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A flowchart for adequate controls in virus- 2
based monosynaptic tracing experiments
identified Cre-independent leakage of the

TVA receptor in ROGT mice

Anna Velica! ® and Klas Kullander'

Abstract

Background A pseudotyped modified rabies virus lacking the rabies glycoprotein (G-protein), which is crucial for
transsynaptic spread, can be used for monosynaptic retrograde tracing. By coupling the pseudotyped virus with
transgene expression of the G-protein and the avian leukosis and sarcoma virus subgroup A receptor (TVA), which is
necessary for cell entry of the virus, researchers can investigate specific neuronal populations. Responder mouse lines,
like the ROGT mouse line, carry the genes encoding the G-protein and TVA under Cre-dependent expression. These
mouse lines are valuable tools because they reduce the number of viral injections needed compared to when using
helper viruses. Since ROGT mice do not express Cre themselves, introducing the pseudotyped rabies virus into their
brain should not result in viral cell entry or spread.

Results We present a straightforward flowchart for adequate controls in tracing experiments, which we employed to
demonstrate Cre-independent expression of TVA in ROGT mice.

Conclusions Our observations revealed TVA leakage, indicating that ROGT mice should be used with caution for
transgene expression of TVA. Inaccurate tracing outcomes may occur if TVA is expressed in the absence of Cre since
background leakage leads to nonspecific cell entry. Moreover, conducting appropriate control experiments can
identify the source of potential caveats in virus-based neuronal tracing experiments.
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Introduction

Identifying the roles of different brain regions and cell
types, as well as the connectivity between them, is an
important step toward understanding how informa-
tion is processed in the brain. Historically, monosynap-
tic connections have been studied using elaborate and
time-consuming techniques such as electrophysiological
recordings and electron microscopy. However, a decade
ago, a method for viral-based monosynaptic retrograde
tracing was established [1]. It is based on a pseudotyped
genetically engineered rabies virus vector that lacks the
rabies virus glycoprotein (G-protein), which is essential
for viral spread and infection. The G-protein is found in
the viral membrane [2] and acts as a ligand for several
receptors, including nicotinic acetylcholine receptors,
neuronal cell adhesion molecules [3], metobotropic glu-
tamate receptor subtype 2 [4] and the mammalian p75
neurotrophin receptor, which is also involved in pro-
grammed cell death [3, 5]. The G-protein is important for
attachment of the virus to the target cell [3] and essential
for retrograde transsynaptic transport of the virus [6]. In
the modified rabies viral vector, the membrane surface
is pseudotyped with the avian leukosis and sarcoma
virus envelope glycoprotein of subgroup A (EnvA) instead
of the wild-type G-protein. This allows it to infect cells
that express the transgenic receptor Avian leukosis and
sarcoma virus subgroup A receptor (TVA) [7]. The TVA
receptor is related to the ligand binding domain of the
low-density lipoprotein receptor, however mammalian
cells do not endogenously express TVA [8, 9]. Thus, in
combination with promoter-specific transgene expres-
sion of the G-protein and TVA, injection of the EnvA-
coated G-protein deleted rabies virus (RVdG-EnvA), into
the region of interest allows for the investigation of input
connections to a predefined neuronal population [1].

A transgenic responder mouse line that expresses the
G-protein and TVA in a Cre-dependent manner was used
in this study. The two transgenes are placed downstream
of a ubiquitous promoter followed by a stop cassette
flanked with LoxP sites [10]. If the bacterial enzyme Cre
is present, the DNA will be recombined at the LoxP sites,
and the stop fragment will be removed, leading to G-pro-
tein and TVA expression [11]. This mouse tool simpli-
fies virus-based tracing experiments since the transgenic
mouse line delivers the needed helper tools, circumvent-
ing the need for injection of additional viral vectors car-
rying the G-protein and TVA [12-15]. Theoretically and
ideally, the transgenes should not be expressed in the
absence of Cre.

In this study, we developed a workflow to identify
potential flaws and necessary controls in neuronal virus-
based tracing experiments. Our findings revealed con-
cerns regarding the reliance of the ROGT mouse line
since we found Cre-independent TVA leakage. This
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highlights the importance of conducting proper control
experiments prior to the application of this technique.
With our proposed workflow, researchers can ensure the
accuracy and reliability of their results when using viral
tracing methods in neuroscience research.

Materials and methods

Mice

All the experiments were approved by the local Swedish
ethical committee (Uppsala djurforsoksetiska ndmnd)
and followed the Swedish Animal Welfare Act (Svensk
forfattningssamling (SES) 2018:1192), the Swedish Ani-
mal Welfare Ordinance (SFS 2019:66), the Regulations
and General Advice for Laboratory Animals (SJVES
2019:9, Saknr L 150), and the ethical permit number
C63/16. Mice were bred and housed according to the
regulations and guidelines of Jordbruksverket (ethical
permit number C135/14). Female and male adult mice
between eight and twenty-five weeks of age were used.
All the mice were kept on a C57BL/6 background. In
total, two wild-type C57BL/6 (Taconic), seven ROGT
(Jackson Laboratory Stock No: 024708) [10], one Chrna-
2Cre mouse, produced and bred in our own facility [16,
17], and two Chrna2Cre-ROGT mice were used (bred
from ROGT and Chrna2Cre mice in our own facility).
The Chrna2Cre mice were heterozygous for the trans-
gene, while the ROGT mice were either heterozygous or
homozygous. The animals were housed with littermates
(up to five animals/cage), kept on a 12-h light/light off
cycle (7 am.—-7 p.m.), and maintained at 21+2 °C with
free access to food and water.

