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A B S T R A C T

The elucidation of neural networks is essential to understanding the mechanisms of brain functions and brain
disorders. Neurotropic virus-based trans-synaptic tracing tools have become an effective method for dissecting the
structure and analyzing the function of neural-circuitry. However, these tracing systems rely on fluorescent sig-
nals, making it hard to visualize the panorama of the labeled networks in mammalian brain in vivo. One MRI
method, Diffusion Tensor Imaging (DTI), is capable of imaging the networks of the whole brain in live animals but
without information of anatomical connections through synapses. In this report, a chimeric gene coding for
ferritin and enhanced green fluorescent protein (EGFP) was integrated into Vesicular stomatitis virus (VSV), a
neurotropic virus that is able to spread anterogradely in synaptically connected networks. After the animal was
injected with the recombinant VSV (rVSV), rVSV-Ferritin-EGFP, into the somatosensory cortex (SC) for four days,
the labeled neural-network was visualized in the postmortem whole brain with a T2-weighted MRI sequence. The
modified virus transmitted from SC to synaptically connected downstream regions. The results demonstrate that
rVSV-Ferritin-EGFP could be used as a bimodal imaging vector for detecting synaptically connected neural-
network with both ex vivo MRI and fluorescent imaging. The strategy in the current study has the potential to
longitudinally monitor the global structure of a given neural-network in living animals.
1. Introduction

The extremely complex neural circuit is the structural basis for all
brain functions, such as consciousness, cognition, emotion, learning and
memory. Therefore, identifying and dissecting the corresponding neural-
circuit for a given function is a prerequisite for understanding the basic
function of the brain and the cause of neurological disorders (Tye and
Deisseroth, 2012).

Currently, there are a few approaches that can be used to investigate
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the structure of neural circuits (Lerner et al., 2016). Firstly, neural-circuit
tracers, which can be efficiently taken up and actively transported by
neurons, have long been utilized to dissect the neural network. These
tracers include horseradish peroxidase (Paton and Nottebohm, 1984),
fluoro-gold (Brog et al., 1993), wheat germ agglutinin (Numan and
Numan, 1997), tetanus cholera B fragment (Lai et al., 2015), barley lectin
(Horowitz et al., 1999) and neurotropic viruses (Callaway, 2008; Enquist
and Card, 2003). Among these tracer-based methods, the method based
on engineered neurotropic viral vectors has made rapid and substantial
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progress, particularly in mammals. Virus-based tracing is versatile as the
target and spread properties of the virus can be modified. Many virus
species have been utilized and manipulated for this purpose, such as
rabies virus, vesicular stomatitis virus (VSV), herpes simplex virus (HSV),
pseudorabies virus (PRV), adeno-associated virus (AAV), retrovirus,
lentivirus, canine adenovirus (CAV), semliki forest virus, and Japanese
encephalitis virus (Beier et al., 2011; Betley and Sternson, 2011; DeFalco
et al., 2001; Ekstrand et al., 2008; Jia et al., 2016, 2017; Kelly and Strick,
2000; Lo and Anderson, 2011; Mazarakis et al., 2001; Salinas et al., 2009;
Soudais et al., 2001; Ugolini, 2010; Wickersham et al., 2007), etc. The
viruses available for neuronal circuit dissection universally rely on the
fluorescent signal, and the detailed structures of the labeled neural cell
bodies and fibers can clearly be viewed through fluorescent imaging.
However, it is difficult to longitudinally investigate the neural circuit
spread over a large brain area labeled for a given function or cell type
using microscopic imaging.

On the other hand, as a non-invasive detection method, MRI has
become an important tool for understanding the brains of humans and
animals. MRI can offer insights into the structure, function, and meta-
bolism of the brain (Rane et al., 2015), thus it has been widely used in
scientific research and clinical applications in recent years. With the help
of relevant MRI approaches, such as DTI (Mori and Zhang, 2006), and
Manganese-enhanced magnetic resonance imaging (MEMRI) (Lin and
Koretsky, 1997; Pautler et al., 1998; Silva et al., 2004), the neural net-
works can be predicted or detected. DTI-MRI produces information of the
axonal organization of the entire brain (Le Bihan, 2003), however, it
cannot provide information of anatomical connections through synapses.
Mn2þ is anterogradely transported among synaptic connections, enabling
the revelation of brain connectivity (Koretsky, 2012; Tucciarone et al.,
2009; Zhang et al., 2010). Nevertheless, it is difficult to view the detailed
structures of fibers and neurons with MEMRI, due to the limited spatial
resolution in MRI. Therefore, it is valuable to develop a novel strategy
that combines the advantages of neurotropic virus tracing and MRI
approach.

