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a b s t r a c t 

A mammalian brain contains numerous neurons with distinct cell types for complex neural circuits. Virus-based 

circuit tracing tools are powerful in tracking the interaction among the different brain regions. However, detecting 

brain-wide neural networks in vivo remains challenging since most viral tracing systems rely on postmortem 

optical imaging. We developed a novel approach that enables in vivo detection of brain-wide neural connections 

based on metal-free magnetic resonance imaging (MRI). The recombinant adeno-associated virus (rAAV) with 

retrograde ability, the rAAV2-retro, encoding the human water channel aquaporin 1 (AQP1) MRI reporter gene 

was generated to label neural connections. The mouse was micro-injected with the virus at the Caudate Putamen 

(CPU) region and subjected to detection with Diffusion-weighted MRI (DWI). The prominent structure of the 

CPU-connected network was clearly defined. In combination with a Cre-loxP system, rAAV2-retro expressing Cre- 

dependent AQP1 provides a CPU-connected network of specific type neurons. Here, we established a sensitive, 

metal-free MRI-based strategy for in vivo detection of cell type-specific neural connections in the whole brain, 

which could visualize the dynamic changes of neural networks in rodents and potentially in non-human primates. 
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. Introduction 

The mammalian brain contains billions of neurons and numerous

ther cell types, creating complicated neural networks for cell-cell com-

unication through trillions of synapses ( Huang, 2014 ; Luo et al., 2008 ,

018 ). The complexity of neural networks is vital for processing infor-

ation in the brain and guiding behavior. Therefore, the elucidation and
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isualization of neural connections is essential for examining brain func-

ions and disorders ( Hoehn and Aswendt, 2013 ; Park and Friston, 2013 ;

oselli and Caroni, 2012 ; Rubinov and Bullmore, 2013 ). 

The neurotropic virus-based neural circuit tracing tool is a fascinat-

ng technology for visualizing neural connectivity. It mediates the stable

xpression of the transgenes and reporter genes in various types of neu-

ons ( Nassi et al., 2015 ). Through genetic modification, the virus can
stems, State Key Laboratory of Magnetic Resonance and Atomic and Molecular 
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arget neurons of a defined cell type, allowing exquisite dissection of

ell type-specific neural connections. Such technology has significantly

nhanced our knowledge and understanding of the relation between dif-

erent brain regions ( Callaway, 2008 ; Davidson and Breakefield, 2003 ;

nquist, 2003 ; Nassi et al., 2015 ; Ugolini, 2010 ). Most viral tracers la-

el the neural networks with fluorescent reporter proteins and require

ostmortem optical imaging to visualize tracing results. To this end, the

uorescence-based-viral tracer has been limited in its ability to conquer

he in vivo detection of neural networks due to the ineffective light pen-

tration into deep tissues of living animals. Few methods exist for an

n vivo dissection of the neural network architecture, especially for cell

ype-specific neural networks. 

In contrast to the optical imaging method, MRI techniques em-

ower the acquisition of images in vivo with excellent depth penetra-

ion and sufficient spatiotemporal resolution ( Dumoulin et al., 2018 ;

fister et al., 2012 ; Shenton et al., 2001 ). Among MRI-based meth-

ds, Manganese-Enhanced MRI (MEMRI) and Diffusion Tensor Imaging

DTI) are effective approaches facilitating the detection of structural

onnectivity of the whole brain in pre-clinical and clinical researches

 Donahue et al., 2016 ; Le Bihan, 2003 ; Lin et al., 2014 ; Mori and van

ijl, 2002 ; Mori and Zhang, 2006 ; Pautler et al., 1998 ; Saar and Koret-

ky, 2019 ; Yi-Jen Lin, 1997 ). Nevertheless, neither of these two meth-

ds can feature the neurons and fibers’ microstructure nor trace the cell

ype-specific neural connectivity. 

