding, recombination, and subsequent damage to DNA within the host cell 

(Loonstra et al., 2001; Thyagarajan et al., 2000; Janbandhu et al., 2014). On the other 

hand, at equivalent titers and volumes (1.0 x 1013 GC/mL, 80 nL total), injections of AAV1 

constructs that exclude WPRE have all demonstrated a lack of toxicity at the injection site in 

our hands. This, however, comes at the cost of reduced numbers of transsynaptically labeled 

cells. Given these observations, in situations where transsynaptic delivery of AAV1 will be 

used to investigate the functional properties of a cell population, it may be advisable to avoid 

WPRE containing constructs that might damage upstream neurons and potentially introduce 

confounding physiological changes in the circuit.

AAV1 packaging and titer

Aside from optimizing recombinase expression through the use of strong promoters and 

enhancers, one of the most important factors in determining the efficiency of transsynaptic 

spread is viral titer. Previous work has shown that reducing the titer of AAV1 results in 

a proportional decrease in the amount of postsynaptic labeling, with spread eventually 

becoming undetectable at concentrations near or below 5.0 x 1011 GC/mL (see Zingg 

et al., 2017 for details). Given this dependence on titer, we recommend using AAV1 at 

the highest possible concentration in order to maximize the efficiency of viral spread. In 

general, AAV1 preparations that are at least 1.0 x 1013 GC/mL or higher are expected 

to perform well and yield useful numbers of cells for most tested pathways. In addition, 

the viral injection volume (typically 50 – 150 nL) may be flexibly adjusted as needed to 

increase spread to a particular target or compensate for lower viral titer. Most commercially 

available AAV1 stocks are provided at concentrations slightly above 1.0 x 1013 GC/mL and 

may be purchased from vendors such as Addgene (https://www.addgene.org/), SignaGen 

(https://signagen.com/), Vigene (https://www.vigenebio.com/), or WZ Biosciences (https://

www.wzbio.com/). Table 1 lists several recommended options for Cre- or FlpO-based 

transsynaptic use.

Alternatively, researchers may prepare or request higher titer viral stock (e.g. up to 1.0 x 

1014 GC/mL) using any available plasmids suitable for AAV packaging and expression. 

Several recommended plasmids for this purpose are also found in Table 1. These may be 

purchased from Addgene and sent to vendors such as SignaGen, Vigene, or WZ Biosciences 

Zingg et al. Page 4

Curr Protoc. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.addgene.org/
https://signagen.com/
https://www.vigenebio.com/
https://www.wzbio.com/
https://www.wzbio.com/


for custom high titer packaging. In our experience, higher titer preparations of constructs 

that lack WPRE provide an ideal tool for achieving robust transsynaptic spread without 

inducing observable toxicity at the injection site.

Lastly, self-complementary packaging may provide a modest boost in labeling efficiency 

(McCarty et al., 2001; McCarty, 2008; Zingg et al., 2020) and may be requested with any 

custom packaging order from the aforementioned vendors. Table 1 indicates a potential 

source for pre-made self-complementary (sc)AAV1-hSyn-Cre stock.

Detection, mapping, and functional examination of downstream neurons

There are a variety of ways in which transsynaptic spread of AAV1 can be detected and 

used in a combinatorial fashion to investigate input-defined neurons. Some of these are 

highlighted in Figure 2 and discussed below.

Identifying and characterizing post-synaptic neurons: Several methods are 

available for visualizing the transsynaptic spread of AAV1, however transgenic reporter mice 

offer the simplest and most effective means for detecting the distribution of postsynaptic 

cells across the entire brain (Fig. 2A, Strategy 1). These mice enable universal, recombinase-

dependent expression of fluorescent protein in any cell that also co-expresses the required 

recombinase (Madisen et al., 2010; Madisen et al., 2015; Daigle et al., 2018). Moreover, in 

our experience, even low levels of recombinase may be sufficient to unlock reporter gene 

expression. This is important considering the efficiency of AAV1 transsynaptic spread is 

low and only a few viral particles may be responsible for the transduction of any given 

downstream neuron. As such, transgenic reporter mice provide a very sensitive means for 

revealing transsynaptic spread and may reliably report even weakly transduced postsynaptic 

neurons. Experiments shown in Figure 2A incorporate the use of two recommended reporter 

lines: Ai14, which provides Cre-dependent tdTomato expression (Madisen et al., 2010), 

and Frt-GFP (also known as RCE::FRT, Sousa et al., 2009) which drives Flp-dependent 

GFP expression. Their use has previously been described for the detection of transsynaptic 

AAV1-Cre or AAV1-FlpO expression, respectively (Zingg et al., 2020), and they may be 

bred together to create dual-reporter mice for the simultaneous detection of both (see below). 

Table 2 provides a list of additional reporter lines that may be useful for AAV1 detection, 

and all are available through The Jackson Laboratory (https://mice.jax.org/).

As mentioned above, different transgenic reporter mice may be crossbred (e.g. Ai14 x 

Frt-GFP) or designed to report the presence of multiple recombinase systems using distinct 

fluorescent proteins (e.g. Ai193 dual-reporter or Ai213 triple-reporter mice, Table 2). As 

highlighted in Figure 2A. Strategy 2, injections of two different recombinase-expressing 

AAVs can be targeted to different brain regions in a dual-reporter mouse to directly compare 

the distribution of neurons downstream of each pathway. In structures that are co-targeted 

by each upstream injection, this strategy further provides an opportunity to assess the degree 

of convergence, or lack thereof, onto different classes of neurons in the target region. This 

approach may be extended to incorporate additional recombinase systems as more viral and 

transgenic resources become available.
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Lastly, transgenic reporter mice can be bred with other cell-type specific Cre- or Flp-

expressing transgenic lines for the purpose of screening the genetic identity of various 

transsynaptically labeled cell populations (Fig. 2A. Strategy 3). For example, Vgat-Flp mice 

(Jackson Laboratories, Stock 029591) may be crossed with both Ai14 and Frt-GFP lines to 

express GFP in all Vgat+ inhibitory neurons and tdTomato in Cre+ neurons. Then, following 

an injection of AAV1-Cre, transsynaptically labeled cells in a given target region may be 

screened for the presence of Vgat-GFP expression to determine their inhibitory identity. 

This provides a relatively simple approach for further classification of input-defined neurons 

based on their co-expression of functionally relevant marker genes.

If transgenic reporter mice are not available, the experimenter may rely on other methods 

for detecting transsynaptic spread in wild-type mice. These include immunostaining for 

the recombinase protein, performing systemic injections of a conditional, fluorophore-

expressing AAV-PHP.eB vector (e.g. AAV-PHP.eB-hSyn-FLEX-GFP delivered via the retro-

orbital sinus; Chan et al., 2017), or directly targeting of one or more downstream regions 

with injections of an AAV that conditionally expresses a fluorescent reporter protein. 

Regarding immunodetection, one potential caveat is that very low levels of Cre or FlpO 

expression may go undetected in the postsynaptic population and result in only partial 

reporting of the strongest labeled cells (Umaba et al., 2021). If this appears to be the case, 

researchers are encouraged to try retro-orbital injections of AAV-PHP.eB (typically a 50 uL 

injection volume containing ~1.0 x 1011 viral particles total; Chan et al., 2017; Graybuck et 

al., 2021) as an alternative approach for the global detection of labeling throughout the brain 

(see Yardeni et al., 2011 for a detailed protocol), or to use secondary injections of Cre- or 

Flp-dependent AAV as a more sensitive method for detecting spread in a particular target 

region, as described below.