As a metalloprotein (Cohen et al., 2007; Deans et al., 2006), ferritin
is ubiquitous and highly conserved throughout most organisms (Arosio
et al., 2009). It has a paramagnetic effect after bonding with iron in
ferric (Fe3þ) forms (Owen and Lindsay, 1983) and a marked effect on
solvent NMR relaxation rates (Bulte et al., 1994; Gottesfeld and Nee-
man, 1996; Vymazal et al., 1998). Ferritin has been suggested as an
MRI reporter for the detection of gene expression using MRI in several
studies (Cohen et al., 2005, 2007; Genove et al., 2005; Iordanova and
Ahrens, 2012). Replication-defective adenovirus (AdV) expressing
ferritin can cause MRI contrast (T2 and T2*) in the brain (Genove et al.,
2005), and AdV expressing a chimeric ferritin (light and heavy chain of
ferritin fused by a linker, L*H) also enables the visualization of
endogenous neuroblast migration in the brain from the subventricular
zone towards the olfactory bulb (Iordanova and Ahrens, 2012). In a
similar study, a lentiviral vector expressing ferritin was utilized and
ferritin-labeled endogenous neural stem cell progeny was detected with
MRI (Vande Velde et al., 2012). With lentiviral vector encoding ferritin
and fluorescent proteins, tumors were detected by both ferritin based
MRI and fluorescence imaging methods (Kim et al., 2010). However,
ferritin encoding virus is rarely used to detect the neural connection.
With the help of trans-synaptic neurotropic viruses and the MRI
method, ferritin could become a potential element to visualize synap-
tically connected networks.

In this study, ferritin was coupled to enhanced green fluorescent
protein (EGFP) gene and cloned into the VSV genome to generate a new
trans-synaptic tracing tool. Our results demonstrate that the structural
neural connection can be detected with both MRI and fluorescent im-
aging. Thus, this study provides a novel strategy which combines the
methods of neurotropic virus tracing and MRI to visualize the labeled
global network for a given type or function in the brain, whose precise
anatomical connections through synapses can be verified through optical
microimaging.
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2. Materials and methods

2.1. Animal experiments

All animals involved in the experiments were treated in accordance
with the protocols approved by the Animal Ethics Committee at the
Wuhan Institute of Physics and Mathematics, Chinese Academy of Sci-
ences (SYXK(E)2015–0051). All efforts were made to minimize animal
suffering. Wild-type C57BL/6J mice were obtained from Hunan SJA
Laboratory Animal Co., Ltd (Hunan, China). All the mice were kept in a
12h/12h light-dark cycle room (temperature, between 22 and 25 �C),
and food and water were available ad libitum.

2.2. Virus construction

Due to biosafety issues, the in vivoMRI scans could only be conducted
with replication-restricted rVSV-dG vectors, and the mice infected with
rVSV vectors could not be used in the in vivoMRI study. Thus, there were
four different kinds of viral vectors developed in the current study. 1)
rVSV-dG-EGFP and rVSV-dG-Ferritin-EGFP: verify the virus expression of
EGFP and detect the MRI signal of ferritin at the injection site in the in
vivo MRI study; 2) rVSV-EGFP and rVSV-Ferritin-EGFP: check the trans-
synaptic function of the viruses by optical imaging and detect the MRI
signals of ferritin in multiple brain regions postmortem.

2.2.1. Plasmid construction
The Ferritin-t2a-EGFP fragment was amplified from pLV-CAG-

mFerritin-EGFP plasmid (a gift from Prof. Xiaoming Li's lab in Zhejiang
University). The chimeric ferritin gene (L*H) (from Mus musculus) and
EGFP gene were linked with a 2A self-cleavable sequence (GCGCGCGGC
GGCGGCGGCAGCGATTATAAAGATGATGATGA-
TAAAGGCGGCGGCGGCAGCCGCGTG), the fusion gene ((L*H)-t2a-EGFP
fragment) was cloned into VSV vectors, rVSV-dG-EGFP (van den Pol
et al., 2009) (Fig. 1A) and rVSV-EGFP (pVSV-Venus-VSVG) (Beier et al.,
2011) (Fig. 2A) respectively, using XhoI and MscI cloning sites. In the
virus genome, N, P, M, G and L are five VSV structural genes from a wild
type virus, and G was deleted to construct a replication-restricted re-
combinant virus, rVSV-dG. The complete sequences of the recombinant
constructs are shown in the supplementary materials.

2.2.2. Virus production
VSV viruses were rescued from plasmids as described in a previous

study (Beier and Cepko, 2012). For the production of
rVSV-Ferritin-EGFP, three T75 bottles of BHK cells at 95% confluency
were infected at a MOI (multiplicity of infection) of 0.01. Viral super-
natants were collected at 48 hpi. (hours post-infection) and
ultra-centrifuged (50,000 g) using a JA25.25 rotor (Beckman Coulter,
USA) and re-suspended with PBS in 0.1% of original volume. The
concentrated viral stocks were titered in a dilution series to 100%
confluent BHK cells and EGFP plaques were examined at 12 hpi. For the
production of rVSV-dG-Ferritin-EGFP, 293T cells at 70% confluency on
10-cm dishes were transfected with 10 μg of pMD2.G (plasmid expressing
VSVG) using FuGENE6 (Promega, USA). Twenty-four hours
post-transfection, the cells were infected at a MOI of 0.01 with
rVSV-dG-Ferritin-EGFP. Viral supernatants were collected at two dpi,
then concentrated and the titer was determined as above. All viruses
were stored at �80 �C for subsequent experiments.