The MRI reporter genes encoding proteins with unique properties to

odulate the MRI contrast have been defined and applied to in vivo visu-

lization ( Farhadi et al., 2021 ; Gilad et al., 2007 , 2008 ; Mukherjee et al.,

017 ). Ferritin is one of the metalloproteins classified in the iron-based

RI reporters that can enrich the paramagnetic metal ions, enhance

uclear relaxation rates, and produce T1 or T2 weighted MRI contrast

 Cohen et al., 2005 ; Genove et al., 2005 ; Iordanova and Ahrens, 2012 ;

atsumoto and Jasanoff, 2013 ; Zheng et al., 2019 ). Previously, we have

emonstrated a viral tracer using a neurotropic virus encoding ferritin

hat can practically achieve MRI-based observation of neural connec-

ions in living animals ( Cai et al., 2021 ). Nonetheless, the length of time

etween the virus injection and the MRI visualization of the neuronal

onnectivity needs to be improved. 

Aquaporin (AQP1), a water channel protein, has been recently re-

orted to be a non-metallic MRI reporter gene ( Mukherjee et al.,

016 ). In this regard, AQP1 increases the Apparent Diffusion Coeffi-

ient (ADC) values by altering the tissues’ water diffusivity, which cor-

esponds to the darken intensity presented in the diffusion-weighted

agnetic resonance imaging (DWI-MRI). Overexpression of the AQP1

rotein produces strong DWI contrast in cells and xenograft tu-

ors ( Mukherjee et al., 2016 ). Compared to the commonly used

etalloproteins- and Chemical Exchange Saturation Transfer-based

eporters, the AQP1 has lower cytotoxicity and higher sensitivity

 Mukherjee et al., 2017 ). 

The rAAV vector, a safe transgene vector for research and gene ther-

py, has been extensively used as a vehicle for gene transfer in neuro-

cience researches, helping to understand both the structure and func-

ion of neural networks ( Betley and Sternson, 2011 ; Chan et al., 2017 ;

enenbaum et al., 2004 ). In 2016, a new artificial AAV serotype, AAV2-

etro, was identified via the directed evolution of AAV ( Tervo et al.,

016 ). The rAAV2-retro vector enters neurons from the nerve terminals

nd retrograde transports to the axon, reaching the nucleus for gene

ransduction. Therefore, the rAAV2-retro vector carrying a reporter gene

ould be utilized for retrograde labeling of neuronal networks projecting

o specific brain regions ( Zheng et al., 2020 ). 

Additionally, combined with a Cre/loxP-mediated recombination

trategy, the insertion of the Cre-dependent gene of interest in the rAAV

enome is advantageous for promoting a transgene expression in the

pecific neuronal cell type ( McLellan et al., 2017 ; Van Duyne, 2001 ).

n combination with the double-floxed inverse orientation (DIO) ele-

ent and transgenetic mouse line expressing Cre recombinase in spe-

ific cell type neurons, the rAAV helps to identify and examine the roles
2 
f distinct and specific neuron types in circuit structures and functions

 García-Otín, 2006 ; Luo et al., 2008 , 2018 ). 

Herein, we established the rAAV2-retro encoding AQP1 for inject-

ng into the caudate putamen (CPU) region of a mouse brain. Three

eeks after the injection, the DWI-MRI was applied to evaluate the CPU-

onnected networks in vivo . Fluorescence imaging was used to verify the

RI tracing results. In addition, the rAAV2-retro bearing Cre-dependent

QP1 gene was used to dissect the CPU-connected network in a specific

ell type in vivo . Our study offers a promising strategy to longitudinally

etect neural connections of the whole brain in a live animal. It is bene-

cial for exploring the dynamic changes in neural networks under phys-

ological and pathological conditions. 

. Materials and methods 

.1. Animals 

All surgical and experimental operations were conducted following

he guidelines of the Animal Care and Use Committee of Innovation

cademy for Precision Measurement Science and Technology, Chinese

cademy of Sciences (Approval number: APM21021A). The adult male

57BL/6 J mice were obtained from the Hunan SJA Laboratory Animal

ompany (Hunan, China). The Thy1-Cre mice were kind gifts from Pro-

essor Shumin Duan (Zhejiang University, Zhejiang, China). All animals

ere housed under a 12 h light/dark cycle at constant temperature and

oisture. The animals were allowed food and water ad libitum . 

