
INTRODUCTION

Cognitive functions are regulated by multiple neuronal activi-
ties mediated by highly elaborate and complex synaptic connec-
tions. Postsynaptic neurons receiving multiple presynaptic inputs 
process complex presynaptic input activities, and then produce 
unique activity patterns encoding certain brain functions. Thus, it 
is necessary to understand what presynaptic inputs are connected 
to certain postsynaptic neurons. Neuroanatomical tracing mol-

ecules that can be transmitted in an anterograde direction have 
been widely utilized for this purpose. 

Neuroanatomical tracers, including biotinylated dextran amines 
(BDA), horseradish peroxidase (HRP), wheat germ agglutinin 
(WGA), and cholera toxin B subunit (CTB) [1, 2], can be easily 
used in animal brains to efficiently label synaptic connectivity. 
However, these non-viral neuroanatomical tracers are unsuitable 
for revealing fine neuronal connectivity or the cell types that make 
synapses. Classical anterograde tracing with viral vectors uses the 
density of axonal projections as proxies of potential synaptic con-
nections to postsynaptic targets. However, this method cannot 
distinguish the trespassing axonal collaterals from actual synaptic 
connections without additional high-resolution imaging. More-
over, the connectivity can be misinterpreted when synaptic con-
nections are formed in a distant dendritic location. 
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Recent advances using viral vectors have been shown to over-
come such limitations, given their innate capability of being trans-
ferred from infected cells to other cells via synapses. Viral vectors 
including adeno-associated virus (AAV), vesicular stomatitis virus 
(VSV), and herpes simplex virus (HSV), are known to spread in 
the anterograde direction across synapses and have been proven 
to express transgenes in the viral genome [2-7]. However, label-
ing multiple connectivity in the postsynaptic neuron is limited 
because only a single population of presynaptic neurons infected 
by anterograde trans-synaptic viruses is delivered to postsynaptic 
partner neurons. Since animal cognitive functions and behaviors 
depend on the complex involvement of multiple neurons and 
their synaptic crosstalk, the demand for trans-synaptic viral vec-
tors suitable for labeling multiple synaptic connectivity systems 
has been increasing. It is thus necessary to develop anterograde 
trans-synaptic viral vectors capable of expressing multiple marker 
genes, each of which represent specific presynaptic inputs, in the 
postsynaptic neurons. 

Here, we report a dual-color anterograde tracing vector system 
(cFork) using presynaptic AAV1-mediated delivery of recombi-
nases [7] and postsynaptic expression of a recombinase-dependent 
dual gene expression cassette. This system could achieve presynap-
tic input-defined multi-gene expression in postsynaptic neurons 
of the S1BF or striatum, where multiple presynaptic innervations 
are observed.

MATERIALS AND METHODS

Plasmids

pAAV-EF1a-cDIO-EGFP-CMV-fDIO-mScarlet was generated 
by insertion of the CMV-fDIO-mScarlet fragment from pAAV-
CMV-fDIO-mScarlet into the EcoRI sites of pAAV-EF1a-cDIO-
EGFP. 

To produce pAAV-EF1a-cDIO-EGFP, the PCR-amplified coding 
sequence of EGFP (EGFP-SpeI-S→EGFP-SpeI-A) from pEGFP-
C1 (Clontech) was cloned into the SpeI sites of pAAV-EF1a-cDIO-
mOrange2. mScarlet was isolated from pmScarlet-C1 (Addgene 
#85042) by PCR using mScarlet-NheI-S and mScarlet-AscI-A 
primers, and the PCR product was inserted into the pAAV-EF1a-
fDIO-EYFP (Addgene #55641) for pAAV-EF1a-fDIO-mScarlet. 
The CMV promoter was PCR-amplified (CMV-MluI-S→CMV-
BamHI-A) from pEGFP-C1 and cloned into the MluI/BamHI 
sites of pAAV-EF1a-fDIO-mScarlet to produce pAAV-CMV-
fDIO-mScarlet. The CMV-fDIO-mScarlet was PCR-amplified 
(CMV-EcoRI-S→WPRE-233n-A) from pAAV-CMV-fDIO-
mScarlet and inserted into the EcoRI  site of pAAV-EF1a-cDIO-
EGFP, producing pAAV-EF1a-cDIO-EGFP-CMV-fDIO-mScarlet. 