2.3. Animal experiments

2.3.1. Animal surgery
Eight-week-old male C57BL/6 mice (20–25 g) were injected with the

virus. The procedures of virus micro-injection are described in our pre-
vious study (Jia et al., 2016). Briefly, animals were anesthetized with
chloral hydrate (400mg/kg), and placed in a stereotaxic apparatus (Item:
68025 - stereotaxic apparatus and 68030 - mice adaptor, RWD, China).



Fig. 1. Detection of ferritin delivered by replication-defective VSV with MRI in living animals (n¼ 6). Note: A: Virus genomes of rVSV-dG-EGFP and rVSV-dG-Ferritin-
EGFP. N, P, M, G and L are five VSV structural genes from wild type viruses; G was deleted to construct a replication-restricted recombinant virus, VSV-dG (van den Pol et al.,
2009); EGFP or Ferritin-EGFP gene was inserted into VSV-dG virus genome. B and C: Results of T2-weighted (B) and T2*-weighted (C) images seven days after injection (left
arrows, rVSV-dG-EGFP; right arrow, rVSV-dG-Ferritin-EGFP); (D) Fluorescent image of the same slice from the same mouse. Comparison of the T2 (E) and T2* (F) Normalized
T2 and T2* weighted MRI signals between brain regions infected with rVSV-dG-Ferrtin-EGFP and rVSV-dG-EGFP, Paired t-test, Ave. � STD; *: p 0.05; **: p 0.01.

Fig. 2. rVSV-Ferritin-EGFP anterogradely transmitted across multiple synapses. Note: A: Virus genomes of rVSV-EGFP and rVSV-Ferritin-EGFP. N, P, M, G and L are five
VSV structural genes from wild type viruses. EGFP or Ferritin-EGFP gene was inserted into VSV virus genome; B: rVSV-Ferritin-EGFP was microinjected into CPU; Expected targets
for anterograde spread include SN (substantia nigra, primary anterograde trans-synaptic target) and TH (thalamus, secondary anterograde trans-synaptic target); C-E: The
neurons in CPU, SN and TH were labeled with EGFP, suggesting that rVSV-Ferritin-EGFP spreads anterogradely along the synaptically connected network as expected.
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The skull above the target area was thinned with a dental drill and
removed carefully. The injections were conducted with a 10 μL syringe
(Hamilton, Nevada, USA) connected with a glass micropipette (10–15 μm
135
diameter tip). The virus (100 nL, titer: 2E8) was stereotaxically micro-
injected into the target region. In order to minimize diffusion, syringes
were kept in place for 10min after the injection was completed. The mice
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that were injected with rVSVs (rVSV-Ferritin-EGFP, rVSV-EGFP,
rVSV-dG-Ferritin-EGFP and rVSV-dG-EGFP) were kept in the Biosafety
Level 2 (BSL-2) laboratory animal room.

For the target regions, two brain sites were selected: CPU (Caudate
Putamen) (0.02mm anterior to Bregma, 2mm lateral from midline,
3 mm depth relative to Bregma) and SC (0.58mm posterior to Bregma,
1.5 mm lateral from midline, 1.15mm depth relative to Bregma). The
region CPU was used for verifying the MRI contrast elicited by ferritin
encoding VSV vector (rVSV-dG-Ferritin-EGFP) and trans-multisynaptic
characteristic of rVSV-Ferritin-EGFP; the other region SC was used to
detect and quantitatively analyze both the MRI and fluorescent signals of
the trans-synaptic viruses (rVSV-Ferritin-EGFP: FerritinEGFP group;
rVSV-EGFP: EGFP group) in different infected regions.