Polymerase chain reaction

Polymerase chain reaction (PCR) was used to genotype
the transgenic mice. Mouse ear biopsies were heated to
96°C in 50 pl of 25 mM NaOH for 25 minutes shaking
at 300 rpm on a heating block (Mixing Block MB-102,
Sweden). After five minutes of cooling, 50 ul of 40 mM
Tris HCI with 2 mM EDTA (Sigma Aldrich, Sweden) was
added. One microliter of extracted DNA (approximately
20-100 ng/pl) was added to 19 ul of master mix (15.4 pl
of dH20, 2 ul of KAPA Taq buffer (10x) (Kapa Biosys-
tems, Germany), 0.5 pl of 10 mM dNTPs (Thermo Sci-
entific, Sweden), 0.01 pl of KAPA Taq (Kapa Biosystems,
Germany), 0.5 pl of forward primer (Chrna2Cre; 5-AA
GCAAATTTTGGTGTACGG-3 or ROGT; 5-CAATTT
GGTAGTGGAGGACG-3’) and 0.5 pl of reverse primer
(Chrna2Cre; 5-AGAACTGGAAAGCAGGATGG-3’ or
ROGT; 5-CTGGTGTTGGGCGGAAATG-3’) and run in
a thermal cycler (Bio-Rad T100 Thermal Cycler, Sweden)
according to either program 1 or 2. For program 1, the
temperature was first set at 94 °C for two minutes, there-
after at 94 °C for 30 s, 65 °C for 30 s and 68 °C for 30 s.
The cycle was repeated ten times, but for each cycle, the
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temperature was set at 0.5 °C lower for each step of the
cycle. After ten cycles, the temperature was set at 94 °C
for 30 s, 60 °C for 30 s and 72 °C for 30 s, and the new
cycle was repeated another 28 times. Finally, the tem-
perature was set at 72 °C for five minutes and then at
10 °C until the product was loaded on the gel. Program 2
started at 95 °C, and after three minutes, the temperature
was set at 95 °C for 18 s, 55 °C for 18 s and 72 °C for 24 s.
The cycle was then repeated 30 times before the tempera-
ture was set at 72 °C for six minutes, 20 °C for 12 s and
lastly at 10 °C until the product was loaded on the gel.

PCR products were loaded in 1% agarose (VWR,
Sweden) gel with 0.5 pg/ml ethidium bromide (Sigma
Aldrich, Sweden) and run for 30 min at 145 W in TAE
buffer (VWR, Sweden) using a Consort EV243 and Bio-
Rad Sub-Cell GT apparatus. The bands were visualized
with a Benchtop 2UV Transilluminator (UVP Sweden).
For both genes, a band of 200 base pairs was considered
positive, while the absence of a band was considered
negative.

Surgery

Mice were anesthetized with 1.5-4% isoflurane (Bax-
ter) and placed in a stereotaxic device (Stoelting, USA).
An anal thermometer and a heating pad (CMA, Swe-
den) were used to maintain the body temperature at
37 °C. The eyes were kept moist with carbomer (Oftagel
2.5 mg/g). The skin was disinfected with iodine (Jodopax
Vet), and analgesic agents were administered subcutane-
ously: Marcain 2 mg/kg (Bupivacaine, AstraZeneca), Kar-
pofen 5 mg/kg (Norocarp vet, N-vet) and Buprenorphin
0.1 mg/kg (Vertegesic Vet, CEVA). The scalp was incised
with scissors, and 3% hydrogen peroxide (Sigma-Aldrich)
was used to remove muscles and connective tissue. Using
the Allen Brain Atlas [18] in combination with the ste-
reotaxic device, a craniotomy (1 mm diameter) was
performed at the desired coordinates (AP 0.8, ML 1.15,
DV 1.4). A total of 400 nl of SAD-AG-RV-GFP (EnvA)
(viral titer: 3.5x10® virus particles/ml; a gift from Prof.
Dr. Conzelmann, LMU Munich, Germany) or SAD-AG-
RV-mCherry (EnvA) (viral titer: 3.0x 108 virus particles/
ml; a gift from Prof. Dr. Conzelmann, LMU Munich,
Germany) was injected at a speed of 100 nl/minute with
a 10 ul Nanofil Hamilton syringe (WPI, USA). Immedi-
ately after the first injection, another injection of 400 nl
of the same virus was performed at the same speed and
at the same coordinates. In some cases, 200 nl of AAV2/
Efla-DIO-EYFP (viral titer: 4.6x10'2 virus particles/ml;
Lot# AV4842D; UNC Vector Core) was also injected.
Five minutes after the last injection, the needle was with-
drawn, and the skin was sutured (Vicryl Rapide 6-0,
Ethicon, REF W9913). Post-surgery, the mice were moni-
tored with attention given to the humane endpoint scor-
ing system for discomfort and pain.
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The modified rabies virus was handled in a designated
biosafety 2 injection room, in a class 2 microbiological
safety cabinet (Safemate EZ 1.2, Bioair). Access to the
biosafety 2 injection room was only granted after comple-
tion of a mandatory biosafety 2 course at Uppsala Univer-
sity. Viral aliquots were stored at -80 °C and kept at 4 °C
during the day of surgery until injected. All instruments
used were cleaned with 10% chlorine followed by 70%
Ethanol at the end of the injection day. The experimenter
wore a single-use protective coat, a cap, shoe covers and
double nitrile gloves (VWR, REF 112-2372) when inside
the injection room. Mice were kept in ventilated cages in
the biosafety 2 injection room until perfusion.