To construct pAAV-EF1a-Cre, the PCR-amplified coding se-
quence of Cre (Cre-KpnI-S→Cre-EcoRI-A) from pAAV-EF1a-
mCherry-IRES-Cre (Addgene #55632) was cloned into the 
pAAV-EF1a-FlpO plasmid (Addgene #55637). pAAV-hSyn-Cre 
and pAAV-hSyn-FlpO were obtained by inserting the MluI/KpnI 
fragment containing the human synapsin promoter 1 (hSyn) from 
pAAV-hSyn-BDNF-EGFP into the MluI/KpnI  sites of pAAV-
EF1a-Cre and pAAV-EF1a-FlpO, respectively. pAAV-hSyn-vCre 
was obtained by inserting the MluI/BamHI fragment containing 
the hSyn from pAAV-hSyn-FlpO into the MluI/BamHI  sites of 
pAAV-EF1a-vCre (Addgene #55638). All restriction enzymes em-
ployed in this study were purchased from New England Biolabs 
(NEB). 

The oligonucleotide sequences used in the PCR were as follows: 
EGFP-SpeI-S, GACTAGTATGGTGAGCAAGGGCGAG; EGFP-
SpeI-A, GGACTAGTTTACTTGTACAGCTCGTCC ATG; 
mScarlet-NheI-S, CTAGCTAGCACCATGGTGAGCAAGGGC; 
mScarlet-AscI-A, AGGCGCGCC TTACTTGTACAGCTC-
GTCCATGC; CMV-MluI-S, CGACGCGTTAGTAATCAAT-
TACGGGGTC; CMV-BamHI-A, CGCGGATCCACCGG-
TAGCGCTAGCG; CMV-EcoRI-S, CCGGAATTCCCGCGT 
TACATAACTTACGG; WPRE-233n-A, GTTGCGTCAGCAAA-
CACAGT; Cre-KpnI-S, CGGGGTACC ATGGCCAATTTACT-
GACCG; Cre-EcoRI-A.

Cell culture and transfection 

Human embryonic kidney (HEK) 293T cells were cultured in 
Dulbecco’s modified Eagles medium (DMEM, HyCloneTM) sup-
plemented with 10% fetal bovine serum (FBS, HyCloneTM) at 37°C 
under 5% CO2. The cultured HEK293T cells were transfected us-
ing Lipofectamine 2000 (Invitrogen). After transfection, HEK293T 
cells were incubated for 48~72 h, depending on the experimental 
design. 

FACS analysis 

For fluorescence-activated cell sorting (FACS) analysis, HEK 
293T cells were transfected with Cre- and/or FlpO-recombinase 
and pAAV-EF1a-cDIO-EGFP-CMV-fDIO-mScarlet. After 48 
h, cells were harvested with 0.25% trypsin-EDTA (Gibco) and 
washed with 1X PBS (phosphate buffered saline, pH 7.4), and then 
centrifuged. The harvested cells were suspended in DMEM me-
dium and analyzed using the Flow Cytometer Cell Sorter (MoFlo 
Astrios, Beckman Coulter) to evaluate the cross-reactivity of Cre- 
or FlpO-recombinases. EGFP and mScarlet signals were detected 
through a 488-513/26 and 561-579/16 nm filter , respectively. 
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Virus injection

Adult mice (C57BL/6J) and Ai9 (Gt(ROSA)26Sor<tm9(CAG-tdTomato)

Hze/J) mice were purchased from Orient Bio (Korea) and Jackson 
Laboratory (USA), respectively. All experiments were performed 
in accordance with the guidelines of the Institutional Animal 
Care and Use Committee of the Korea Brain Research Institute 
(IACUC-2017-0049). Mice were anesthetized with 1~2% isoflu-
rane in a mixture of oxygen via a nose mask and placed on a ste-
reotaxic frame (Model 900 Small Animal Stereotaxic Instrument, 
KOPF). Small holes in the skull were drilled to produce injection 
sites. AAV viruses were loaded into a pulled glass capillary using a 
Nanoject III injector (Drummond) for brain injection. AAV1-
hSyn-Cre (3.2×1013 genome copies (GC)/ml) and AAV1-hSyn-
Flp (5.0×1013 GC/ml) were purchased or packaged from Vector 
Biolabs. 

Our dual FP-expression cassette (cGreen-fRed) was packaged 
in AAV5, which does not show trans-synaptic transfer. AAV5-
cGreen-fRed was packaged from the  viral vector core  at the 
University of North Carolina (UNC). Stereotaxic coordinates 
targeting brain areas were as follows (in mm): the primary motor 
cortex (M1) [anteroposterior (AP)=2.0, mediolateral (ML)=1.8 
and dorsoventral (DV; ventral from the cortical surface)=0.5]; 
the dorsal striatum (dStr) [AP=0.2, ML=2.2, DV=3.4]; the ventral 
posteromedial nucleus (VPM) [AP=1.8, ML=1.6, and DV=3.6]; 
the posterior medial nucleus of the thalamus (POm) [AP=2.06, 
ML=1.25, DV=2.97]; the somatosensory barrel field cortex (S1BF) 
[AP=0.7, ML=3.5, DV=0.35 and 0.75 (with 30o angle)]; and the vi-
brissal area of the primary motor cortex (vM1) [AP=1.34, ML=1.5, 
DV=0.35]. A volume of 200 nl of the virus-containing solution 
was injected into the M1 and POm with a 6 nl/min injection rate. 