2.3.2. Sample collection
The rVSV-Ferritin-EGFP and rVSV-EGFP viruses (both replication

competent) must be handled according to BSL-2 practices, which pre-
cluded use of the MRI scanner for imaging of live animals injected with
these viruses. These samples were therefore prepared for ex vivo imaging.
To monitor the virus-infected and iron loading procedures, the virus-
infected mice were anaesthetized with an overdose of chloral hydrate
three or four days after injection. Then the animals were perfused with
0.9% saline solution followed by 4% paraformaldehyde solution. The
brain (with skull) was removed and imaged by the MRI scanner using the
protocol in the following section. After the MRI study, the brain was
removed from the skull and post-fixed over-night with 4% para-
formaldehyde. The fixed brain was sectioned into 40 μm slices with a
microtome (Leica, German). For Perls' Prussian Blue staining, the brain
slices were immersed in Perls’ staining solution (Potassium ferrocyanide
and hydrochloric acid - HCl, Solarbio, G1422, Beijing, China) for 45min
and cell nuclei were counterstained with nuclear fast red. For immuno-
histochemistry staining, the slices were incubated for 12 h at 4 �C with
primary antibody (Abcam, ab69090, UK), washed and incubated for 2 h
at 37 �C with Cy3-labeled secondary antibody. For fluorescent imaging,
the brain slices were stained with DAPI and imaged by Olympus VS120
virtual microscopy slide scanning system (Olympus, Japan) and confocal
microscope (Leica SP8, German).

2.3.3. MRI
MRI images were acquired from the brains of mice in a horizontal-

bore 7.0 T BioSpec machine (Bruker, Ettlingen, Germany). A surface
coil with a diameter of 20mm was utilized in combination with a bird-
cage transmit coil. Parameters included, the acquisition matrix size:
256� 196; the reconstruction matrix size: 256� 256; field of view
(FOV): 2.0 cm� 2.0 cm; and slice thickness: 0.5mm. There were two
kinds of MRI studies involved, in vivo and ex vivo. The other acquisition
parameters for these two methods are respectively described as
following:

For the in vivo MRI studies with living mice injected with rVSV-dG-
Ferritin-EGFP and rVSV-dG-EGFP, coronal slices were acquired at the
injection site using T2-weighted spin-echo (Rapid Acquisition with
Relaxation Enhancement (RARE), TR/TE ¼ 2,500/30-36 ms, rare factor
¼ 4, echo spacing ¼ 15–18 ms) and T2*-weighted gradient echo se-
quences (Fast Low Angle SHot (FLASH), TR/TE ¼ 500/15–16.5 ms, Flip
angles ¼ 30�). As the contrast signals at the injection site were obviously
observed, the echo time (TE) was not optimized during the scanning of
living animals. The average number for T2-weighted imaging in living
animals was set to 16, resulting in a total acquisition time of 32 min. The
average number for T2*-weighted imaging in living animals was set to 9,
resulting in a total acquisition time of 14 min. In order to avoid the
motion artifacts during the scan, the animal was deeply anaesthetized,
and the concentration of isoflurane was adjusted to 1.0–1.5%. The breath
rate was controlled under 60 times/min. A warm water pad was utilized
to maintain the body temperature of the animals (~37 �C).

According to the biological safety requirements for VSV, the living
mice infected with rVSV-Ferritin-EGFP or rVSV-EGFP must not be
136
directly scanned using the MRI scanner. Thus, the virus-infected mice
were perfused, and the brain (with skull) removed for the ex vivo MRI
study. The ex vivo MRI scans for the intact brain were acquired using T2-
weighted spin-echo sequence, and the average number was set to 16,
resulting in the total acquisition time of 39min. In order to improve the
image quality for quantitative analysis, the parameters were optimized to
TR/TE¼ 3,000/50ms (RARE, rare factor¼ 4, echo spacing¼ 25ms) for
better T2 contrast and image quality.

2.4. Data processing

The procedures of analysis for fluorescence imaging and MRI are
described separately:

For fluorescent images, the fluorescent signals in a given slice were
automatically co-registered to the mice Allen brain atlas with a recently
developed software (Agarwal et al., 2018), so as to reveal the locations of
the fluorescent signals. In their method, 20 different ROIs were auto-
matically recognized without distinguishing the left and right hemi-
spheres. Thus, this ROI recognition method was not suitable for our
work. In order to analyze the relationship between the MRI and fluo-
rescent signals in different ROIs, the virus infected regions weremanually
traced out after the alignment of fluorescent images and brain atlas, and
EGFP fluorescent signal intensities in the ROIs were extracted. Since all
the optical imaging parameters were set the same and the green channel
of the images were not overexposed, the green fluorescent signals were
normalized using the highest value in all images.

For the in vivo MRI study, the rVSV-dG-Ferritin-EGFP infected area in
the mice brain was manually drawn with Paravision 5.0 (Bruker Biospec,
Germany), and the symmetrical site in the contralateral side was marked,
then the MRI signals on both sides were collected for comparison. The
MRI signal intensity of cerebrospinal fluid (CSF) in each animal was
extracted and used as the reference to normalize the MRI signal intensity.
(O'Neill et al., 2002; Tjoa et al., 2005).