Mapping axonal output of downstream neurons: Transsynaptic delivery of AAV1-

Cre or -Flp may be combined with secondary viral injections to selectively label input-

defined cells in a chosen downstream target. As shown in Figure 2B, this may be 

achieved with an injection of AAV1-Cre in an upstream region, and AAV1-FLEX-GFP 

in a chosen postsynaptic target. This results in robust GFP expression specifically within the 

input-defined subset of cells and enables mapping of their corresponding axonal output to 

downstream targets. Given that many brain regions exhibit topographically specific patterns 

of input and output (e.g. cortico-ponto-cerebellar pathways; Henschke & Pakan, 2020; Zingg 

et al., 2020), this approach provides a valuable means for precisely demonstrating these 

relationships. As in other examples, AAV1-Cre and -Flp may be used simultaneously in 

two different pathways to directly demonstrate fine-scale topographical relationships in 

a single brain (e.g. see Lee et al., 2020 for a demonstration in striato-nigral and striato-

pallidal circuits). Lastly, this approach may be further extended by using a dual-recombinase 

dependent AAV (e.g. INTRSECT, Fenno et al., 2014; Fenno et al., 2020) to map the axonal 

output of downstream neurons that receive input from two specified upstream sources.

Functional examination of downstream neurons: The same two-step viral injection 

procedure described above may be used to functionally examine a given input-defined 

cell population. This simply involves substituting a fluorophore-expressing AAV with one 
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that expresses a desired functional tool. For example, in Figure 2C, AAV1-FLEX-ChR2-

GFP is injected into a specific region downstream of AAV1-Cre to conditionally express 

channelrhodopsin2 and GFP in post-synaptically labeled Cre+ cells. Following insertion of 

an optical fiber above the target region, the animal is recovered and several weeks later 

the input-defined cell population may be driven with pulses of blue LED light to examine 

any behavioral effects associated with activating this population (for additional examples, 

see Zingg et al., 2017; Beltramo & Scanziani, 2019; Cregg et al., 2020; and Li et al., 

2021). A wide variety of Cre- and Flp-dependent AAV vectors are available for optogenetic 

(Kim et al., 2017) or chemogenetic (Roth, 2016) manipulation of a given input-defined cell 

population, and additional tools, such as Caspase3 (Gray et al., 2010; Yang et al., 2013) 

or diphtheria toxin receptor (Buch et al., 2005; Azim et al., 2014) may be expressed to 

selectively ablate these cells. Moreover, input-defined populations may instead be targeted 

for optical recording methods using virally expressed calcium or voltage sensors (Lin & 

Schnitzer, 2016; Chen et al., 2013; Dana et al., 2019; Piatkevich et al., 2018; Abdelfattah 

et al., 2019). Given the lack of toxicity associated with AAV infection in the downstream 

neurons, this approach is ideally suited for long term behavioral and functional studies. As 

previously mentioned, however, excessive recombinase expression in the upstream injection 

region should be mitigated, such as by avoiding vectors with WPRE, to avoid potential 

damage to these cells. Premade AAV stocks for nearly all of the functional tools highlighted 

here are readily available through Addgene (https://www.addgene.org/).

Accessing genetically-defined cell-types within a downstream neuronal 
population: Lastly, each of the above two-step viral injection procedures may be 

performed in various transgenic Cre-driver mice to selectively access neurons based on 

both their input and their expression of a particular gene of interest. This may be achieved 

via transsynaptic delivery of an AAV1 vector that Cre-dependently expresses FlpO, followed 

by a second AAV injection that provides Flp-dependent expression of a fluorophore or 

functional tool in a given Cre-transgenic mouse (Zingg et al., 2017; Zingg et al., 2020). 

For example, in Figure 2D, AAV1-EF1a-DIO-FlpO (Addgene #87306, Table 1) is injected 

into an upstream region and AAV1-EF1a-fDIO-YFP is injected into a chosen downstream 

target in a Vgat-Cre mouse (Jackson Laboratories, Stock 029591) crossed with the Ai14-

tdTomato line. Following anterograde transsynaptic spread of AAV1-EF1a-DIO-FlpO to the 

downstream target, FlpO will be expressed only in Vgat-Cre+ inhibitory cells that also 

receive presynaptic input from neurons in the upstream injection site. These cells will then 

unlock FlpO-dependent expression of AAV1-EF1a-fDIO-YFP to robustly label the dendrites 

and axonal projections of this input- and genetically-defined population. The same set of 

injections may then be repeated in different cell-type specific Cre-driver mice to explore the 

morphology, connectivity, and/or function of other genetically-defined subsets of neurons in 

the target region.

Selection of pathways for applying anterograde transsynaptic AAV1 spread

When choosing a particular target for the transsynaptic delivery of AAV1, several factors 

should be considered based on the known transport properties of AAV1, and its relative 

efficiency of spread through different cell-types and pathways in the brain.
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AAV1 transport properties: Previous studies have shown that AAV1 is capable of both 

retrograde and anterograde transsynaptic transport from a given injection site (Fig. 3A; 

Rothermel et al., 2013; Zingg et al., 2017; Zingg et al., 2020). In addition, its spread in the 

anterograde direction appears to be monosynaptic and always results in the labeling of cells 

in first order, but not second order, downstream targets (Fig. 3B; Zingg et al., 2017). Among 

these two properties, the former represents a major caveat that must be addressed when 

choosing a given pathway for transsynaptic experiments. In particular, given its capacity for 

bidirectional spread, AAV1 cannot be used in reciprocally connected circuits, since labeled 

cells resulting from the anterograde transsynaptic release of AAV1 may be indistinguishable 

from those labeled via retrograde transport. For example, most cortico-cortical pathways 

exhibit reciprocal connectivity at the regional level, which may result in both the labeling of 

pyramidal neurons that project to, and/or receive input from, different cell-types within 

the injection site. This complicates the interpretation of labeling results, though some 

insight may be gained through the use of combinatorial approaches to isolate specific cell 

populations in a target area. In particular, certain classes of pyramidal neurons, such as 

layer 6 (L6) corticothalamic, L5b corticofugal, or L5/6 near-projecting cells, as well as 

most inhibitory neurons, are not expected to form long-range intracortical axon projections 

(Harris & Shepherd, 2015; Tasic et al., 2018), and therefore are unlikely to be retrogradely 

labeled following a given AAV1 cortical injection. Anterograde transsynaptic inputs to these 

specific cell-types may then be identified by examining the co-expression of GFP and 

tdTomato in target cortical regions following injection of AAV1-hSyn-FlpO in a variety 

of different Cre-driver lines that label each cell class (e.g. Ntsr1-Cre, Sim1-Cre, Sst-Cre, 

etc.) and are crossed with Ai14 x Frt-GFP reporter mice (similar to Figure 2A, Strategy 3), 

or AAV1-EF1a-DIO-FlpO may be used instead to further target these input- and genetically-

defined cells for Flp-dependent expression of tools for mapping and functional work (similar 

to Figure 2D, Strategy 6). Despite this potential workaround for accessing some postsynaptic 

cell populations within a reciprocal circuit, it remains a challenge to resolve the pre- 

or postsynaptic nature of connections among the many remaining cell-types in a given 

target that issue collaterals to the injection site. Application in cortico-cortical networks 

is therefore generally quite limited, and similar concerns also apply to cortico-thalamic 

circuits, given the high degree of reciprocal connectivity between the two structures.