Fluorescence imaging and analysis

Fluorescence signals from HEK293T cells were detected us-
ing a fluorescent microscope (Nikon eclipse Ts2, objective 40X) 
equipped with a LED illuminator (excitation wavelength: 470 nm 
or 525 nm). 

To detect fluorescence signals from brain slices, anesthetized 
mice were dissected and their brains fixed using vascular trans-
cardial perfusion of 1X PBS followed by perfusion of a fixative 
solution (4% paraformaldehyde in 1X PBS, pH 7.4). Whole brains 
were then isolated and incubated with the fixative solution for 
24 h at 4°C. Fixed brains were then incubated with a 30% sucrose 
solution (30% sucrose, 1X PBS) for 36~48 h, mounted in frozen 
section embedding medium (FSC, Leica), and cut at 40 μm thick-
ness using a cryostat (Leica CM 1850 UV Cryostat). Sagittal and 
coronal slices were prepared for observing and labeling of neurons 
in the striatum and cortex, respectively. Sections were washed 

three times in 1X PBS and stained with DAPI (Sigma). After stain-
ing, the sections were mounted using a mounting medium (Vecta-
shield, Vector Laboratories) for fluorescence imaging. Some brain 
slices were treated with antibodies against EGFP and mScarlet to 
enhance fluorescence signals. Chicken polyclonal anti-GFP anti-
body (Abcam, ab13970, 1:500) and mouse monoclonal anti-RFP 
antibody (ThermoFisher Scientific, MA5-15257, 1:500) were used 
as primary antibodies. The secondary antibodies used were Alexa 
Fluor 488-conjugated donkey anti-chicken IgY (IgG) (Jackson Im-
munoResearch, catalog number 703-545-155, 1:1,000) and Alexa 
Fluor 594-conjugated donkey anti-mouse IgG (Jackson Immu-
noResearch, catalog number 715-585-150, 1:1,000). Fluorescence 
imaging of brain slices was performed using a Pannoramic digital 
slide scanner (Pannoramic SCAN II, 3D HISTECH; offered by the 
Research Equipment Core Facility of the KBRI) with a 20× objec-
tive. The laser excitation and emission filters used for imaging were 
as follows: EGFP (467/498 nm laser excitation; 513/556 nm emis-
sion), mScarlet (561 nm laser excitation, 579/16 nm emission), 
and DAPI (405 nm excitation; 448/59 nm emission). Acquisition 
times ranged from 30 to 200 ms. For image analysis, brain areas 
of individual brain slices were selected, with the selection criteria 
of each brain region adopted from the Allen Mouse Brain Atlas. 
To measure the number of cells labeled with fluorescent proteins 
expressed by Cre- and/or FlpO-recombinase, the images were 
inverted and the background values were subtracted from the ac-
quired images. The cells with overlapping DAPI signals were then 
counted. All images were processed and analyzed using NIH im-
age analysis software (ImageJ ver: 1.51p). Statistical analyses were 
performed using GraphPad Prism (GraphPad Software ver. 7.0).

RESULTS

Validation of AAV1 as a monosynaptic anterograde tracing 

vector

To develop an anterograde trans-synaptic tracing tool for label-
ing multiple synaptic connections, previously reported antero-
grade viral vectors such as AAV1 were utilized [7]. AAV1 was 
selected because of its lower toxicity and easier manipulation 
than other viral vectors. To confirm if AAV1 was able to perform 
monosynaptic anterograde transfer from presynaptic to post-
synaptic neurons, AAV1-hSyn-Cre was intracranially delivered 
into the primary motor cortex (M1) of adult Ai9  (Cre-inducible 
tdTomato reporter) mice (Fig. 1A). It is expected that anterograde 
trans-synaptic transfer of AAV1-hSyn-Cre to postsynaptic neu-
rons would induce tdTomato expression if these two neurons form 
synapses, but tdTomato expression would be limited to cells with 
monosynaptic connections (Fig. 1A).
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Four weeks after viral injection, neuronal tdTomato expression 
was found in direct postsynaptic targets of M1, such as the dorsal 
striatum (dStr) or superior colliculus (SC) [7]. A single bout of 
AAV1-hSyn-Cre injection (~50 nl of viral particles with a titer of 
~1013 genome copy/ml) resulted in similar densities of tdTomato-
expressing cells per mm2 in the dStr and SC (number of labeled 
cells/mm2: dStr=9.7±3.1 vs. SC=11.2±2.7; Fig. 1B~D) in the 
slices pooled from two mice. However, the substantia nigra pars 
compacta (SNc), which does not directly receive synaptic inputs 
from the M1 but is innervated by striatal projecting neurons, only 
showed limited tdTomato expression in neurite-like structures 
(Fig. 1C, D). Postsynaptic tdTomato expression in Ai9 mice by an-
terograde-transferred AAV1-hSyn-Cre was again confirmed when 
AAV1-hSyn-Cre was injected into the M1 and AAV5-cDIO-EYFP 