Tissue processing and imaging

Seven days post injection, the mice were anesthetized
with Medetomidine (1 mg/kg; Dormitor Vet, Orion
Pharma Animal Health) and Ketamin (75 mg/kg; Ketalar,
Pfizer) and sacrificed by transcardial perfusion, initially
with 10 ml of phosphate-buffered saline (PBS; Sigma
Aldrich, Sweden), followed by 15 ml of 4% paraformal-
dehyde (PFA; Histolab, Sweden) diluted in PBS. The
brain was dissected and postfixed in 4% PFA overnight
(12-24 h).

The entire brain was sectioned on a vibratome (Leica
VT 1000s, Sweden) into 100 um thick sections. The sec-
tions were washed in PBS for five minutes, stained with
DAPI (Sigma Aldrich, 200 ng/ml) in PBS for ten minutes,
washed with PBS for fifteen minutes and then mounted
with Prolong Diamond Antifade Mountant (refrac-
tive index of cured mountant 1.47; REF P36962, LOT
1,880,704; Invitrogen by Thermo Fisher Scientific, Eugene
OR USA) on glass slides. Every fourth section of the brain
was analyzed under a wide-field fluorescence microscope
(Olympus BX61W1, Sweden) with a 10x (NA 0.40) objec-
tive. The images were acquired with a 4x (NA 0.16) objec-
tive and Volocity 4.1.0 software, and the brightness was
adjusted using Fiji software [19].

Cell counts

The coronal section with the highest number of traced
cells at the injection site was chosen for each animal.
The cells were counted manually using Fiji software [19].
Statistical analyses were performed using R Statistical
Software version 4.0.0 (R Foundation for Statistical Com-
puting, Vienna, Austria). A Kruskal-Wallis rank sum test
with a significance level of 0.05 was used to investigate
the effects of mouse genotype (Chrna2Cre-ROGT vs.
ROGT) on outcome (number of traced cells).

Results

To validate the effectiveness of our tracing method, we
first developed a comprehensive flowchart for conduct-
ing appropriate control experiments. The RVdG-EnvA
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is coated with the EnvA ligand, ideally allowing it to
enter only cells expressing TVA. Additionally, the virus
lacks the G-protein necessary for viral spread, mean-
ing that it should only spread from cells expressing the
G-protein. In the offspring of responder mice (which
carry the G-protein and TVA under Cre-dependent
expression) bred with Cre-driver mice, the G-protein
and TVA should only be expressed in Cre-positive cells.
However, if the virus is found in Cre-negative cells, it
may be due to EnvA-TVA-independent cell entry or due
to Cre-independent TVA expression allowing cell entry
(Fig. 1A). If injection of RVdG-EnvA into the region
of interest of wild-type mice results in traced cells, the
RVAG-EnvA itself is nonspecifically infecting cells that
lack TVA. However, if there are traced cells after injec-
tion of the RVdG-EnvA in responder mice, this could be
due to nonspecific RVdG-EnvA infection, as in the prior
example, or due to Cre-independent leaky expression of
TVA (Fig. 1B). Conclusively, control injections of RVdG-
EnvA into the region of interest in wild-type mice do not
account for TVA leakage.

To account for G-protein and TVA leakage and ensure
the accuracy of the results, the RVdG-EnvA should be
injected into the region of interest in responder mice,
which carry the G-protein and TVA under Cre-depen-
dent expression, to conduct a blank control injection.
Likewise, if helper virus (HV) transgene delivery of the
G-protein and TVA is used (Fig. 1C), RVdG-EnvA should
be injected into wildtype mice previously injected with
the helper virus. If the control injection produces no
traced cells, no further control experiments are neces-
sary. However, if traced cells are present, additional con-
trol experiments must be conducted to determine the
cause and guide appropriate adjustments or protocol
optimizations (Fig. 1D).

In this study, we used the ROGT mouse line for trans-
gene expression of the G-protein and TVA. To assess the
ability of the viral tracer to infect and spread throughout
the brain, we injected an adeno-associated virus sero-
type 2 (AAV2) carrying an enhanced yellow fluorescent
protein (EYFP) and a mCherry-expressing RVdG-EnvA
into the cortex of Chrna2Cre-ROGT mice (n=2). AAV2
can enter any cell near the injection site, however EYFP
is expressed in a Cre-dependent manner. In contrast,
RVAG-EnvA only infects TVA-expressing cells, and
mCherry is expressed in all RVdG-EnvA-infected cells.
Several cells near the injection site were indeed positive
for EYFP (Fig. 2A-B), and there were also mCherry-pos-
itive traced cells at the injection site (Fig. 2C). Further-
more, traced cells were found in remote brain regions
such as the thalamus and substantia innominata (Fig. 2D-
E). Hence, the RVAG-EnvA can effectively infect TVA-
expressing cells and trace their connected presynaptic
cells in distant brain regions.
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To ensure the reliability of the tracing method, we
conducted control experiments. We injected the EYFP-
expressing AAV2 and the mCherry-expressing RVdG-
EnvA into the cortex of ROGT mice (n=3). As expected,
no green fluorescent cells were detected, indicating
that the AAV2 was exclusively expressed in Cre+cells
(Fig. 2F). However, mCherry-positive cells were found
near the injection site (Fig. 2G) and in remote brain
regions such as the thalamus and substantia innominata
(Fig. 2H-I). These results demonstrated that the RVdG-
EnvA could infect cells in ROGT mice in the absence
of the Cre. However, AAV2 can initiate receptor-medi-
ated endocytosis through multiple neuronal receptors
[20, 21]. Upon endocytosis, the cell membrane absorbs
external material located in the proximity of the ligand
that initiated the internalization. Thus, the possibility
of AAV2-facilitated RVdG-EnvA cell entry cannot be
excluded because some RVAG-EnvA particles might be
internalized during AAV2-initiated endocytosis.