In light of this potential for retrograde transport, when designing a given experiment, 

it is important to avoid any potential ambiguity by first confirming the unidirectional 

nature of connections between a chosen AAV1 injection site and any given downstream 

target of interest. If the anatomy of the circuit is unclear, unidirectional connections 

should be verified by consulting available literature, reviewing relevant tracing examples 

found in online mapping databases (e.g. Allen Mouse Brain Connectivity Atlas, https://

connectivity.brain-map.org/), or by directly performing retrograde tracer injections in the 

intended upstream AAV1 target (e.g. with fluorescently-conjugated cholera toxin subunit 

b, CTB-488, Thermo Fisher, Cat# C34775), followed by confirmation of the absence of 

retrograde cell body labeling in any of the given downstream targets of interest. This 

absence of retrograde labeling would imply a lack of reciprocal connectivity. In general, it 

is recommended to acquire as much anatomical information about the circuit as possible, 

as this can be useful in the experimental planning process to predict postsynaptic labeling 
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outcomes for any chosen AAV1 injection (based on known axonal output for the region), 

and to provide confidence in which downstream targets will be unidirectional, and which 

may be reciprocally connected and must therefore be excluded from analysis.

AAV1 efficiency through different pathways: Previous work has characterized the 

efficiency of AAV1 transsynaptic spread through a variety of cell-types and pathways in the 

brain (Zingg et al., 2017; Zingg et al., 2020). In general, AAV1 was observed to spread 

with equal efficiency through both excitatory and inhibitory projection neuron classes, 

and it was capable of robustly transducing cells downstream of long-range corticospinal 

projections, suggesting axon length may not diminish viral spread (Fig. 3C). These 

observations have since been supported by additional studies demonstrating its use in 

a variety of other unidirectional excitatory and inhibitory projection systems, including 

corticofugal (Yao et al., 2018; Henschke & Pakan, 2020; Li et al., 2021; Centanni et al., 

2019; Bennet et al., 2019), pallidal (Lee et al., 2020; Foster et al., 2021), hippocampal 

(Trouche et al., 2019; Suarez et al., 2020; Umaba et al., 2021), thalamic (Huang et al., 

2019; Watson et al., 2021), cerebellar (Fujita et al., 2020; Kelly et al., 2020), and brainstem 

pathways (Beltramo & Scanziani, 2019; Cregg et al., 2020; El-Boustani et al., 2020). 

Notably, however, transsynaptic spread of AAV1 through neuromodulatory cell populations, 

including cholinergic, serotonergic, and noradrenergic cell-types, was observed to be very 

inefficient, and should therefore be avoided (Fig. 3C; Zingg et al., 2020). This inefficient 

spread may be due to differences in viral uptake, intracellular trafficking, or the potential 

volume release of viral particles through axonal varicosities, rather than through direct 

synaptic contacts onto downstream neurons (Agnati et al., 1995). Overall, however, AAV1 is 

expected to perform well for excitatory or inhibitory pathways that densely innervate a given 

target, and satisfy the requirement of being unidirectional.

STEREOTAXIC INJECTION OF AAV1 FOR ANTEROGRADE 

TRANSSYNAPTIC SPREAD

The following protocol describes the process for stereotactically injecting AAV1 vectors 

in mice to achieve robust, anterograde transsynaptic transduction of downstream neurons. 

In addition, methods are presented for visualizing and characterizing the input-defined 

cell populations made accessible by this approach. Given the combinatorial possibilities 

associated with this method, we intend this protocol to serve as a general guide that may 

be adapted to address different scientific questions, depending on the investigator’s choice 

of pathways and use of viral and transgenic tools. Moreover, as the actual viral injection 

process is essentially the same as other previously published protocols, we present a basic 

overview here and refer readers to Harris et al., 2012 and Gore et al., 2013 for further 

details. Lastly, while this protocol describes procedures for mice, previous studies suggest 

AAV1 may also be used for anterograde transsynaptic experiments in rats (Umaba et al., 

2021; Bennett et al., 2019; Suarez et al., 2020). Readers working in a rat model may refer to 

the Strategic Planning section of this protocol for background, and Testen et al., 2020 for a 

detailed stereotaxic injection protocol in rats.
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Materials

AAV1 vector for anterograde transsynaptic use (should contain a neuron-specific 

promoter and express a chosen recombinase; titer should be ≥1.0 x 1013 GC/mL; 

aliquoted and stored at −80°C; see Table 1 for recommended viruses and 

commercial availability)

AAV vector for optional secondary injection in a downstream target (e.g. AAV-

hSyn-FLEX-GFP, Addgene, Cat# 50457; should conditionally express a desired 

gene in neurons transsynaptically transduced by AAV1; titer should be ~1.0 x 1013 

GC/mL and AAV serotypes 1 or 9 are recommended for strongest expression)

AAV vector for optional retro-orbital injection to detect transsynaptic labeling (e.g. 

AAV-PHP.eB-hSyn-FLEX-GFP, SignaGen, Cat# SL116009; or AAV-PHP.eB-CAG-

FLEX-tdTomato, Addgene, Cat# 28306; prepared as a 50 μL solution containing 

1.0 x 1011 viral particles total in PBS)

Wildtype or transgenic mice of a desired strain (see Table 2 for a list of 

recommended transgenic reporter mice for the detection of transsynaptic labeling)

Analgesic (e.g. Buprenorphine SR, 0.01 mg/mL in sterile saline)

Anesthetic (e.g. inhalable gas isoflurane, see Harris et al., 2012 for details)

Sterile 70% isopropyl alcohol prep pads (Vitality Medical, Cat# 58-204)

Betadine (Vitality Medical, Cat# MDS093944)

Mineral oil (VWR, Cat# J217-500ML)

Phosphate Buffered Solution (PBS) (Thermo Fisher, Cat# AM9624; dilute to 1X 

concentration before using)

4% paraformaldehyde (PFA) in PBS (Sigma-Aldrich, Cat# 441244)

Mounting medium (e.g. 60% glycerol in PBS, Sigma-Aldrich, Cat# G5516)

Glass pipets (Drummond Scientific, Cat# 3-000-203-G/X)

Micropipet puller (e.g. Sutter Instruments, Cat# P-30, or equivalent)

Vannas scissors (for trimming glass pipets, World Precision Instruments, Cat# 

500086)

Stereotaxic apparatus (e.g. Kopf Model 1900, or equivalent)

Sterile insulin syringe, 0.5 mL, 29 G (for injecting analgesic, Fisher Scientific, Cat# 

14-841-32)

Standard surgical instruments, sterilized (see Harris et al., 2012 for a complete list)

Microinjector (Nanoject III, Drummond Scientific, Cat# 3-000-207)

Sutures (VWR, Cat# 89219-134)

Heating pad (Kent Scientific, Cat# RT-JR-15)

Perfusion pump
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Vibratome (e.g. Leica VT1000S, or equivalent)

Paintbrush (for collecting and mounting brain tissue, e.g. Blick Art Supply, Cat# 

05857-1004)

Microscope slides (VWR, Cat# 16004-368)

Cover glass (VWR, Cat# 16004-312)

Epifluorescent or confocal microscope

NOTE: All protocols using live animals must first be reviewed and approved by an 

Institutional Animal Care and Use Committee (IACUC) and must follow officially approved 

procedures for the care and use of laboratory animals.

NOTE: Personal protective equipment should be used for this protocol, and all surgery 

should be done using aseptic and sterile techniques and equipment.

Choose an injection strategy and determine stereotaxic coordinates for each 
target

1. Refer to the Strategic Planning section and Figures 2 and 3 for guidance in 

designing a given experiment.

2. Select one or more brain regions for anterograde transsynaptic injection of 

AAV1. If targeting multiple “starter” regions in a single brain, assign a different 

recombinase-expressing AAV1 vector (e.g. AAV1-hSyn-Cre or AAV1-hSyn-

FlpO) to each injection site. Verify that downstream targets of interest are not 

bidirectionally connected with the AAV1 injection site.