For the ex vivo MRI study, the raw data was converted to nifti (hdr/
img) format using Bruker2Analyze Converter (http://people.cas.sc.
edu/rorden/mricro/bru2anz/). The ferritin-expressing areas were
segmented based on mouse brain MRI-T2 templates and atlas images.
The atlas images of the mouse brain were constructed from the Paxinos
and Franklin atlas figures, as described in our previous study (Nie et al.,
2018). First, every individual image of the mouse brain was co-registered
with a pair of brain template and brain atlas images, using the nearest
interpolation method (Nie et al., 2013). Next, the spreading areas of
ferritin encoding virus were identified by considering both the fluores-
cent signals and the difference between MRI signals in EGFP and Ferri-
tinEGFP groups, and the spreading areas of each mouse were manually
traced out using MRIcron (https://www.nitrc.org/projects/mricron) and
saved as a mask image. Then, the overlapping voxels between the mask
image and registered atlas image were determined. According to the
sub-anatomical regional index in the atlas image, the spreading area of
the ferritin encoding virus was segmented into several sub-anatomical
regions. Finally, the mean voxel intensity in each sub-anatomical re-
gion was automatically calculated and normalized with MRI signal in-
tensity in CSF. The following ROI were analyzed: Auditory cortex (AuC)
_right (R), Caudate Putamen (CPU)_Left (L), CPU_R, Hippocampus (Hipp)
_L, Hipp_R, Motor Cortex (MC)_L, MC_R, Retrosplenial cortex (RSC)_R,
Somatosensory Cortex (SC)_L, SC_R, Thalamus (TH)_R, Visual Cortex
(ViC)_R.

All of the data processing and analyses were implemented in MATLAB
(MathWorks, Inc., USA).

2.5. Statistical analysis

All MRI signals were normalized with MRI signal intensity in cere-
brospinal fluid (CSF). For comparison of the MRI signals in animals
infected with rVSV-dG-EGFP and rVSV-dG-Ferritin-EGFP, a paired t-test
was applied; the MRI signal and fluorescent signal intensities in the

http://people.cas.sc.edu/rorden/mricro/bru2anz/
http://people.cas.sc.edu/rorden/mricro/bru2anz/
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FerritinEGFP and EGFP groups were compared with an independent
student t-test (Two-tailed, P< 0.05). Results were presented in
Average� Standard deviation (Ave.� STD).

3. Results

3.1. Effect of ferritin expressed by non-trans-synaptic VSV on MRI signal in
living animals

Seven days after rVSV-dG-Ferritin-EGFP and the control virus (rVSV-
dG-EGFP) were stereotactically microinjected into the right and left sides
of CPU, respectively (Fig. 1A, n ¼ 6), MRI studies were conducted in the
living animals. The right injection site showed a robust contrast in both
T2- and T2*-weighted images (Fig. 1B and C), while the left side did not.
The fluorescent image of the same brain slice is shown in Fig. 1D, and it
illustrates that the expression of the green fluorescence in the two in-
jection sites are similar. The T2 and T2* weighted MRI signals were
normalized with MRI signal intensity in CSF for comparison across sub-
jects. The statistical results show that the brain region infected with
rVSV-dG-Ferrtin-EGFP had significantly reduced T2 (Fig. 1E, p < 0.05)
and T2* (Fig. 1F, p< 0.01) weighted MRI signals. The results verified
that ferritin expressed by rVSV-dG-Ferritin-EGFP could be used as anMRI
contrast agent.

3.2. Trans-multi-synaptic property of rVSV-Ferritin-EGFP

The Ferritin-EGFP fused gene was cloned into a trans-multisynaptic
tracing VSV system to construct a new recombinant virus, rVSV-Ferritin-
EGFP (Fig. 2A), which probably spreads anterogradely along synaptic
connections as rVSV-EGFP (Beier et al., 2011). rVSV-Ferritin-EGFP was
stereotactically microinjected into CPU (Fig. 2B, n¼ 2). The mice were
perfused and decapitated for MRI scanning and fluorescent imaging four
days post-injection. The EGFP signals were detected in several regions
including the injection site (Fig. 2C & Fig. S1). Among these regions, the
substantia nigra (SN) and TH have been reported to be the primary and
secondary anterograde targets of CPU, respectively (Fig. 2D and E) (Keeler
et al., 2014). The results of fluorescent imaging show that the
rVSV-Ferritin-EGFP could be utilized as an anterograde
trans-multi-synaptic vector similar to rVSV-EGFP (Beier et al., 2011).

Changes of MRI T2 contrast were observed in CPU and SN (Fig. S2),
but not in TH. This might be caused by multi-synapse connection be-
tween TH and CPU, and ferritin expressed by the virus in TH not having
enough time to enrich Fe3þ. Furthermore, the location of TH was further
away from the surface coil compared with SN (The surface coil was
located at the bottom of the head). In order to obtain better imaging
Fig. 3. The signals in MRI and fluorescent images in both rVSV- EGFP and rVSV-Ferr
(with skull) was removed and imaged with MRI scanner, and then the coronal slices were
images; red box, the injection site.
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quality and verify this novel strategy, first, another cortical region, SC,
was selected in the following studies, and the surface coil was located
dorsal to the brain (close to mouse cerebral cortex).