in the dStr of Ai9 mice (Fig. 1E). Since the EYFP gene is flanked by 
Cre-responsive double-floxed inverted origin (cDIO)-cassettes, 
we expected that EYFP expression would be mostly accompanied 
with tdTomoto expression, which is also Cre-dependent. Our data 
showed that 91.9±0.7% of EYFP-expressing striatal cells also dis-
played tdTomato expression (% of EYFP+tdTomato cells among 
EYFP-expressing cells, n=28 slices from 8 mice; Fig. 1F). Together, 
these results support previous findings that AAV1 is an antero-
grade trans-synaptic viral vector that labels monosynaptic connec-
tivity [7, 8].

Designing a dual-gene expression vector for simultaneous 

anterograde tracing of multiple pathways

We additionally attempted to develop an anterograde trans-

Fig. 1. Anterograde monosynaptic tracing of AAV1-hSyn-Cre in Ai9 mice. (A) Schematic diagram for testing AAV1 as a monosynaptic anterograde 
viral vector. AAV1-hSyn-Cre was injected into the primary motor cortex (M1). The expected expression of tdTomato in the M1-connected postsynaptic 
neurons in the striatum (Str), superior colliculus (SC), and substantia nigra pars compacta (SNc) is shown as cell bodies with red color. (B) Left: repre-
sentative fluorescence image showing the distribution of tdTomato (red)-expressing cells with DAPI staining (blue) in the Str (red). Right: a magnified 
view of tdTomato-expressing cells (white arrowheads) in the Str; scale bar: 200 μm. (C) Left: Representative fluorescence image showing the distribu-
tion of tdTomato (red)-expressing cells in the SC or SNc. Middle: a magnified view of tdTomato-expressing cells (white arrowheads) in the SC. Right: a 
magnified view of tdTomato-expressing neurites (no cell bodies detected) in the SNc; scale bar: 200 μm. (D) The bar graph depicts the average numbers 
of tdTomato-expressing cells with standard error of means (SEM) in the observed brain areas (# labeled cells/mm2) from 3 slices (pooled from 2 mice). 
*p<0.05, one-way ANOVA with Tukey’s multiple comparison test. (E) Schematic diagram for testing presynaptic AAV1-hSyn-Cre-mediated postsynap-
tic expression of EYFP and tdTomoto. AAV1-hSyn-Cre was injected into the M1 and AAV5-cDIO-EYFP into the Str. (F) Above:  Representative fluores-
cence images showing the distribution of EYFP (green) or tdTomato (red)-expressing cells in the striatum; scale bar: 500 μm. Below: magnified views of 
EYFP or tdTomato-expressing cells in the indicate area (white boxed in above) in the striatum; scale bar: 50 μm.
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synaptic system that would enable presynaptic input-defined 
multiple tags in postsynaptic neurons by using AAV1. Postsynap-
tic expression of multiple tags determined by input connectivity 
could be achieved by delivering (1) a gene expression cassette of 
multiple genes (multi-gene expression cassette) into postsynaptic 
neurons and (2) AAV1, which contains inducers or regulators of 
gene expression from postsynaptic multi-gene expression cassettes 
to presynaptic neurons.

To construct a multi-gene expression cassette to be delivered to 
postsynaptic neurons, we set out to design a dual gene expression 
cassette for expressing two different fluorescent proteins (FPs). 
AAV1-mediated delivery of Cre recombinase from presynaptic to 
postsynaptic neurons to induce expression of FP genes flanked by 
DIO is possible (Fig. 2A). Moreover, regulated expression of two 
different FP genes could be achieved if each FP gene was flanked 
with different DIO elements, and corresponding recombinases 
were delivered from presynaptic inputs via AAV1. By searching 

for recombinases that are selective and efficient for the expression 
of DIO-flanked FPs and promoters ideal for FP expression, we 
constructed a series of mammalian expression vectors contain-
ing strong general promoters such as human elongation factor 
1a promoter (EF1a), cytomegalovirus immediate-early promoter 
(CMV) or human ubiquitin C promoter (UbC), combined with a 
recombinase-dependent gene expression cassette (Fig. 2B). Previ-
ous studies have shown that site-specific recombinases such as 
Cre, FlpO, and vCre recognize specific DNA sequences such as 
loxP/lox2272, FRT/F5, and vloxP/vlox2272, respectively [9, 10]. 
Inverse-oriented gene sequences encoding FPs with different 
emission wavelengths such as EGFP (Green), mScarlet (Red) or 
mCerulean3 (Blue) were flanked with recombinase-specific DIO 
sequences, resulting in cDIO-, fDIO (FlpO-responsive DIO)-, and 
vDIO (vCre-responsive DIO)- FPs (Fig. 2B).