Due to the potential for retrograde transport of AAV1, it is critical 
to confirm the lack of reciprocal connectivity between the injection 
site region and any given downstream target. Consult literature, online 
brain mapping databases, or perform anterograde or retrograde tracer 
injections to verify this relationship before proceeding (see Strategic 

Planning for details).

3. Choose a method for detecting viral spread in downstream neurons (e.g. by 

using transgenic reporter mice, systemic injections of AAV-PHP.eB, or secondary 

injections of recombinase-dependent AAV in a specific target).

Immunostaining for recombinase protein may be used to confirm 

the location of AAV1 injection sites in wildtype mice. However, 

immunodetection of post-synaptic cells may be unreliable due to the 

low viral copy number and correspondingly low levels of recombinase 

expression found in many of these neurons.

4. Determine stereotaxic coordinates for each injection target using a standard 

mouse brain reference atlas, such as the Allen Reference Atlas (Dong, 2008; 

https://atlas.brain-map.org/) or Allen Common Coordinate Framework (CCF) 

(Wang et al., 2020).
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When targeting a new structure, it may be useful to first test 

the accuracy of the chosen coordinates by performing an injection 

with an inexpensive fluorescent tracer, such as a conjugated dextran 

(e.g. Fluoro-Ruby, Cat# D1817, Thermo Fisher Scientific). Following 

injection, the animal may immediately be euthanized while still under 

anesthesia, transcardially perfused with 4% paraformaldehyde, and the 

brain processed and imaged, as described in more detail below. If the 

resulting injection site is off-target, apply a scale bar to the image, use 

this to calculate the distance to the desired target, and adjust the new 

coordinates accordingly.

5. Acquire commercially available viruses for each planned injection site, or 

prepare your own. See Table 1 for a list of recommended AAV1 vectors for 

transsynaptic use, as well as several plasmids currently available for custom 

AAV1 production. Many additional AAV vectors for functional or anatomical 

characterization of post-synaptic cells are available through vector cores at 

Stanford University, University of North Carolina, or The Salk Institute for 

Biological Studies.

For an introduction to producing AAV vectors in your own lab, see 

Grieger et al., 2006, Lock et al., 2010, and previously published 

protocols from Gray et al., 2011 and Negrini et al., 2020.

For long-term storage of AAV stocks, aliquot into separate tubes 

containing 2-3 μL each and place in a −80°C freezer. It is important 

to avoid repeated freeze-thaw cycles that might damage the structural 

integrity of the virus and reduce the infectious titer of the stock over 

time. If stored properly, AAV stocks will remain viable for several 

years.

6. Acquire the necessary mice based on the chosen experimental design. Consult 

Table 2 for a list of recommended transgenic recombinase-reporter mice.

If needed, wildtype mice may be purchased directly from Jackson 

Laboratories (https://mice.jax.org/), and many cell-type specific Cre- 

or Flp-driver mice are also available through Jackson Laboratories or 

the Mutant Mouse Resource and Research Center (MMRRC; https://

www.mmrrc.org/).

Prepare glass micropipettes for virus injection

7. Using desired settings for length and taper, pull glass pipets with a micropipet 

puller.

8. Trim the pipets using a small pair of scissors (e.g. Vannas Scissors) to achieve a 

20-25 μm inner diameter opening at the tip.

For added control, it may be helpful to trim pipets under a dissection 

scope at 4X magnification. Tip diameter can be confirmed at 10X or 

20X using a simple light microscope equipped with an eyepiece reticle.
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9. Store pipets in a covered container for later use.

To save time on the day of surgery, we recommend preparing all pipets 

in advance.

Inject viruses using pressure injection method

10. Prepare the animal for stereotaxic surgery following previously published 

protocols (see Harris et al., 2012 and Gore et al., 2013 for detailed, step-

by-step procedures). Briefly, the animal is anesthetized, positioned into a 

stereotaxic frame equipped with a heating pad, and administered an analgesic 

(e.g. Buprenorphine SR, 0.05 mg/kg) to minimize discomfort upon recovery. 

The scalp is then shaved, sterilized with 70% isopropyl alcohol and betadine, 

and an incision is made along the midline to expose the skull.

11. Using predetermined stereotaxic coordinates, mark the location on the skull 

directly above the target area for each planned injection site.

12. Drill a small hole (~0.5 mm diameter) in the skull for each target region.

13. Backfill a glass pipet with mineral oil, place into a programmable microinjector 

apparatus (e.g. Nanoject III), and withdraw into the pipet about 500 nL of a 

chosen AAV1 vector for use as an anterograde transsynaptic tracer (e.g AAV1-

hSyn-Cre).

Ensure that no air bubbles are present in the pipet. Air bubbles may 

compress during the injection and result in irregular or inefficient 

expulsion of viral solution from the pipet tip.

14. Lower the pipet to the desired targeting depth in the brain and slowly inject (~30 

nL/min) a total of 50 – 150 nL of viral solution, depending on the desired size of 

the injection site and the desired strength of transsynaptic labeling.

Iontophoresis may be used instead of the pressure injection approach 
for anterograde transsynaptic injections of AAV1, however it typically 
yields reduced numbers of postsynaptically labeled cells. Iontophoresis 
is therefore only recommended for experiments that require very 
discrete AAV1 injection sites with minimal spread to neighboring 
structures and minimal contamination along the pipet path. Preparation 
and targeting are the same as described above, and readers may refer 
to Harris et al., 2012 for details related to the iontophoretic injection 
process.

15. After the injection is complete, allow the pipet to remain in place for ~1-2 mins 

before slowly withdrawing from the brain to minimize leakage of viral solution 

along the pipet path.

16. If another transsynaptic AAV1 injection is planned for a different recombinase-

expressing vector (e.g. AAV1-hSyn-FlpO, Fig. 2A Strategy 2), complete this 

injection as described in steps 13 to 15.
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See Figure 4A–C for an example of transsynaptic tracing results 
achieved with AAV1-hSyn-Cre and AAV1-hSyn-FlpO injections in a 
dual Flp- and Cre-reporter mouse.

17. If any secondary injections of recombinase-dependent AAV are planned for a 

given downstream target (e.g. AAV1-CAG-FLEX-GFP, Fig. 2B–D), these may 

be performed in the same surgical procedure as well. Fill pipets and target the 

planned injection sites as described in steps 13 and 14. Typically, a 50-100 

nL injection volume is sufficient for good coverage and robust viral transgene 

expression in the target region.

See Figure 4D–K for example results following this “two-step” viral 

injection approach.

18. Complete all other remaining injections planned for the experiment following 

steps 13 to 15.

19. If optogenetic manipulation is planned for a target region (Fig. 2C), the optical 

fiber may be implanted in the same procedure immediately following the last 

virus injection. Secure the fiber with a dental cement compound, and allow 

enough time for the cement to cure (typically ~15-20 mins, depending on the 

product used) before allowing the animal to recover from anesthesia.

20. If no optogenetic work is planned, close the scalp incision with sutures.

21. If a retro-orbital injection of AAV-PHP.eB will be used to detect 

transsynaptically labeled neurons, perform this injection now before recovering 

the animal from anesthesia.

This procedure typically requires less than 5 mins to complete. See the 
Strategic Planning section, Chan et al., 2017; and Yardeni et al., 2011 

for a protocol describing the retro-orbital injection procedure in mice.

22. Remove the mouse from anesthesia and allow time to recover in a clean cage 

placed on a heating pad.

23. After all surgeries have been completed, return mice to their assigned holding 

room. Monitor their condition daily for 3 to 4 days after the procedure and 

provide post-operative care as needed to ensure healthy recovery.

Post-injection survival and tissue processing—Following the injection procedure, 

we recommend allowing at least 2-3 weeks to achieve robust viral transgene expression. 