To determine the cause of the observed mCherry-pos-
tive cells in the ROGT mice, and exclude AAV2-facili-
tated receptor-mediated endocytosis as a mechanism,
we conducted additional control experiments according
to the flowchart, beginning with step 1 (Fig. 1D). Specifi-
cally, we injected the RVdG-EnvA alone into the cortex
of ROGT mice (n=5). Traced cells were observed both
at the injection site (Fig. 2J) and in remote brain regions
such as the thalamus and substantia innominata (Fig. 2K-
L) in all the injected mice, indicating that the RVdG-
EnvA can enter neurons in ROGT mice independently of
AAV?2 presence.

To further investigate the significance of TVA leak-
age in ROGT mice, we performed cell counts on coro-
nal brain sections from mice injected with RVdG-EnvA
(Table 1). A comparison of the number of traced cells
after injection of the mCherry-expressing RVdG-EnvA
(with or without EYFP-expressing AAV2) revealed no
significant difference in the number of traced cells at the
injection site in sections from Chrna2Cre-ROGT mice
(158 cells on average, SD=38, n=2) compared to sec-
tions from ROGT mice (280 cells on average, SD=247,
n=>5) (Kruskal-Wallis rank sum test, data: number of
cells by genotype, Kruskal-Wallis chi squared=0.6, df=1,
p-value=0.4386).

Following step 2 of the flowchart, we injected the
RVAG-EnvA into the cortex of wild-type mice (n=4)
and found no traced cells in any of the injected mice
(Fig. 2M). This finding suggested that the EnvA-TVA-
dependent cell entry of the RVdG-EnvA is highly specific.
We then injected the virus into the cortex of Chrna2-Cre
mice (n=2) and once again found no traced cells, demon-
strating that Cre expression alone does not facilitate viral
cell entry (Fig. 2N).
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Fig. 1 Problems that can occur in monosynaptic retrograde tracing and a flowchart to control for them. (A) The aim of monosynaptic retrograde viral
tracing experiments is to identify presynaptic connections (purple) to a pre-determined population of neurons (green). If there is no leakage of the
Cre-dependent transgenes TVA (green receptor) and G-protein (yellow dot), the RVdG-EnvA will exclusively enter starter cells expressing Cre (Cre) and
subsequently spread retrogradely one synapse. If there is TVA-leakage, the RVdG-EnvA can also infect cells lacking Cre. In cases of both TVA and G-protein
leakage, there will be an increase in both starter cells (S) and traced cells (T). If there is only G-protein leakage, the possibility of additional traced cells
(T2) arises if the G-protein is expressed in presynaptic cells (T1) that target the starter cells (Cre). (B) Injecting the RVdG-EnvA into wild-type mice serves
as a control for the specificity of the RVdG-EnvA, while injecting it into responder mice carrying the G-protein and TVA under Cre-dependent expression
serves as a control for evaluating potential leakage of TVA and G-protein. If there are labelled starter cells (S) after injection of the RVdG-EnvA into wild type
mice, the RVdG-EnvA can enter cells independent of EnvA-TVA binding. If there are labelled starter cells (S) after injection of the RVdG-EnvA into responder
mice, there might be TVA-leakage. The presence of traced cells (T) suggests G-protein leakage. (C) lllustration of tracing experiments using helper virus
(HV).The HV enters most cells, but TVA and G-protein are expressed in a Cre-dependent manner. One-week post injection of HV the RVdG-EnvA is injected
infecting cells expressing TVA and spreading from cells expressing G-protein. (D) Flowchart with proposed control experiments for monosynaptic retro-
grade tracing. Red colour in title boxes indicates a problem, whereas green colour indicates desired result
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Fig.2 ROGT mice express TVA independent of Cre protein presence. (A) Schematic illustration of the brain regions with observed traced cells. Traced cells
were found in the cortex by the injection site (arrow) at bregma 0.8, as well as in the thalamus (red) and substantia innominata (green) at bregma — 1.06.
Letters refer to the location from which the micrographs in the figure are imaged. (B-E) Micrographs from Chrna2Cre-ROGT mice injected with a Cre-
dependent EYFP expressing adeno-associated viral vector serotype 2 (AAV2) and a mCherry expressing modified G-protein deleted EnvA coated rabies
virus (RVdG-EnvA). Arrow points at the injection site, lines mark the upper and lower borders of the cortex. There were EYFP positive cells (B) and mCherry
positive wells by the injection site (C), as well as mCherry positive cells in thalamus (D) and substantia innominata (E). (F-1) Micrographs from ROGT mice
injected with AAV2 and RVdG-EnvA. Arrow points at the injection site, lines mark the upper and lower borders of the cortex. There were no EYFP positive
cells (F) at the injection site. However, mCherry positive cells were found by the injection site (G) as well as in the thalamus (H) and substantia innominata
(). -L) Micrographs from ROGT mice injected with RVdG-EnvA. Arrow points at the injection site, lines mark the upper and lower borders of the cortex.
There were mCherry positive cells by the injection site (J) as well as in the thalamus (K) and substantia innominata (L). (M-N) Micrographs of the cortex of
wild type (M) and Chrna2Cre (N) mice injected with RVdG-EnvA. Arrow points at the injection site, lines mark the upper and lower borders of the cortex.