After transfecting plasmids containing different combinations 
of promoters, reporters, and DIOs into HEK293T cells, we then 

Fig. 2. Strategy for constructing dual color labeling vector. (A) Schematic diagram showing a dual-color labeling vector combining the Cre/loxP and 
FlpO/FRT recombination elements in the construct. The double-floxed inverse orientation (DIO), an inverted open reading frame (ORF) of fluorescent 
protein (FP) genes, is located between sets of recombinase recognition sites such as loxp/lox2272 (cDIO) or FRT/F5 (fDIO). The Cre- or FlpO-recom-
binase recognizes the cDIO (green/white triangles) or FRT/F5 (red/white triangles) sites, respectively, resulting in gene expression by inverting the ORF 
of the FPs through DNA recombination. cDIO-FP1 and fDIO-FP2 expression cassettes with promoters A and B were fused to produce our dual color 
labeling vector. (B) Summary of expression screening of recombinase-specific expression of AAV constructs. ++: high expression of FPs, +: moderate 
or weak expression of FPs, -: no expression of FPs. The combination with yellow color was selected to produce a fusion construct of EF1a-cDIO-EGFP-
CMV-fDIO-mScarlet. (C) Representative fluorescence images showing recombinase-specific expression of fluorescent proteins (ex. EGFP and mScar-
let). To screen for efficient and selective promoter-DIO-FP component pairs, HEK293T cells were co-transfected with promoter-DIO-FP vectors with 
or without vectors containing recombinase genes as indicated. In this figure, pAAV-cDIO or pAAV-fDIO vectors including EF1α or CMV promoter, and 
EGFP or mScarlet, were co-transfected with pAAV-Cre or pAAV-FlpO; scale bar: 20 μm. (D) Schematic diagram showing the expected FP expression 
from the dual color expression vector with the combined actions of Cre and FlpO recombinases.
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tested which construct was most efficient and selective for FP 
expression (Fig. 2C). Consistent with previous reports, cDIO- or 
fDIO-FP expression did not overlap when each recombinase was 
combined (Fig. 2B, C). In addition, our data showed that the EF1α 
promoter is more efficient in expressing cDIO-EGFP than the 
CMV promoter (Fig. 2B, C). However, the CMV promoter with 
fDIO was suitable for high expression of mScarlet when floxed in 
fDIO (Fig. 2B, C). Since both EGFP and mScarlet showed brighter 
expression than the blue fluorescent protein mCerulean3, we 
selected EF1α-cDIO-EGFP and CMV-fDIO-mScarlet cassettes 
for the dual FP expression cassette. A fusion construct including 
both cassettes was inserted into the single AAV genome, resulting 
in AAV-EF1α-cDIO-EGFP-CMV-fDIO-mScarlet (AAV-cGreen-
fRed; Fig. 2D).

Cre and/or FlpO-dependent EGFP and mScarlet expression 

from a dual-gene expression vector

To test whether the newly developed dual gene expression cas-
sette in the AAV vector was able to express EGFP and/or mScarlet 
by selective actions of Cre or FlpO recombinases, AAV5-cGreen-
fRed was introduced into HEK293T cells with Cre and/or FlpO 
expression (Fig. 3A). Our data showed that expression of either 
EGFP or mScarlet was exclusively observed in the presence of the 
corresponding recombinase, and co-expression of Cre and FlpO 
was sufficient for dual expression of EGFP and mScarlet (Fig. 3A). 
When EGFP or mScarlet expression was quantitatively assessed by 
flow cytometry analysis of transfected HEK293T cells, we found 
that 99.96±0.02% of cells showed EGFP expression when Cre was 
present, and 99.02±0.25% of FlpO-expressing cells were sorted 
as mScarlet expressing cells (from three different batches of cell 
cultures; Fig. 3B, C). Nearly 65% of cells displayed co-expression 
of EGFP and mScarlet by co-transfection of Cre and FlpO (EGFP 
only: 25.68±1.37%; mScarlet only: 9.65±0.97%, EGFP+mScarlet: 
64.67±2.20%; from three different batches of cell cultures; Fig. 3B, 
C). These results indicate that our dual gene expression cassette 
efficiently expressed multiple FPs, and that the expression of these 
FPs was selectively regulated by the corresponding Cre or FlpO 
recombinases.