At this stage, functional and behavioral experiments can begin (e.g. using optogenetic, 

chemogenetic, or optical recording procedures to examine a postsynaptic cell population) 

and may proceed for any required length of time. Or, for anatomical experiments, mice may 

undergo transcardial perfusion at this timepoint, and their brains prepared for histological 

and imaging steps described below.

24. Determine the experimental endpoint for each mouse and schedule transcardial 

perfusion times accordingly.
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25. Perfuse each mouse with PBS and 4% PFA according to standard protocols.

26. Carefully dissect and remove the brain from the skull. Place the brain in 4% PFA 

and store at 4°C for 24 to 48 hours.

27. Section the brain at a desired thickness and orientation, and collect the tissue in 

wells containing PBS.

We typically use a vibratome to cut 100 μm thick coronal sections 

across the entire brain.

28. Perform any desired immunostaining procedures according to standard 

protocols.

As previously mentioned, immunostaining for Cre (or FlpO) may be 

used to visualize the location of AAV1 injection sites in wildtype mice. 

However, immunodetection of postsynaptic cell populations may be 

unreliable, given that many of these cells may only weakly express 

recombinase protein following transduction by just a few viral particles.

To visualize cytoarchitectural information, we recommend treating 

sections with a fluorescent Nissl stain, such as NeuroTrace 640 

(Thermo Fisher, Cat# N21483).

29. Mount sections onto glass slides and coverslip.

For routine imaging of experiments, we use a simple mounting medium 

consisting of 60% glycerol in PBS.

30. Store slides at 4°C and then image using a confocal or epifluorescent 

microscope.

COMMENTARY

Background Information

Given their natural ability to infect neurons and express desired genetic tools, a wide variety 

of neurotropic viruses have been adopted for use in the study of neural circuitry (Nassi et 

al., 2015; Bedbrook et al., 2018; Nectow & Nestler, 2020; Xu et al., 2020). These include 

viruses that locally transduce neurons (e.g. AAV, Chamberlin et al., 1998; Taymans et 

al., 2007; Ad5, Glover et al., 2002; and Lentivirus, Osten et al., 2006), distally transduce 

neurons via retrograde axonal uptake (e.g. CAV-2, Soudais et al., 2004; and AAVretro, 

Tervo et al., 2016), or spread transsynaptically and thus provide an important means for 

establishing connectivity between different populations of neurons across one or more 

synaptic steps (e.g. Rabies virus, Ugolini, 1995; Wickersham et al., 2007; PRV, DeFalco 

et al., 2001; Ekstrand et al., 2008; Herpes simplex virus H129, Lo & Anderson, 2011; Zeng 

et al., 2017; and VSV, Beier et al., 2011). Among these, rabies virus has proven to be 

especially useful for revealing presynaptically connected neurons upstream of a given starter 

cell population (Wickersham et al., 2007; Wall et al., 2010; Reardon et al., 2016), however 

viral tools that permit the forward mapping of postsynaptically connected cells (e.g. H129 

and VSV) remain under development and may require further optimization to resolve issues 
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related to their cytotoxicity and potential for bidirectional spread (Beier, 2019; Xu et al., 

2020).

Recently, we demonstrated the capacity for AAV1 (and to some extent AAV9) to spread 

transsynaptically to cells downstream of an injection site (Zingg et al., 2017; Zingg 

et al., 2020). Given its broad neuronal tropism, efficient uptake at the soma, and lack 

of toxicity in host cells, AAV1 has become one of the most widely used vectors for 

driving stable, long-term gene expression in neurons locally transduced at the injection 

site. Despite this widespread use for local gene delivery, evidence indicating its capacity 

for transsynaptic spread has not been commonly reported (however, see Castle et al., 

2014a; Hutson et al., 2016), and examples of robust viral gene expression in downstream 

neurons are rarely observed. This may be due to the possibility that only a small number 

of viral particles are transsynaptically released, and this results in undetectable levels of 

virally driven fluorescence in downstream neurons (see Figure 1 for details). However, 

when a recombinase-expressing AAV1 is injected into a transgenic reporter mouse, low 

levels of virally driven recombinase protein appear sufficient to unlock reporter gene 

expression in the postsynaptic population, thus revealing large numbers of fluorescently 

labeled cells in downstream targets and exposing this hidden capacity for AAV1 to spread 

transsynaptically. Importantly, the low levels of recombinase found in postsynaptic cells are 

also able to unlock strong expression of virally encoded fluorophores, opsins, or other 

tools delivered via secondary injections of AAV in a chosen downstream target. This 

greatly expands the application potential of AAV1 as a means for not only detecting, but 

also experimentally accessing postsynaptic cell populations to further characterize their 

functional and anatomical properties.

While the exact mechanism underlying transsynaptic spread of AAV1 remains unclear, 

previous studies have demonstrated that, following uptake at the cell body, AAV particles 

distribute broadly throughout the endosomal system, and a small fraction may undergo 

rapid, kinesin-2 dependent trafficking down the axon (Castle et al., 2014a; Castle et 

al., 2014b). Following delivery to synaptic terminals, exocytic vesicles containing AAV 

may then fuse with the presynaptic membrane and release their contents at, or near, the 

synaptic cleft, leading to viral uptake and transduction of downstream neurons. Using 

in vitro preparations, Castle et al. showed that viral trafficking down the axon occurs 

only after a high concentration of AAV has accumulated within the host cell. In addition, 

several different AAV serotypes (AAV1, 8, and 9) demonstrated a similar ability to traffic 

down the axon through common transport mechanisms, however, when delivered at equal 

concentrations, AAV1 was trafficked at a higher frequency due to its greater capacity for 

binding and entering host cells relative to AAV8 and 9 (Castle et al., 2014b). Taken together, 

these results corroborate our in vivo observations that AAV transsynaptic spread is specific 

to serotype 1, requires high viral titer to achieve, and scales in efficiency according to the 

total number of viral particles injected (Zingg et al., 2017). Moreover, while further studies 

are needed, these data provide a simple explanation for the observed serotype-specificity of 

transsynaptic spread. Rather than reflecting a serotype-dependent difference in intracellular 

trafficking, the unique ability of AAV1 to undergo anterograde transsynaptic transport may 

result from its more efficient import by host cells at equivalent concentrations, thus leading 
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to more AAV particles available for trafficking down the axon, and a correspondingly greater 

numbers of particles released onto postsynaptic targets.

The synaptic specificity of AAV1 spread has been examined using a variety of different 

approaches. Initial observations revealed that AAV1 spreads only to expected first order 

targets downstream of an injection site, and the distribution of postsynaptically labeled 

cells closely matched the location and shape of presynaptic axon terminal fields (e.g. 

see Figure 1C). This, along with its demonstrated lack of spread from passing axons, 

suggested that AAV1 was most likely released at, or near, presynaptic terminals (Zingg et 

al., 2017). To further examine this, we (1) explored the specificity of spread to expected 

cell populations in anatomically well-defined circuits, (2) characterized the frequency 

with which postsynaptic cells received functional presynaptic input, and (3) revealed a 

dependence on synaptic vesicle machinery for viral release following tetanus toxin-mediated 

inhibition of synaptic vesicle fusion (see Zingg et al., 2020 for a detailed discussion). 

Collectively, these studies showed that AAV1 preferentially spreads to postsynaptically 

connected neurons in downstream targets. This synaptic spread was not entirely perfect, 

though, as an estimated 1-4% of cells were found to be labeled via extrasynaptic release 

of viral particles locally within the terminal field. Overall, however, these studies point to a 

high degree of selectivity in the spread of AAV1 to synaptically connected downstream cell 

populations.