3.3. Detection of neural connections with ex vivo MRI and fluorescent
imaging

Both trans-multi-synaptic virus tracers, rVSV-Ferritin-EGFP and rVSV-
EGFP, were stereotactically microinjected into SC in two separated mice
groups (n¼ 5 for each group) for both MRI and fluorescent imaging.

At first, three days after the injection, the mice were perfused and the
brains (with skull) were subjected to the MRI scanner. There was overt T2
weightedMRI contrast in the local injection site, and only a fewother brain
regions seemed to show MRI contrast (Fig. S3), while green fluorescent
signals were observed in many regions. Thus, the iron accumulation could
be one of the important factors that influenced the MRI contrast.

Due to the cyto-toxicity of the replication complete VSV involved here
(rVSV-EGFP and rVSV-Ferritin-EGFP), the infected animals died about
four and a half days after the virus injection. So we chose to sacrifice the
animals four days post-injection. Four days after the injection, the T2-
weighted MRI images showed robust contrast in several brain regions
in the FerritinEGFP group (rVSV-Ferritin-EGFP injected), while no
discernable T2 contrast was found in the EGFP group (rVSV-EGFP
injected) (Fig. 3). The darker MRI signal around the injection site in the
EGFP group might be caused by tissue damage during the virus micro-
injection procedure. The high-resolution images of the registration re-
sults of the fluorescent images and Allen Mouse Brain Connectivity Atlas
(connectivity.brain-map.org) are provided in the supplemental material.
(Fig. S4). The fluorescent images show that the green fluorescent signals
were mainly distributed into 12 different brain regions - AuC_R, CPU_L,
CPU_R, Hipp_L, Hipp_R, MC_L, MC_R, RSC_R, SC_L, SC_R, TH_R, ViC_R.
These results also demonstrate that rVSV-EGFP and rVSV-Ferritin-EGFP
mainly spread into the same brain regions.

Comparing the fluorescent and MRI images in the FerritinEGFP
group, there is an extensive overlap between MRI contrast and EGFP
signals in the virus infected brain regions. These results confirm that the
MRI contrast in the T2-weighted image caused by ferritin in the rVSV-
Ferritin-EGFP is detectable and traceable.

3.4. Comparing the results of MRI signals in FerritinEGFP and EGFP
groups

In order to quantitatively analyze the MRI contrast caused by ferritin
in the rVSV-Ferritin-EGFP, the normalized MRI signals between the
FerritinEGFP and EGFP groups were compared. The MRI signals of 12
itin-EGFP animals four days after the virus injection into the SC. Note: The brain
utilized for fluorescent imaging. Upper in both groups, fluorescent images; lower, MRI

http://connectivity.brain-map.org
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brain regions that displayed obvious fluorescent signals in both groups
were collected (Fig. 4). There was no virus infection in the Olfactory
tubercle_R (OT_R) and OT_L, thus they were selected as control.

The T2-weighted MRI signals in the FerritinEGFP group were signif-
icantly lower (Fig. 4B, p< 0.01), which indicates that there was neuronal
connectivity between these 11 virus-spreading brain regions and the
virus injection site (SC_R). Due to the properties of the virus, these re-
gions could be synaptically connected downstream regions of the SC_R.
These results reveal that the rVSV-Ferritin-EGFP could be utilized as a
trans-multi-synaptic neural circuit tracer using ex vivo MRI and fluores-
cent imaging approaches.

3.5. Immunohistochemistry and Perls’ Prussian Blue staining

Immunohistochemistry was performed to detect ferritin expression
and verify the co-localization of ferritin and EGFP. In the FerritinEGFP
group, the ferritin and EGFP showed similar expression patterns and
considerable signal overlaps in virus infected neurons (Figs. 5 and 6).
Ferritin could cause the MRI contrast via the iron loading in its protein
cage. In the FerritinEGFP group, Perls' Prussian Blue staining for iron
(arrows) with Nuclear fast red counterstaining revealed the presence of
Fe3þ in several brain regions (SC, CPU, Hipp, ViC and TH), in which all
showed hypointense contrast inMRI images (Fig. 7A–H). OTwas selected
as the control region for comparison (Fig. 7I), where MRI signal was not
significantly changed. There was lack of obvious Perls’ Prussian Blue
staining positive signal in OT. Furthermore, there was no overt iron
accumulation in the control group (data not shown).