To verify recombinase-specific FP expression from AAV5-
cGreen-fRed in vivo, we individually injected AAV1-hSyn-Cre or 
FlpO into the presynaptic M1 and AAV5-cGreen-fRed into the 
postsynaptic dStr of wild type mice (Fig. 3D). Our results showed 
that each recombinase was able to induce expression of corre-
sponding fluorescence proteins in approximately 80% of striatal 
neurons (EGFP-cells by Cre: 79.2±2.2%, mScarlet-cells by FlpO: 
84.0±3.2%; n=7 slices randomly sampled from 3 mice; Fig. 3E, F), 
although there were around 20% of striatal neurons showing a re-

versed expression pattern (mScarlet by Cre or EGFP by FlpO; Fig. 
3E, F). There was no co-expression of EGFP and mScarlet detected 
in striatal cells (Fig. 3E). These data suggest that AAV-cGreen-fRed 
could achieve selective expression of FPs by trans-synaptic transfer 
of recombinases in vivo, but the specificity of these recombinase-
specific FP expression is limited to approximately 80%.

In vivo dual color labeling of postsynaptic neurons receiv-

ing multiple inputs

Since EGFP or mScarlet expression can be individually con-
trolled by Cre or FlpO in the same cell when our dual gene ex-
pression cassette was introduced, we next tested whether AAV1-
mediated trans-synaptic transfer of Cre or FlpO from presynaptic 
neurons can regulate EGFP or mScarlet expression in postsynaptic 
neurons with AAV-cGreen-fRed (Fig. 4A). 

We first took advantage of the canonical wiring selectivity of the 
somatosensory barrel field cortex (S1BF). The posterior medial 
nucleus of the thalamus (POm) is known to primarily innervate 
layer 1 (L1) and 5a (L5a), but avoids layer 4 (L4) of the S1BF [11, 
12]. Likewise, S1BF receives presynaptic inputs from higher-order 
cortical inputs such as presynaptic innervation from the vibrissal 
area of the primary motor cortex (vM1), which also projects main-
ly on infragranular layers, yet scarcely on L4 [11, 13, 14]. We thus 
tested whether S1BF neurons could be defined by cells receiving 
presynaptic inputs from POm (EGFP-positive) or vM1 (mScarlet-
positive). AAV1-hSyn-Cre and -FlpO were injected into presynap-
tic POm and vM1, respectively, and AAV5- cGreen-fRed into the 
postsynaptic S1BF (Fig. 4B). Four weeks after injection, we found 
that POm or M1-receiving neurons were mainly observed in L2/3, 
L5, and L6, but scarcely in L4 in the S1BF (Fig. 4C)—corroborating 
previous findings [11, 15-17].

Next, our cFork system was tested in striatal circuits of the 
mouse brain (Fig. 5A). Because the dorsal striatum receives two 
major excitatory inputs from the cortex and thalamus, called the 
corticostriatal and thalamostriatal pathways, respectively [18-20], 
we aimed to label striatal postsynaptic neurons with EGFP and/or 
mScarlet, whose expression is defined by presynaptic cortical and/
or thalamic inputs, respectively. For this purpose, AAV1s contain-
ing Cre or FlpO were injected into the right hemisphere of the 
M1 cortical subregion or into a part of the ventral posteromedial 
(VPM) thalamic nucleus of wild-type C57/B6 mice. Bilateral dStr 
was injected with AAV5-cGreen-fRed (Fig. 5A). 

Four weeks after viral injection, we found mixed patterns of 
EGFP and/or mScarlet expression in striatal neurons (Fig. 4B, C). 
These FP expression patterns seemed to be mediated by antero-
grade transport of Cre and FlpO from M1 and VPM, respectively, 
because no FP expression was observed in the striatum when 
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Fig. 3. Validation of dual color gene expression vector in vitro. (A) Representative images showing Cre- or FlpO-selective expression of EGFP or mS-
carlet from the dual FP-expression vector. HEK293T cells were transfected with AAV-cGreen-fRed and pAAV-hSyn-Cre, and/or pAAV-hSyn-FlpO. 
EGFP or mScarlet expression was tested 72 h after transfection; scale bar: 50 μm. (B) Representative fluorescence-activated cell sorting (FACS) analysis 
showing recombinase-specific expression of EGFP or mScarlet in HEK293T cells co-transfected with the Cre and/or FlpO constructs. FACS-sorted cells 
with EGFP or mScarlet expression are displayed as colored scatter dots. (C) Bar graphs depicting the summary of FACS analysis results, showing the 
average percentage of EGFP (G), mScarlet (R), or EGFP+mScarlet (GR) - expressing cells from total transfected cells (mean±SEM). ****p<0.0001, one-
way ANOVA with Tukey’s multiple comparison test. (D) Experimental scheme for in vivo validation of recombinase-specific expression of EGFP or mS-
carlet from AAV5-cGreen-fRed. AAV1-hSyn-Cre or AAV1-hSyn-FlpO was injected into M1 individually, but AAV5-cGreen-fRed was injected into the 
dorsal striatum. (E) Representative images showing M1-derived Cre- or FlpO-selective expression of EGFP or mScarlet from AAV5-cGreen-fRed in the 
striatum; scale bar=50 µm. (F) Bar graphs depicting the average percentage of EGFP (green)- or mScarlet (red)-expressing cell numbers (% expression) 
in the AAV5-cGreen-fRed-injected striatum when AAV1-hSyn-Cre or AAV1-hSyn-FlpO was injected into M1. N=seven slices randomly sampled from 
three mice. Mean±SEM. ****p<0.0001, unpaired t-test.
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AAV1-hSyn-Cre or hSyn-FlpO was not injected (data not shown). 
The percentage of cells showing exclusive expression of EGFP and 
mScarlet was 48.06% (4,233/8,808 cells) and 41.62% (3,666/8,808 
cells), respectively, and 10.32% (909/8,808 cells) of striatal cells 
showed co-expression of EGFP and mScarlet (whole striatal areas 
derived from sagittal sections from two mice; Fig. 5D). Despite 
estimation from two animals and an 80% accuracy of FP-labeling 
by presynaptic input-derived recombinases (Fig. 3F), our results 