Relative to other currently available tools for investigating anterograde transsynaptically 

defined circuits (e.g. H129 or VSV), AAV1 offers several advantages, including a well-

established safety profile, widespread commercial availability, and a lack of toxicity that 

facilitates use in functional studies requiring the long-term expression of viral transgenes. 

Moreover, while transgenic Cre-driver mice and retrograde viral tracers enable the study 

of specific genetic- or target-defined cell-types within a circuit, viral tools that spread in 

an anterograde transsynaptic fashion provide a valuable alternative to these approaches, 

and offer unique access to input-defined cell populations that may otherwise be impossible 

to target using conventional approaches. Lastly, in terms of disadvantages, unlike H129 

and VSV, anterograde transsynaptic spread of AAV1 cannot be initiated from a genetically 

specified starter cell population. Rather, AAV1 spread to downstream targets is expected to 

proceed through all projection neuron subtypes found within the injection site, and “starter 

cells” are therefore regionally specified with this technique and depend on the exact size 

and location of the viral injection. In addition, due to its potential for retrograde transport, 

transsynaptic use of AAV1 must be limited to use in unidirectional pathways (see Strategic 

Planning for additional discussion). Finally, given its inability to replicate and potential 

for variable uptake efficiency among different cell-types in the brain, AAV1 transsynaptic 

spread may not yield robust results for certain pathways, such as neuromodulatory cell-

types, or projection neurons that form highly diffuse connections with large numbers of 

downstream targets. Future studies may seek to overcome these limitations by engineering 

novel capsid and host-cell receptor systems that enable selective uptake at the soma, but not 

local axon terminals, and facilitate robust transsynaptic spread from any genetically-defined 

starter cell population.
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Critical Parameters

As previously discussed, the efficiency of anterograde transsynaptic spread of AAV1 

depends on both the titer and strength of viral gene expression. If initial experiments yield 

insufficient transsynaptic spread for a given pathway, labeling results may be boosted simply 

by increasing the injection volume of the originally used virus. This will deliver a greater 

number of viral particles to the starter population, and may therefore increase the number 

of particles trafficked down the axons and released at postsynaptic sites. If the required 

injection volume is too large, however, specificity of the starter population may be lost, 

and tissue damage may occur at the injection site (e.g. with injections larger than 150 nL). 

In this case, acquiring a higher titer viral preparation (e.g. 1.0 x 1014 GC/mL) may be 

advantageous, as correspondingly large numbers of viral particles can now be delivered via 

a smaller injection volume. Lastly, if not previously implemented, use of a viral construct 

that incorporates the WPRE enhancer, along with a strong, neuron-specific promoter (e.g. 

hSyn), may further maximize transsynaptic transduction efficiency, especially if used at 

1014 GC/mL. While this represents the highest performing viral preparation available, 

toxicity at the injection site will almost certainly occur due the excessively high levels of 

recombinase expression in the host cells. This may be problematic when used in functional 

and behavioral studies. Therefore, to mitigate this toxicity, researchers may opt to use a high 

titer preparation of a construct that lacks the WPRE enhancer. This will significantly reduce 

the recombinase expression levels in host cells at the injection site, and the final titer and 

injection volume can be adjusted to achieve the most optimal transsynaptic spread, while 

still preserving the health of the starter population.

Though not tested, another possible solution to eliminating recombinase-induced toxicity 

while still enabling use of maximal titer and gene expression strength, would be to inject 

an AAV1 construct that expresses one half of a split-Cre protein in a chosen upstream site, 

followed by injection of an AAV that expresses the other half of the split-Cre protein in a 

desired downstream target (Wang et al., 2012; Stanek et al., 2016). Following transsynaptic 

spread of AAV1 from the upstream injection, input-defined cells in the downstream 

target will express both halves of the protein, which then link to form a fully functional 

recombinase. As recombinase-induced toxicity likely results from off-target recombination 

and damage to host cell DNA (Loonstra et al., 2001; Thyagarajan et al., 2000; Janbandhu 

et al., 2014), expression of high levels of a non-functional half of this protein may not lead 

to toxic effects. In this case, the highest possible titer and strongest expressing construct 

could be used to maximize transsynaptic spread without causing damage to the starter cell 

population.

Finally, aside from optimizing spread and mitigating toxicity, one last consideration worth 

emphasizing again is that transsynaptic AAV1 injections must be used only in unidirectional 

pathways due to the potential for retrograde transduction of upstream neurons.

Troubleshooting

See Table 3 for a troubleshooting guide.
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Understanding Results

By following the procedures described in this protocol, researchers will be able to reveal 

and gain experimental access to input-defined neurons via transsynaptic injections of 

AAV1. Figure 4 provides examples of expected results following one-step or two-step 

viral injection procedures. In the first example, AAV1-hSyn-Cre and AAV1-hSyn-FlpO 

are injected into the orofacial- or forelimb-related regions of primary motor cortex in a 

dual Flp- and Cre-reporter mouse. Following transsynaptic spread from each injection site, 

the topographical distribution of postsynaptically labeled cells may be compared for each 

pathway. Both regions share common projections to several downstream targets, including 

the pontine nucleus (Fig. 4B) and superior colliculus (Fig. 4C), however the specific subsets 

of neurons innervated by each pathway appear separate from each other, and in turn each 

may have unique differences in connectivity and function that may be probed with follow up 

experiments.

The second example demonstrates results obtained from two-step injections used to map 

the axonal output of two different input-defined cell populations in the thalamus, VPM 

(Fig. 4D–G) and PO (Fig. 4H–K). Both regions are located close to each other and would 

be difficult to selectively target using conventional viral injection strategies. Following 

anterograde transsynaptic delivery of AAV1-hSyn-Cre from the PSV (Fig. 4E) or APN 

(Fig. 4I), however, postsynaptic Cre+ cells found specifically in VPM (Fig. 4F) or PO 

(Fig. 4J), respectively, can selectively be targeted with AAV1-CAG-FLEX-GFP to reveal 

their respective axonal projections to the primary somatosensory cortex (Fig. 4G,K). Each 

thalamic population has a unique targeting profile that innervates distinct layers of primary 

somatosensory cortex. Given this anatomical difference, follow up experiments can explore 

the function of these cells by substituting a Cre-dependent AAV that expresses an opsin, 

Ca2+ sensor, or other functional tool in each transsynaptically labeled thalamic population, 

as demonstrated in a similar study for this pathway (El-Boustani et al., 2020).

Time Considerations

The anticipated time required to complete each aspect of this protocol is listed below:

Perform one stereotaxic surgery: 1-2 hr, depending on number of targets

Perform a retro-orbital injection for detection of postsynaptic cell populations: ~5 min

Setup for the day: 30 min

Prepare all glass micropipets for a day of surgeries: ~45 min to prepare 12 pipets, assuming 

3-6 surgeries, and 2-4 pipets used per animal.

Plan out a given surgery: ~30 min, this includes determining stereotaxic coordinates for each 

injection target and documenting basic information into a surgical log.

Post-injection survival time: 2-3 weeks for anatomical or ablation studies; optogenetic, 

chemogenetic, or optical recording experiments may begin at 2 weeks post-injection if local 

expression at the soma is sufficiently strong in the targeted population.
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Transcardial perfusion and extraction of brain: 20 min per mouse

Post-fixation of brain tissue: 24-48 hr

Sectioning an entire brain: ~1 hr, cutting at 100 μm thickness

Immunostaining for recombinase protein or other cell markers: 3 days

Fluorescent Nissl staining: 2 hr at room temperature

Acquiring mice: Typically allow 1-2 weeks for orders of live mice to arrive, 10-14 weeks for 

cryopreserved mouse lines. If breeding, allow at least 3 months from the time of pairing to 

obtain adult offspring (≥2 months old) for use in experiments.