No traced cells were observed. Scale bars: 100 um in D and H, 200 um in B-C and E-N

Discussion

To accurately dissect neuronal circuits, tools with high
specificity are essential. Unfortunately, the use of unspe-
cific tools can lead to unreliable tracing results. To
address this issue and aid future experimenters, we cre-
ated a flowchart that outlines common errors in tracing
experiments and proposed control experiments to avoid
unreliable outcomes (Fig. 1). Following the flowchart, we
observed numerous traced cells near the injection site in
ROGT mice that were injected with RVdG-EnvA (Fig. 1D,
Step 1). In contrast, no traced cells were found in wild-
type mice (Fig. 1D, Step 2). In addition to conducting
experiments with a mCherry-expressing RVdG-EnvA, we
also performed control experiments with a green fluores-
cent protein (GFP)-expressing RVdG-EnvA with similar
results (Table 1). The absence of traced cells in wild-type
mice suggested that the RVdG-EnvA did not enter cells
that did not express TVA. Hence, the numerous traced

cells found in ROGT mice revealed Cre-independent
leaky expression of TVA (Fig. 1D). Moreover, cell counts
from coronal brain sections with traced mCherry-pos-
itive cells at the injection site in ROGT mice indicated
that the number of traced cells might be greater in ROGT
mice that are homozygous for TVA than in mice that
are heterozygous for TVA (Table 1). However, the small
sample size makes it difficult to draw forceful conclusions
regarding this matter. The differences in the number
of traced cells observed at the injection site in different
mice could also be due to technical problems such as
clogged injection needles, which can lead to injection of
smaller volumes than intended in some cases. Nonethe-
less, the lack of a significant difference in the number of
traced cells at the injection site after RVdG-EnvA injec-
tion in Chrna2Cre-ROGT mice compared to ROGT
mice demonstrates the potential problem of using the
ROGT mouse line for EnvA-TVA-dependent tracing
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Table 1 Mice, viruses and cell counts
Animal ID Sex Age Strain Injected virus Traced cells
(weeks)
56,945 Male 10 Chrna2Cre- ROGT Ix/wt RVAG-EnvA (mCherry)+AAV2 (EYFP) 185 cells
56,946 Male 10 Chrna2Cre- ROGT Ix/wt RVAG-EnvA (mCherry)+AAV2 (EYFP) 31 cells
61,096 Female 13 ROGT Ix/Ix RVAG-EnvA (mCherry) + AAV2 (EYFP) 697 cells
61,076 Male 8 ROGT Ix/wt RVAG-EnvA (mCherry)+AAV2 (EYFP) 223 cells
56,402 Male 23 ROGT Ix/wt RVAG-EnvA (mCherry)+AAV2 (EYFP) 156 cells
61,097 Female 13 ROGT Ix/Ix RVAG-EnvA (mCherry) 269 cells
56,758 Female 9 ROGT Ix/wt RVAG-EnvA (mCherry) 55 cells
56,758 Female 9 ROGT Ix/wt RVAG-EnvA (GFP) 70 cells
56,653 Female 25 ROGT Ix/Ix RVAG-EnvA (GFP) 53 cells
56,650 Female 25 ROGT Ix/Ix RVAG-EnvA (GFP) 67 cells
53,574 Male 15 C57BL/6 RVAG-EnvA (mCherry) 0 cells
53,574 Male 15 C57BL/6 RVAG-EnvA (GFP) 0 cells
57,789 Female 25 C57BL/6 RVAG-EnvA (mCherry) 0 cells
57,789 Female 25 C57BL/6 RVdG-EnvA (GFP) 0 cells
56,642 Female 20 Chrna2Cre RVAG-EnvA (mCherry) 0 cells
56,642 Female 20 Chrna2Cre RVdAG-EnvA (GFP) 0 cells

The mice and viruses used are presented in this table. The brain section with the highest number of cells at the injection site was chosen for each mouse, and the

cell counts are presented in the table
Ix/Ix=homozygote for TVA
Ix/wt=heterozygote for TVA

experiments and emphasizes the need for adequate con-
trol experiments in tracing experiments to obtain reliable
results.

The observed traced cells in distant brain regions of
ROGT mice injected with RVdG-EnvA indicated either
axonal “leaky” expression of TVA in presynaptic cells fol-
lowed by retrograde intracellular transport of the virus or
transsynaptic spread of the virus from initially infected
starter cells to presynaptic cells due to G-protein leak-
age [12, 22, 23]. In the original publication, injection of
G-protein-coated G-protein-deleted rabies virus into the
mystacial pad musculature of ROGT mice did not lead
to nonspecific long-range projection tracing [10]. This
excluded G-protein leakage and nonspecific transsynap-
tic spread of that particular G-protein-coated rabies virus
when it was injected into the mystacial pad musculature.
However, potential TVA leakage was not tested [10]. Due
to the high affinity of the TVA receptor for EnvA, even
low levels of TVA can lead to viral cell entry and trans-
gene expression [24]. For some TVA variants, the bind-
ing of a single virion to a single TVA receptor is sufficient
for cell entry initiation [25]. In contrast, higher levels of
G-protein are needed for viral transsynaptic spread [24].
Our results show TVA, and possibly G-protein, leakage
in ROGT mice. Even if TVA leakage is sufficient to affect
the results, possible G-protein leakage might not be
strong enough to lead to retrograde transsynaptic spread
of the viral tracer.