(Fig. 5D) are in line with previous findings that striatal medium 
spiny neurons contain corticostriatal and thalamostriatal synapses 
equally [21, 22], and that projections from M1 and VPM show 
low convergence in the striatum [20]. Moreover, we found that FP-
labeled ipsilateral striatal neurons were approximately four fold 
higher in number than contralateral ones (ipsilateral vs. contra-
lateral projection shown as number of labeled cells/mm2: M1-in-
put=12.7±3.3 vs. 3.9±0.3, VPM-input=9.0±0.8 vs. 3.0±0.3; n=57 ~ 

Fig. 4. Labeling POm- or vM1-derived inputs in S1BF neurons using cFork system. (A) Schematic diagram illustrating the experimental strategy used 
to demonstrate simultaneous dual color labeling of postsynaptic neurons based on synaptic connections with presynaptic inputs. AAV1s with differ-
ent recombinases (AAV1-Cre or AAV1-FlpO) were injected into two presynaptic inputs (presynaptic #1 and #2) independently. Postsynaptic neurons 
receiving multiple presynaptic inputs, including presynaptic #1 and #2, were designed to express our dual gene expression cassette (cDIO-EGFP-fDIO-
mScarlet) included in the AAV-cGreen-fRed construct. (B) Experimental scheme for simultaneous labeling of POm- or vM1-S1BF connectivity. AAV1-
hSyn-Cre and AAV1-hSyn-FlpO were injected into two different presynaptic inputs of S1BF, POm and vM1, respectively. AAV5-cGreen-fRed was 
injected into the postsynaptic S1BF. (C) Representative confocal image showing S1BF cortical neurons receiving synaptic inputs from POm (green) or 
vM1 (red). Fluorescent signals were amplified by fluorescent immunostaining with anti-GFP or anti-RFP antibodies. The white dotted line indicates the 
boundary of L4; scale bar: 200 μm. Representative S1BF cells expressing both EGFP and mScarlet are denoted as C1 and C2 (right panels); scale bar: 50 
μm.
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74 slices from 2 mice; Fig. 5E). These results indicate that ipsilateral 
corticostriatal and thalamostriatal projections are dominant in the 
dStr, as previously reported [22-24]. 

Together, these results support the idea that cFork is useful for 
achieving labeling of postsynaptic neurons with two different 
input-defined tags in the mouse brain.

DISCUSSION

Tracing multiple synaptic connections is essential for under-
standing how the neural connectome and its activity regulate 
brain functions. Available neuroanatomical tracing tools can effi-
ciently dissect and identify input/output relationships of two brain 
regions but cannot effectively address complex and multiple con-
nectivity. Our newly developed anterograde viral tracing system is 
capable of expressing two different labeling genes in postsynaptic 
neurons. Expression of these genes was tightly regulated by differ-
ent recombinases in vitro  (Fig. 3C), but in vivo tests showed that 
the accuracy of inducing two different FP expression by presyn-
aptic delivery of recombinases is limited to approximately 80% 
(Fig. 3F). In spite of the limited accuracy of our dual anterograde 
tracing tool, we were able to demonstrate that the combination of 

AAV1-mediated differential delivery of recombinases with a dual-
gene expression vector is able to mark postsynaptic neurons based 
on connectivity with certain presynaptic inputs in the S1BF or dStr 
(Fig. 4 and 5). Our results showed that selective innervation from 
POm or vM1 and M1 or VPM could be well visualized in post-
synaptic neurons in the S1BF (Fig. 4) and dStr (Fig. 5), respectively, 
suggesting that one postsynaptic neuron could be easily identified 
by presynaptic input by using our cFork system.