Acquiring viruses: Allow ~1 week for orders of premade AAV stock, and ~1-2 months for 

orders involving custom packaging of AAV expression plasmids.
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Figure 1. Anterograde transsynaptic spread of AAV1.
(A) Following high-titer injections of either AAV1-Cre (left) or AAV1-GFP (right) into the 

mouse brain (>1013 GC/mL, 50-100 nL total volume), a large number of viral particles 

are taken up locally at the soma and may undergo transport to the nucleus, leading 

to robust transduction of neurons at the injection site (red or green colored circles). In 

addition, a small fraction of viral particles may be trafficked down the axon and released 

postsynaptically, enabling transduction of downstream cell populations. This transsynaptic 

spread is revealed following injections of AAV1-Cre in fluorescent Cre-reporter mice (Ai14-

tdTomato, left), but is rarely observed when using fluorescent protein-expressing AAV1 

constructs alone (e.g. AAV1-GFP, right). This discrepancy may be due to the presumably 

small number of viral particles that are synaptically released, which may be insufficient 

to drive detectable levels of virally-driven fluorescence in postsynaptic cells. However, 

only trace amounts of virally-driven Cre may be required to successfully unlock tdTomato 
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transgene expression in postsynaptic neurons in Ai14 mice. (B) Co-injection of a 1:1 

mixture of AAV1-GFP and AAV1-Cre (80 nL total volume, 1.0 x 1013 GC/mL each) into 

V1 of an Ai14-tdTomato mouse results in postsynaptic labeling of Cre+/Tom+ cell bodies 

(red) that closely match the distribution of GFP+ axon terminal fields (green) (C). Higher 

magnification (40X, right panels) reveals brightly labeled GFP+ axon terminals surrounding 

Cre+/Tom+ cells, however native AAV1-GFP expression is undetectable in downstream 

cell bodies, despite sharing the same capacity for transsynaptic spread as the co-injected 

AAV1-Cre. Blue, fluorescent Nissl stain. Scale bar: 250 μm (left panels) and 50 μm (right 

panels). (D) Co-injection of a 1:1 mixture of AAV1-Cre and AAV1-Flp (80 nL total volume, 

1.0 x 1013 GC/mL each) into V1 in a Cre- and Flp-reporter mouse (Ai14-tdTomato x 

Frt-GFP) results in (E) postsynaptic labeling of Cre+/Tom+ (red) and Flp+/GFP+ (green) 

cells in downstream targets. Despite equivalent chances for transsynaptic spread from the 

same starter cell population, the majority of downstream labeled neurons were either Cre+/

Tom+ or Flp+/GFP+ (right panel), while only 15% of the total population were co-labeled. 

This further suggests a small fraction of viral particles are responsible for the observed 

transsynaptic spread, and the required threshold for unlocking reporter gene expression is 

just barely surpassed in many of these downstream cells. Blue, fluorescent Nissl stain. Scale 

bar: 250 μm (left panel) and 50 μm (right panel). (F) Quantification of co-labeled neurons in 

the superior colliculus. Flp+/GFP+ 219 cells (green), Cre+/Tom+ 271 cells (red), co-labeled 

66 cells (yellow); n = 2 animals.
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Figure 2. Strategies for investigating input-defined cell populations using anterograde 
transsynaptic delivery of AAV1.
(A) Examples of one-step AAV1 injections for characterizing postsynaptic cell populations. 

A single injection of AAV1-Cre in a transgenic Cre-reporter mouse may be used to examine 

the morphology and distribution of cells downstream of a given brain region (Strategy 1). 

This approach may be expanded to include two or more different recombinase-expressing 

AAV injections (Strategy 2; e.g. AAV1-Cre and AAV1-Flp) in a transgenic mouse that 

reports the presence of each recombinase with a distinct fluorescent protein (e.g. Ai14-
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tdTomato x Frt-GFP mice). This allows for the direct demonstration of divergent (red or 

green circles) or convergent (yellow circles) inputs onto individual postsynaptic neurons 

from two or more upstream brain regions that share similar downstream targets. Lastly, the 

genetic identity of postsynaptic neurons may be screened (Strategy 3) by performing AAV1 

injections (e.g. AAV1-Cre) in transgenic mice that fluorescently label a particular cell-type 

and report the presence of recombinase protein (e.g. Vgat-Flp x Frt-GFP x Ai14-tdTomato 

mice express GFP in all inhibitory neurons and tdTomato in all Cre+ neurons). Alternatively, 

AAV1-Flp may be used with comparable results in Cre-expressing transgenics crossbred 

with Ai14 x Frt-GFP mice. (B-D) Examples of two-step virus injections for the anatomical 

and functional examination of input-defined neurons. (B) The axonal output of a given 

input-defined population may be examined by injecting AAV1-Cre in an upstream region 

and AAV1-FLEX-GFP in a given downstream target (Strategy 4). Similar results may 

be achieved with other recombinase pairings (e.g. AAV1-Flp and AAV1-fDIO-tdTomato), 

and these may all be applied in a single animal to simultaneously compare multiple input-

defined projection pathways in the same brain. (C) To functionally interrogate a given 

input-defined population (Strategy 5), the same procedure may be followed as in (B), 

however an AAV that conditionally expresses any desired functional tool for activating, 

silencing, or recording from the target population (e.g. AAV1-hSyn-FLEX-ChR2-GFP) is 

injected into the downstream region. (D) Lastly, the axonal output or function of a given 

input- and genetically-defined cell population may be examined (Strategy 6) by injecting a 

Cre-dependent Flp-expressing AAV1 (e.g. AAV1-EF1a-DIO-Flp) in an upstream region of 

a given Cre-expressing transgenic mouse (e.g. Vgat-Cre), followed by a second injection of 

Flp-dependent AAV (e.g. AAV1-fDIO-YFP) in a chosen downstream target. In this example, 

selective labeling of Vgat+ inhibitory neurons is achieved for the input-defined population. 

Similar injections may be applied in different transgenic mice to explore additional input-

defined cell-types within the same target region (e.g. excitatory neurons in Vglut2-Cre 

mice).
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Figure 3. Summary of AAV1 transport properties and efficiency of spread in different cell-types.
(A) Bidirectional spread. AAV1 exhibits both retrograde and anterograde transsynaptic 

transport from the injection site and should therefore be applied only in unidirectional 

pathways to avoid ambiguous labeling results. (B) Monosynaptic anterograde spread. 

Anterograde transsynaptic labeling is limited to first-order downstream cell populations 

and does not continue to spread beyond these initial cell targets, even after long survival 

times (e.g. 6 months). (C) Efficiency of anterograde transsynaptic spread in different 

cell-types. In all tested pathways, AAV1 appears to spread with equal efficiency in both 

excitatory and inhibitory cell populations (left), as well as in neurons that form long-range 

axonal projections, such as corticospinal neurons (right). However, transsynaptic spread 

appears to be inefficient in all neuromodulatory cell-types tested (middle), which includes 

serotonergic neurons in the dorsal raphe, noradrenergic neurons in the locus coeruleus, and 

cholinergic neurons in the basal forebrain. Dopaminergic neurons were not examined due to 

the bidirectional nature of their connections with the striatum and prefrontal cortex.
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Figure 4. Expected outcomes following one-step or two-step viral injection strategies.
(A-C) An example of a one-step viral injection experiment in which single injections of 

AAV1-hSyn-Cre and AAV1-hSyn-Flp are applied in a dual reporter mouse (Frt-GFP x 

Ai14-tdTomato) to directly reveal the postsynaptic targets for each pathway (schematically 

shown in A, see Strategy 2). Following injection of AAV1-hSyn-Cre into MOp-orf and 

AAV1-hSyn-Flp into MOp-ul, topographically segregated populations of Cre+/tdTomato+ 