The information provided by Jackson laboratories
regarding the ROGT mouse line is misleading since it
states [26]: “Expression of RABVgp4 and TVA is blocked

by a loxP-flanked STOP fragment placed between the
construct sequence and the Gt(ROSA)26Sor promoter”
However, our findings indicate that TVA leakage can still
occur despite this claim. Furthermore, Jackson laborato-
ries state: “In 2023, the ROGT allele in Stock No. 024708
was discovered to have always had a 1 bp insertion
immediately following the TVA start codon that causes a
frameshift and the resulting protein is predicted to be non-
functional” However, our findings indicate that the TVA
protein is functional in the absence of Cre in the motor
cortex of ROGT mice. It is important to note that several
studies have successfully used the ROGT mouse line for
viral monosynaptic retrograde neuronal tracing, despite
this issue [27]. There are several possible explanations for
this. First, ROGT mice might have a functional TVA in
some genome regions but not in others. Second, viral vec-
tors originating from different rabies virus strains, such
as the SAD-B19 vaccine strain [1] and the CVS-N2¢c(AG)
strain [28], might have different properties affecting the
results. The CVS-N2c(AG) strain has a lower neuronal
toxicity and enhanced transsynaptic transfer, compared
to the SAD-B19 vaccine strain, but it is more compli-
cated to produce, as it requires longer preparation cycles
and has a lower yield [28]. However, recently improved
production systems, yielding higher titers at lower pro-
duction times, have been developed, making the CVS-
N2c(AG) virus more appealing in tracing studies [29, 30].
There are also rabies viral tracers with additional deleted
viral genes with potentially lower risk of nonspecific
transsynaptic spread [31]. Third, the viral titer, injection
volume and incubation time might impact the results
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[32]. Therefore, we believe that it is crucial to perform
control experiments before using a rabies viral tracer in
a new mouse line or a new target area. In any case, many
studies that have successfully used the ROGT mouse line
have not used the EnvA-TVA system but instead focused
on injecting G-protein-coated rabies viral vectors [33—
37]. Notably, in some of the previous studies, including
several landmark papers, EnvA-coated rabies viral vec-
tors were used with no control for Cre-independent TVA
leakage. The authors relied on the EnvA-TVA system for
the experiments but did not inject the RVdG-EnvA into
ROGT mice to control for TVA leakage. Some studies did
not perform any control experiments for retrograde trac-
ing [38—41], while others controlled only for EnvA-TVA-
independent cell entry by injection in wild-type mice
[42]. Others have only controlled for G-protein leakage
by injecting G-protein-coated rabies viral tracers into
ROGT mice [10, 43]. Alternatively, some studies com-
pared tracing results between different ROGT;Cre-lines
with no control injection in ROGT mice [44]. Despite
the limited sample size in our study, we believe that the
results showing leaky expression of TVA in the ROGT
mouse line can benefit the neuroscience community, and
that the flowchart for adequate control experiments can
guide future researchers in their work with viral tracers.

To achieve transgene expression of the G-protein and
TVA, viral delivery through helper viruses is also com-
monly used [12-15]. Using a viral vector for transgene
introduction of the G-protein and TVA allows for titra-
tion of the viral titer and transgene expression to mini-
mize transgene leakage [22]. Additionally, the use of
mutated TVA variants minimizes the consequences of
possible TVA leakage [45]. However, when using a helper
virus, it is necessary to perform controls for Cre-inde-
pendent leakage of the helper virus itself, in addition to
performing control injections of the modified rabies virus
alone (Fig. 1D).

In summary, our study revealed TVA leakage in the
RDGT mouse line, which can lead to unspecific results
when using rabies viral tracers. Our aim was not to pro-
vide a full characterization of the TVA leakage in the
ROGT mouse line. Rather, we wish to highlight a poten-
tial problem with the ROGT mouse line and empha-
size the need to conduct rigorous control experiments
when using viral tracers. We hope that our findings will
encourage future scientists to control for G-protein and
TVA leakage, for example by the use of the supplied flow-
chart, before using viral tracers in a new mouse line or
a new target region, to reach robust and reliable conclu-
sions from their tracing analyses.
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Conclusion

Following a simple flowchart for adequate control experi-
ments in virus-based tracing experiments minimizes
the risk of inaccurate tracing results. By following the
proposed flowchart, we revealed Cre-independent TVA
leakage in the ROGT mouse line.

Abbreviations

AAV2 adeno-associated virus, serotype 2

EnvA avian leukosis and sarcoma virus envelope glycoprotein of
subgroup A

EYFP enhanced yellow fluorescent protein

G-protein rabies virus glycoprotein

GFP green fluorescent protein

RVAG-EnvA  EnvA-coated G-protein deleted rabies virus

TVA avian leukosis and sarcoma virus subgroup A receptor

Acknowledgements

We would like to thank the Uppsala University Behavioral Facility for virus
facility support. We would also like to thank Prof. Dr. Conzelmann, LMU
Munich, Germany for the modified rabies virus used in this article.

Author contributions

Methodology (AV), Data curation (AV), Validation (AV), Formal analysis (AV),
Visualization (AV, KK), Original draft preparation (AV, KK), Conceptualization (AV,
KK), Writing- Reviewing and Editing (AV, KK). All authors read and approved
the final manuscript.

Funding

Open access funding provided by Uppsala University. This work was financed
by grants from the Swedish Research Council (2018-02750, 2022 —01245,
http://vrse/), the Swedish Brain Foundation (FO2020-0228, FO2022-0018,
http://hjarnfonden.se) and Stiftelsen Olle Engkvist Byggmaéstare (220-0254,
https://engkviststiftelserna.se).

Open access funding provided by Uppsala University.