3.6. The relationship of MRI and fluorescent imaging signal intensities

In order to measure the efficiency of the MRI method for detecting the
neural connections, the relationship of MRI contrast and green
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fluorescent signal intensity in the FerritinEGFP group was analyzed.
Because the neural connections with contralateral brain regions are more
complicated, the injection site (SC_R) and seven ipsilateral brain regions
with significant MRI contrast were included for the analysis of the cor-
relation between MRI and fluorescent signals. Among these eight brain
regions, the relationship between the green fluorescent signal intensity in
the FerritinEGFP group and the ratio of the difference in normalized MRI
signal intensities between groups (EGFP and FerritinEGFP) and the
normalized MRI signal intensities in the EGFP group ((SEGFP-SFerritinEGFP)/
SEGFP, ‘S’ represents normalized MRI signal intensity) is illustrated
(Fig. 8). According to the information in the Allen Mouse Brain Con-
nectivity Atlas (connectivity.brain-map.org), all regions in Fig. 8 except
Hipp_R receive direct projections from SC_R, which means that they are
directly connected to the injection site. Thus, the time to accumulate iron
in Hipp_R is different from other regions, which results in different MRI
contrast. Therefore, linear regression analysis was applied for the rest six
brain regions, y ¼ 0.4494x þ 0.1302 (R2¼ 0.5904). Besides, there was
no significant difference in the fluorescent signal intensities of the
selected ROIs in the groups of FerritinEGFP and EGFP (Fig. S5).

4. Discussion

Neural circuits are both extremely complex and exquisitely specific.
Currently, neurotropic viral tracing is one of the most popular methods in
neural circuitry exploration. Mostly, neurotropic viral tracers are viewed
with microscopy imaging, which is not suitable for longitudinal investi-
gation of the neural circuit. Here, our results demonstrate that structural
neural connections could be detected using both ex vivo MRI and fluo-
rescent imaging with the help of ferritin-EGFP fused gene encoding
neurotropic viruses. The current strategy has the potential application of
longitudinal monitoring of neural circuits in living animals. However, a
few caveats, solutions and perspectives need to be discussed.
Fig. 4. Comparisons of the normalized MRI signals in
the virus infected areas in the FerritinEGFP and EGFP
groups. Note: A: Locations of the segmented selected re-
gions (Auditory cortex (AuC)_right (R), Caudate Putamen
(CPU)_Left (L), CPU_R, Hippocampus (Hipp)_L, Hipp_R,
Motor Cortex (MC)_L, MC_R, RSC_R, Somatosensory
Cortex (SC)_L, SC_R, Thalamus (TH)_R, Visual Cortex
(ViC)_R) on the structural MRI images; B: Comparisons of
the normalized MRI signals in the virus infected areas,
Olfactory tubercle_R (OT_R) and OT_L which were
selected as control. Note: *p 0.05, **p 0.01, two-tailed t-
test, Ave. � STD, n¼ 5.

http://connectivity.brain-map.org


Fig. 5. Co-localization of ferritin and EGFP proteins in brain regions infected
with rVSV-Ferritin-EGFP. Note: Immunohistochemistry staining demonstrates that
ferritin (Red) and EGFP (Green) proteins express similar patterns in FerritinEGFP
group. The cell nuclei (Blue) were counterstained with DAPI.
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4.1. Explanation of T2 hypointense contrast caused by Ferritin encoding
virus

The optical measurement is mostly influenced by the expression level
of EGFP. However, multiple confounding factors affect the ferritin-based
Fig. 6. Confocal image of AuC in FerritinEGFP group shows that ferritin (Red) coloc
with DAPI. Scale bar¼ 100 μm.
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MRI signal. The signal could be influenced by cellular iron loading, which
is determined by a few factors, including the level of ferritin expressed in
the infected neurons, the iron enrichment capability of the infected
neurons, the availability of iron ions, and the duration of the enrichment
period. Other factors related to imaging signals include the distance
between the infected regions and the surface coil, and the state of the
imaging system such as shimming quality.

It is difficult to optimize all these experimental parameters to quan-
titatively resolve explicit relationships between the MRI signals and the
ferritin encoding trans-synaptic virus infection in different brain regions.
There were eight ipsilateral virus infected brain regions involved in the
current study (Fig. 8). The injection site, SC_R, showed the highest EGFP
fluorescent signal intensity, unlike its MRI contrast. This could be caused
by the operation damage and inflammation at the injection site of both
groups. The region Hipp_R is not directly connected to the injection site –
SC_R, and there was less time for the ferritin expressed in Hipp_R to
enrich iron, thus, the difference of MRI signal intensity may be corre-
spondingly weak. Among the rest of the regions, the difference in
normalized MRI signal intensity increased following the rise of green
fluorescent signal intensity, which indicates that more ferritin-EGFP
expressed in the virus infected neurons resulted in stronger MRI
contrast. Anyway, more efforts to elucidate the complex relationship
between the MRI signals and ferritin encoding trans-synaptic virus
infection is ongoing.