(red) and Flp+/GFP+ (green) cells were observed in downstream structures co-targeted 

by each pathway, such as the pontine nucleus (B) and the superior colliculus (C). Blue, 

fluorescent Nissl stain. Scale bar: 250 μm (B,C). (D-K) Examples of two-step viral injection 
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experiments that compare the cortical targeting of two different input-defined thalamic 

populations: VPM (D-G) and PO (H-K). (D) Schematic of viral injections used to examine 

the axonal output of VPM thalamic neurons (see Strategy 4). AAV1-hSyn-Cre was injected 

into the contralateral PSV in an Ai14-tdTomato mouse (E) to postsynaptically label VPM, 

but not neighboring PO, neurons in the ipsilateral thalamus following a second injection 

of AAV1-CAG-FLEX-GFP into dorsal VPM (F). GFP (green) is expressed only in Cre+/

tdTomato+ (red) VPM neurons (bottom panels, small box in F). Blue, fluorescent Nissl 

stain. Scale bar: 500 μm (E,F) and 25 μm (bottom panels). (G) Corresponding axonal 

projection to SSp-bfd from VPM neurons (green, left panel). Axons preferentially terminate 

in cortical layer 4 (L4) and at the border of L5/L6 (right panel). Scale bar: 500 μm (left 

panel) and 250 μm (right panel). (H) Schematic of viral injections used to examine the 

axonal output of PO thalamic neurons. AAV1-hSyn-Cre was injected into the APN (I) 

to postsynaptically label PO, but not adjacent VPM, neurons in the ipsilateral thalamus 

following secondary injection of AAV1-CAG-FLEX-GFP in PO (J). Bottom panels show 

close up of GFP expression in Cre+/tdTomato+ neurons in PO (small box in J). Scale bar: 

500 μm (I,J) and 25 μm (bottom panels). (K) Corresponding axonal projection to SSp-bfd 

from PO neurons (left panel) and distinct laminar termination profile (right panel, L1, L2/3, 

L5), as compared with VPM neurons. Scale bar: 500 μm (left panel) and 250 μm (right 

panel). Abbreviations: APN, anterior pretectal nucleus; MOp-orf, primary motor cortex, 

orofacial part; MOp-ul, primary motor cortex, upper-limb part; PO, posterior nucleus of the 

thalamus; PSV, principal sensory trigeminal nucleus; SSp-bfd, somatosensory cortex, barrel 

field; VPM, ventral posteromedial nucleus of the thalamus
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Table 1.

List of commercially available viruses and plasmids for AAV1 anterograde transsynaptic applications.

Recommended commercially available AAV1 constructs for anterograde transsynaptic applications

Virus name Recombinase Toxicity at injection 
site? Originating Lab Vendor name Catalog number

AAV1-hSyn-Cre-
WPRE Cre Yes, contains WPRE James M. Wilson, 

UPENN Addgene 105553

AAV1-Syn-iCre iCre No, lacks WPRE - SignaGen SL101441

AAV1-Syn-Cre Cre No, lacks WPRE - Vigene CV17053-AV1

scAAV1-hSyn-Cre Cre No, lacks WPRE - WZ Biosci. AV204046-scAV1

AAV1-Syn-FlpO FlpO No, lacks WPRE - SignaGen SL101447

AAV1-EF1a-DIO-
FlpO-WPRE Cre-dependent FlpO Yes, but only in Cre+ 

cells at injection site Li I. Zhang, USC Addgene 87306

Recommended plasmids for custom AAV1 packaging

Plasmid name Recombinase Notes Originating Lab Vendor name Plasmid #

pAAV-hSyn-Cre Cre Lacks WPRE James M. Wilson, 
UPENN Addgene 105555

pAAV-hSyn-Cre-WPRE Cre Contains WPRE James M. Wilson, 
UPENN Addgene 105553

pAAV-hSyn-FlpO FlpO Lacks WPRE Hongkui Zeng, Allen 
Institute Addgene 51669

pAAV-hSyn-FlpO-
WPRE FlpO Contains WPRE Massimo Scanziani, 

UCSF Addgene 60663

pAAV-hSyn-DreO DreO Lacks WPRE Hongkui Zeng, Allen 
Institute Addgene 50363

pAAV-hSyn-oNigri-
WPRE oNigri Contains WPRE Tanya Daigle, Allen 

Institute Addgene 163489

pAAV-EF1a-fDIO-Cre-
WPRE FlpO-dependent Cre Contains WPRE

Esteban Engel, Princeton 
Alexander Nectow, 

Columbia
Addgene 121675
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Table 2.

List of commercially available transgenic reporter mice for AAV1 anterograde transsynaptic applications.

Transgenic 
name

Recombinase 
dependence Fluorescent Reporter Locus Originating Lab Vendor 

name Stock #

Ai14 Cre tdTomato ROSA26 Hongkui Zeng, Allen 
Institute JAX 7914

Ai140 Cre EGFP TIGRE Hongkui Zeng, Allen 
Institute JAX 34100

RCE:loxP Cre EGFP ROSA26 Gord Fishell, Harvard JAX 32037

RCE:FRT FlpO EGFP ROSA26 Gord Fishell, Harvard JAX 32038

Ai65F FlpO tdTomato ROSA26 Hongkui Zeng, Allen 
Institute JAX 32864

Ai193 Cre or FlpO Cre-dependent EGFP, 
FlpO-dependent tdTomato TIGRE Hongkui Zeng, Allen 

Institute JAX 34111

RC::RLTG DreO or DreO + Cre
DreO-dependent 

tdTomato, DreO + Cre-
dependent EGFP

ROSA26 Patricia Jensen, NIEHS JAX 26931

Ai213 Cre, FlpO, or oNigri

Cre-dependent EGFP, 
FlpO-dependent 

mOrange2, oNigri-
dependent mKate2

TIGRE Hongkui Zeng, Allen 
Institute JAX 34113
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Table 3.

Troubleshooting guide for AAV1 anterograde transsynaptic injections.

Problem Possible Cause Solution

Viral toxicity and 
cell death at the 
injection site

Excessively high 
recombinase protein 
expression

Use an AAV1 vector that lacks the WPRE enhancer element. Alternatively, reduce the 
viral titer and/or injection volume. Try an intersectional approach that avoids expression of 
functional recombinase at the injection site (e.g. split-Cre).

Astrocyte labeling AAV1 promoter drives 
gene expression in both 
neurons and glial cells 
(e.g. EF1a, CAG, CMV)

Choose an AAV1 vector with a neuron-specific promoter (e.g. hSyn)

Insufficient spread 
of AAV1 to 
postsynaptic cell 
populations

Incomplete or insufficient 
viral injection volume

Try a larger injection volume (e.g. up to 150 nL) to increase transsynaptic spread. During 
the injection, monitor the movement of viral solution in the glass pipet to ensure the tip is 
not clogged.

Low viral titer Ensure viral titer is ≥1.0 x 1013 GC/mL. Store aliquots at −80°C and avoid repeated 
freeze-thaw cycles to maintain viability. If possible, prepare or request higher titer stock 
(e.g. 1.0 x 1014 GC/mL), which can significantly increase transsynaptic labeling.

Weak recombinase 
expression

If toxicity at the injection site is permitted, use an AAV1 vector that contains the WPRE 
enhancer. Avoid using vectors with weak promoters, such as CMV. Prepare or request 
self-complementary AAV1 packaging to further increase transduction efficiency.

Inefficient recombinase Use Cre instead of FlpO for a modest increase in transsynaptic labeling under equal 
conditions. Use codon optimized variants, when available. Test the performance of new 
recombinase options (e.g. DreO, oNigri) and choose the most efficient based on available 
information.
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