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All the experiments were approved by the local Swedish ethical committee
(Uppsala djurforsoksetiska namnd) and followed the Swedish Animal Welfare
Act (Svensk forfattningssamling (SFS) 2018:1192), the Swedish Animal Welfare
Ordinance (SFS 2019:66), the Regulations and General Advice for Laboratory
Animals (SJVFS 2019:9, Saknr L 150), and the ethical permit number C63/16.
Mice were bred and housed according to the regulations and guidelines of
Jordbruksverket (ethical permit number C135/14).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 December 2023 / Accepted: 29 January 2024
Published online: 21 February 2024

References

1. Wickersham IR, Lyon DC, Barnard RJO, Mori T, Finke S, Conzelmann KK, et al.
Monosynaptic restriction of transsynaptic tracing from single. Genetically
Target Neurons Neuron. 2007;53(5):639-47.

2. Dietzschold B, Cox JH, Schneider G. Structure and function of Rabies virus
glycoprotein. Dev Biol Stand. 1978;40:45-55.

3. Lafon M. Rabies virus receptors. J Neurovirol. 2005;11(1):82-7.


http://vr.se/
http://hjarnfonden.se
https://engkviststiftelserna.se

Velica and Kullander BMC Neuroscience

20.

22.

23.

24,

25,

26.

(2024) 25:9

Wang J, Wang Z, Liu R, Shuai L, Wang X, Luo J et al. Metabotropic glutamate
receptor subtype 2 is a cellular receptor for rabies virus. Schnell MJ, editor.
PLOS Pathog. 2018;14(7):e1007189.

Marfa Frade J, Rodriguez-Tébar A, Barde YA. Induction of cell death by
endogenous nerve growth factor through its p75 receptor. Nature.
1996;383(6596):166-8.

Etessami R, Conzelmann KK, Fadai-Ghotbi B, Natelson B, Tsiang H, Ceccaldi PE.
Spread and pathogenic characteristics of a G-deficient Rabies virus recombi-
nant: an in vitro and in vivo study. J Gen Virol. 2000;81(9):2147-53.
Hagendorf N, Conzelmann KK. Recovery of replication-competent and
G-Gene-deleted rabies viruses from cDNA. Cold Spring Harb Protoc.
2015,2015(12):pdbprot089409.

Bates P, Young JAT, Varmus HE. A receptor for subgroup A rous sarcoma virus
is related to the low density lipoprotein receptor. Cell. 1993;74(6):1043-51.
Gilbert JM, Bates P, Varmus HE, White JM. The receptor for the subgroup a
avian leukosis-sarcoma viruses binds to subgroup A but not to subgroup C
envelope glycoprotein. J Virol. 1994;68(9):5623-8.

Takatoh J, Nelson A, Zhou X, Bolton MM, Ehlers MD, Arenkiel BR, et al. New
modules are added to vibrissal premotor circuitry with the emergence of
exploratory whisking. Neuron. 2013;77(2):346-60.

Sauer B, Henderson N. Site-specific DNA recombination in mammalian

cells by the cre recombinase of bacteriophage P1. Proc Natl Acad Sci.
1988;85(14):5166-70.

Stornetta RL, Inglis MA, Viar KE, Guyenet PG. Afferent and efferent connec-
tions of C1 cells with spinal cord or hypothalamic projections in mice. Brain
Struct Funct. 2016;221(8):4027-44.

Han W, Tellez LA, Rangel MJ, Motta SC, Zhang X, Perez 10, et al. Integrated
Control of Predatory Hunting by the Central Nucleus of the Amygdala. Cell.
2017;168(1-2):311-324e18.

Haubensak W, Kunwar PS, Cai H, Ciocchi S, Wall NR, Ponnusamy R, et al.
Genetic dissection of an amygdala microcircuit that gates conditioned fear.
Nature. 2010;468(7321):270-6.

Ni'Y, Nawabi H, Liu X, Yang L, Miyamichi K, Tedeschi A, et al. Characterization
of long descending premotor propriospinal neurons in the spinal cord. J
Neurosci off J Soc Neurosci. 2014;34(28):9404-17.

Ledo RN, Mikulovic S, Ledo KE, Munguba H, Gezelius H, Enjin A, et al. OLM
interneurons differentially modulate CA3 and entorhinal inputs to hippocam-
pal CAT neurons. Nat Neurosci. 2012;15(11):1524-30.

Hilscher MM, Ledo RN, Edwards SJ, Ledo KE, Kullander K. Chrna2-Martinotti
Cells Synchronize Layer 5 Type A Pyramidal Cells via Rebound Excitation.
Bacci A, editor. PLOS Biol. 2017;15(2):2001392.

George Paxinos Keith Franklin George Paxinos and Keith Franklin. Paxinos and
Franklin's the Mouse Brain in Stereotaxic Coordinates. 4th Edition. Vol. 2012.
Academic Press.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et

al. Fiji: an open-source platform for biological-image analysis. Nat Methods.
2012,9(7):676-82.

Summerford C, Samulski RJ. Membrane-associated heparan sulfate
proteoglycan is a receptor for adeno-associated virus type 2 virions. J Virol.
1998;72(2):1438-45.

Sanlioglu S, Benson PK, Yang J, Atkinson EM, Reynolds T, Engelhardt JF.
Endocytosis and nuclear trafficking of adeno-associated virus type 2 are
controlled by rac1 and phosphatidylinositol-3 kinase activation. J Virol.
2000,74(19):9184-96.

Lavin TK, Jin L, Lea NE, Wickersham IR. Monosynaptic tracing success depends
critically on helper virus concentrations. Front Synaptic Neurosci. 2020;12:6.
Weible AP, Schwarcz L, Wickersham IR, Deblander L, Wu H, Callaway EM,

et al. Transgenic targeting of recombinant rabies virus reveals mono-
synaptic connectivity of specific neurons. J Neurosci off J Soc Neurosci.
2010,30(49):16509-13.