Despite the presented advantages, there are several points for 
improvement when designing anterograde viral vectors ideal for 
multi-connectivity detection in future studies. First, as shown in 
Fig. 3D-F, recombinase-specific regulation of gene expression 
from our dual gene expression cassette was ideal in vitro, but only 
around 80% of neurons with AAV5-cGreen-fRed displayed selec-
tive FP expression by AAV1-mediated delivery of recombinase 
in vivo . Because tight regulation of input-defined labeling gene 
expression is essential for quantifying exact presynaptic input pat-
terns to postsynaptic neurons in vivo, this unexpected misregula-
tion of recombinase-induced gene expression should be resolved 
in future studies. Second, experimental artifacts, such as under- 
or over-estimation of presynaptic innervations to postsynaptic 
neurons, may be caused by errors unrelated to neural connectivity. 

Fig. 5. Labeling corticostriatal and thalamostriatal pathways using cFork. (A) Experimental scheme for simultaneous labeling of corticostriatal and 
thalamostriatal pathways in the striatum. AAV1-hSyn-Cre and AAV1-hSyn-FlpO were injected in the right hemisphere of two different presynaptic in-
puts of the striatum, the primary motor cortex (M1) and the ventral posteromedial (VPM) thalamic nucleus, respectively. AAV5 containing a dual gene 
expression cassette (EF1a-cDIO-EGFP-CMV-fDIO-mScarlet) was bilaterally injected into the postsynaptic striatum. (B) Representative fluorescence 
images showing EGFP and/or mScarlet expression in striatal neurons injected with AAV1 and AAV5 as described in B; scale bar: 200 μm. (C) Enlarged 
fluorescence image of the indicated area in B (the box with white dotted line) showing mixed fluorescence protein (FP) expression. Examples of EGFP 
(green arrowhead), mScarlet (red arrowhead), or EGFP+mScarlet co-expression (yellow arrowhead) in the ipsilateral striatum are indicated; scale 
bar: 200 μm. (D) The pie chart illustrates the percentage of striatal neurons labeled as cells receiving M1- (EGFP), VPM- (mScarlet), and M1+VPM- 
(EGFP+mScarlet) inputs. (E) Left: Each circle (ipsilateral) or triangle (contralateral) represents cell densities (number of cells/mm2) of FP-expressing cells 
counted from the whole striatum of each mouse, with EGFP (green; M1-input), mScarlet (red; VPM-input), or EGFP and mScarlet (yellow; M1+VPM-
input). Right: bar graphs depict average cell densities of FP-expressing cells (mean±SEM) from individual striatal slices. Same colors as left. *p<0.05, 
***p<0.001, ****p<0.0001, unpaired t-test.
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These errors may be caused by multiple and repetitive intracranial 
injection of three viral vectors into target or candidate brain areas 
in our system (Fig. 4 and 5) and were also affected by the amounts 
and titers of injected viral particles. In addition, as demonstrated 
in Fig. 3, imperfect co-expression of EGFP and mScarlet (approxi-
mately 65%) even in the presence of both Cre and FlpO in the 
same cell, may affect in vivo labeling of presynaptic inputs in post-
synaptic neurons. These errors might be caused by variation in 
the viral vector transduction efficiencies of multiple constructs, or 
different levels of gene expression from our dual-gene expression 
cassette containing different combinations of promoters and DIO 
elements (Fig. 2). Third, additional recombinase-DIO pairs, such 
as vCre-vDIO [9, 10], need to be added to our system to achieve 
detection of three or more presynaptic connectivity in postsynap-
tic neurons because cFork system largely depends on the selective 
action of each recombinase on specific DIO elements. However, 
owing to its small genome capacity (~4.7 kb) [25], AAV is not a 
proper viral vector for including gene expression cassettes of three 
or more labeling genes.

To overcome these limitations, several approaches may be pos-
sible. Presynaptic input-dependent tight regulation of gene expres-
sion from the dual-gene expression vector may be achieved by 
re-designing and screening of more specific DIO and FP combi-
nations, which selectively respond to the AAV1-mediated antero-
grade delivery of recombinases. Experimental artifacts and the 
small genome capacity of AAV could be overcome if transgenic/
knock-in mice constitutively expressing multi-gene expression 
cassettes are constructed. Moreover, along with efforts to identify 
additional specific recombinases-DIO pairs, novel anterograde 
viral vectors which are easy to handle and have a larger genome 
capacity than AAV may facilitate the development of an advanced 
version of the anterograde tracing tool, thus enabling simultane-
ous visualization of multi-synaptic connectivity in the postsynap-
tic neuron.

In summary, we have provided a new anterograde tracing tool 
that can simultaneously visualize dual presynaptic input con-
nectivity in postsynaptic neurons based on the anterograde AAV 
vector. Our tracing system is an ideal viral tracing tool capable of 
dissecting multiple synaptic connectivity with minimal effort.
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