4.2. Application of other kinds of MRI reporters

In the current study, ferritin was cloned into VSV to generate a
modified virus in order to investigate the neural connections in the brain.
Other kinds of MRI reporter genes could be delivered by trans-synaptic
viruses for neural circuit tracing systems. Currently, there are a number
of MRI reporters (Kang and Chung, 2008; Mukherjee et al., 2016; Ray
et al., 2003; Weissleder et al., 1997), such as transferrin receptor (Kang
and Chung, 2008; Weissleder et al., 2000), beta-galactosidase (Louie
et al., 2000), MagA (Zurkiya et al., 2008), Tyrosinase (Alfke et al., 2003;
Weissleder et al., 1997), LRP (Gilad et al., 2007), and human aquaporin 1
(AQP1) (Mukherjee et al., 2016). These modified tools could be detected
using different kinds of MRI methods, such as T2 and T2* (transferrin
receptor, beta-galactosidase and MagA), T1 (Tyrosinase), CEST (Chemi-
cal Exchange Saturation Transfer: LRP), or DWI (AQP1).

4.3. Limitation and perspective

According to the biological safety requirements of VSV, this related in
alized with EGFP (Green) protein. Note: The cell nuclei (Blue) were counterstained



Fig. 7. Increased iron accumulation in brain regions infected with rVSV-Ferritin-EGFP. Note: A-B: In FerritinEGFP group, Perls' Prussian Blue staining reveals obvious iron
accumulation in the injection site. C-H: Presence of Fe3þ in several brain regions (SC, CPU, Hipp, ViC and TH) that displayed hypointense contrast in MRI images. I: OT was
selected as the control region for comparison, where MRI signal was not significantly changed. There was lack of obvious positive Perls' Prussian Blue staining positive area in OT.
Scale bar¼ 300 μm.

Fig. 8. The relationship between the green fluorescent signal intensity in the
FerritinEGFP group and the ratio of the difference in normalized MRI signal
intensities between groups (EGFP and FerritinEGFP) and the normalized MRI
signal intensities in the EGFP group ((SEGFP-SFerritinEGFP)/SEGFP). Note: A linear
trend line was drawn for RSC_R, CPU_R, MC_R, AuC_R, TH_R and ViC_R,
y¼ 0.4494x þ 0.1302 (R2¼ 0.5904).
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vivo study should be conducted in the BSL-2 laboratory, and the living
mice infected with rVSV cannot be directly scanned using the MRI
scanner. Thus, the virus-infected mice were perfused, and the brain (with
skull) was removed for ex vivoMRI study. However, this study provided a
novel concept to directly detect the neural connection usingMRI method,
and it also has a potential ability to longitudinally trace the neural circuit.
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There are different strategies to overcome the limitation that in vivo
MRI study is not allowed for rVSV infectedmice. It is possible to construct
a micro-isolation system that satisfies the BSL-2 environment and is
compatible with MRI scanner for in vivo MRI imaging of VSV infected
mice in future study. With the help of the system, the virus infected mice
would be continuously scanned at different intervals post injection in a
longitudinal study.

A more attractive alternative is to develop new toxicity attenuated
viruses which could be used to trace neural circuits in live animals using a
normal MRI scanner. In the current study, VSV was utilized to label the
neurons at the injection site and the multi-step outputs from the starting
area, as it spread exclusively anterogradely in neural circuit (Beier et al.,
2011). With the help of other kinds of ferritin encoding neurotropic vi-
ruses, the neural circuitry with different spread directions or cascade of
synaptic connections could be dissected. If ferritin is cloned into this
monosynaptic labeling system, the direct output of the type-specific start
neurons might be detected by the MRI T2-weighted image. Using a
similar method, the PRV system carrying ferritin could provide the input
of the starting neurons with MRI. Furthermore, CAV or rAAV2-retro with
ferritin could map the direct input of the start neurons using the same
approach (Soudais et al., 2001; Tervo et al., 2016). Development of a new
tracing system and toxicity attenuation of VSV, PRV and HSV have been
included in ongoing projects in the laboratory.

In the future, with the development of attenuated virus, which is a
challenge when detecting neural circuit in live animals, the neural circuit
could be observed longitudinally. During future live animal studies, the
MRI detection conditions could be similar to the method used in Fig. 1.
The MRI scanning parameters such as repetition time and echo time
could be optimized for better signal noise ratio and T2 contrast. There-
fore, this approach has the potential application to longitudinally trace
the neural circuit in live animals.
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5. Conclusion

To summarize, the advantages of neurotropic virus based neural cir-
cuit tracing and MRI technology were combined together in this new
strategy, which enabled the detection of the neural connection using both
ex vivo MRI and fluorescent imaging. The MRI reporter gene ferritin was
cloned into the VSV system and sufficiently elicited MRI contrast in the
T2-weighted image. After the virus injection, propagation and trans-
synaptic transmission, MRI contrasts and EGFP signals were observed
in the same brain regions. This method exhibits the neural connection
through MRI detection and allows high-resolution microscopy detection
of fine structures in neural pathways, which bridge the observation of
neural connections from macroscopic and microscopic scales. The strat-
egy of the current study has the potential to investigate neural circuits in
live animals.
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