Callaway EM, Luo L. Monosynaptic Circuit Tracing with glycoprotein-deleted
rabies viruses. J Neurosci off J Soc Neurosci. 2015;35(24):8979-85.

Gray ER, lllingworth CJ, Coffin JM, Stoye JP. Binding of more than one Tvag800
molecule is required for ASLV-A entry. Retrovirology. 2011;8(1):96.

Arenkiel B. The Jackson Laboratory, Strain #:024708 [Internet]. 2023. Available
from: https.//www.jax.org/strain/024708.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Page 9 of 9

Zampieri N, Jessell TM, Murray AJ. Mapping sensory circuits by anterograde
transsynaptic transfer of recombinant rabies virus. Neuron. 2014;81(4):766-78.
Reardon TR, Murray AJ, Turi GF, Wirblich C, Croce KR, Schnell MJ, et al. Rabies
virus CVS-N2c(AG) strain enhances Retrograde synaptic transfer and neuronal
viability. Neuron. 2016;89(4):711-24.

Sumser A, Joesch M, Jonas P, Ben-Simon Y. Fast, high-throughput production
of improved rabies viral vectors for specific, efficient and versatile transsynap-
tic retrograde labeling. eLife. 2022;11:e79848.

Lin KZ, Li L, Ma WY, Yang X, Han ZP, Luo NS, et al. A rabies virus-based toolkit
for efficient retrograde labeling and monosynaptic tracing. Neural Regen Res.
2023;18(8):1827-33.

Chatterjee S, Sullivan HA, MacLennan BJ, Xu R, Hou Y, Lavin TK, et al. Nontoxic,
double-deletion-mutant rabies viral vectors for retrograde targeting of
projection neurons. Nat Neurosci. 2018;21(4):638-46.

Albisetti GW, Ghanem A, Foster E, Conzelmann KK, Zeilhofer HU, Wildner H.
Identification of two classes of somatosensory neurons that display resis-
tance to Retrograde infection by rabies virus. J Neurosci off J Soc Neurosci.
2017,37(43):10358-71.

Bohorquez DV, Shahid RA, Erdmann A, Kreger AM, Wang Y, Calakos N, et al.
Neuroepithelial circuit formed by innervation of sensory enteroendocrine
cells. J Clin Invest. 2015;125(2):782-6.

Kleinfeld D, Moore JD, Wang F, Deschénes M. The Brainstem Oscillator for
Whisking and the case for Breathing as the Master clock for Orofacial Motor
actions. Cold Spring Harb Symp Quant Biol. 2014;79:29-39.

Murray AJ, Croce K, Belton T, Akay T, Jessell TM. Balance Control mediated by
vestibular circuits directing limb extension or antagonist muscle co-activa-
tion. Cell Rep. 2018;22(5):1325-38.

Stanek E, Cheng S, Takatoh J, Han BX, Wang F. Monosynaptic premotor

circuit tracing reveals neural substrates for oro-motor coordination. eLife.
2014;3:202511.

Vagnozzi AN, Moore MT, Lin M, Brozost EM, Kc R, Agarwal A, et al. Coordi-
nated cadherin functions sculpt respiratory motor circuit connectivity. eLife.
2022;11:e82116.

ChenY, McElvain LE, Tolpygo AS, Ferrante D, Friedman B, Mitra PP, et al. An
active texture-based digital atlas enables automated mapping of structures
and markers across brains. Nat Methods. 2019;16(4):341-50.

Paixdo S, Loschek L, Gaitanos L, Alcala Morales P, Goulding M, Klein R.
Identification of spinal neurons contributing to the dorsal column Projec-
tion Mediating Fine Touch and Corrective Motor Movements. Neuron.
2019;104(4):749-764€6.

Wu H, Petitpré C, Fontanet P, Sharma A, Bellardita C, Quadros RM, et al.
Distinct subtypes of proprioceptive dorsal root ganglion neurons regulate
adaptive proprioception in mice. Nat Commun. 2021;12(1):1026.

Zhang KX, D'Souza S, Upton BA, Kernodle S, Vemaraju S, Nayak G, et al.
Violet-light suppression of thermogenesis by opsin 5 hypothalamic neurons.
Nature. 2020;585(7825):420-5.

Ren SQ Li Z, Lin S, Bergami M, Shi SH. Precise long-range microcircuit-to-
Microcircuit Communication connects the frontal and sensory cortices in the
mammalian brain. Neuron. 2019;104(2):385-401e3.

Zhang, Zhao S, Rodriguez E, Takatoh J, Han BX, Zhou X, et al. Identifying
local and descending inputs for primary sensory neurons. J Clin Invest.
2015;125(10):3782-94.

Liao GY, Kinney CE, An JJ, Xu B.TrkB-expressing neurons in the dorsomedial
hypothalamus are necessary and sufficient to suppress homeostatic feeding.
Proc Natl Acad Sci. 2019;116(8):3256-61.

Miyamichi K, Shlomai-Fuchs Y, Shu M, Weissbourd BC, Luo L, Mizrahi A. Dis-
secting local circuits: Parvalbumin Interneurons Underlie Broad Feedback
Control of Olfactory Bulb Output. Neuron. 2013;80(5):1232-45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.jax.org/strain/024708

	﻿A flowchart for adequate controls in virus-based monosynaptic tracing experiments identified Cre-independent leakage of the TVA receptor in RΦGT mice
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Mice
	﻿Polymerase chain reaction
	﻿Surgery
	﻿Tissue processing and imaging
	﻿Cell counts

	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