.2. Experimental setup and plasmid constructions 

Four experimental groups were designed to achieve the in vivo de-

ection of cell type-specific neuronal connections in the rodent brain

 Table 1 ). The plasmids carrying the EGFP and/or human AQP1 genes

sed to generate the recombinant AAV vectors (rAAVs) in each ex-

eriment were constructed as shown in Table 1 . The pAAV-CAG-

GFP-WPRE-polyA (P1: pAAV-EGFP) and pAAV-CAG-DIO-EGFP-WPRE-

olyA (P4: pAAV-DIO-EGFP) plasmids were obtained from Brain Case

Brain Case, Shenzhen, China). The human AQP1 gene (GenBank:

M_198,098.1) was synthesized (Shengong, China) and inserted into

he pAAV-CAG-EGFP-WPRE-polyA in place of the EGFP to generate

he pAAV-CAG-AQP1-WPRE-polyA (P2: pAAV-AQP1). To construct the

QP1 and EGFP co-translational proteins, the 2A self-cleavage se-

uence ( Zheng et al., 2019 ) was inserted between the two genes. The

onstructed AQP1–2A-EGFP gene cassette was inserted into the P1

nd P4 in place of EGFPs to generate the pAAV-CAG-AQP1–2A-EGFP-

PRE-polyA (P3: pAAV-AQP1-EGFP) and the pAAV-CAG-DIO-AQP1–

A-EGFP-WPRE-polyA (P5: pAAV-DIO-AQP1-EGFP), respectively. 

.3. Production of the rAAVs 

The rAAVs were produced in human embryonic kidneys 293

HEK293, ATCC) cells using a traditional triple-plasmid transfection

ethod ( Wu et al., 2018 ). Briefly, the HEK293 cells at 80% con-

uence were co-transfected with pAAV-Rep-Cap, pAAV-helper and

ransfer vectors carrying the gene of interest, using PEI transfection

eagent (Polysciences, USA). At 72 h post-infection, cells were har-

ested and subjected to virus purification. The rAAVs were puri-

ed by an iodixanol step density gradient centrifugation ( Wu et al.,

021 ). The purified rAAV titers were determined by qPCR us-

ng SYBR GreenER 

TM PCR Master Mix (Bio-Rad, USA) and spe-

ific primers, WPRE: F5’-TCCCATAGTAACGCCAATAGG-3 ′ and R5’-

TTGGCATATGATACACTTGATG-3 ′ . The standard curves were gener-

ted by performing 10-fold serial dilutions of the standard plasmids for

irus titer calculation. 
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Table 1 

Experimental groups, plasmids, and AAVs used in the study. 

Experiments Plasmid information Plasmidname AAV types rAAVname 

In vitro 

cell culture 

P1 : pAAV-CAG-EGFP-WPRE-pA 

P2 : pAAV-CAG-AQP1-WPRE-pA 

P3 :pAAV-CAG-AQP1–2A-EGFP- 

WPRE-pA 

pAAV-EGFP 

pAAV-AQP1 

pAAV-AQP1-EGFP 

In vivo 

expression 

at a local site 

P1 : pAAV-CAG-EGFP-WPRE-pA 

P3 :pAAV-CAG-AQP1–2A-EGFP- 

WPRE-pA 

rAAV2/9 rAAV-EGFP 

rAAV-AQP1-EGFP 

In vivo 

neural connection 

for a local site 

P1 : pAAV-CAG-EGFP- 

WPRE-pA 

P3 :pAAV-CAG-AQP1–2A-EGFP- 

WPRE-pA 

rAAV2-retro rAAV-retro-EGFP 

rAAV-retro-AQP1- 

EGFP 

In vivo 

cell-type-specific 

neural connection 

for a local site 

P4 :pAAV-CAG-DIO-EGFP-WPRE- 

pA 

P5 :pAAV-CAG-DIO-AQP1–2A- 

EGFP-WPRE-pA 

pAAV-DIO-EGFP 

pAAV-DIO-AQP1- 

EGFP 

rAAV2-retro rAAV-retro-DIO- 

EGFP 

rAAV-retro-DIO- 

AQP1-EGFP 
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.4. In vitro DWI: diffusion-weighted MRI of cell pellets 

Baby hamster Syrian kidney cells (BHK21, ATCC) were seeded into

2-well plates for 24 h to reach 80% cell confluence. The BHK21 cells at

0% cell confluence were transfected with 1 𝜇g of the plasmids (P1, P2,

r P3) in 100 𝜇l of Opti-MEM containing 4 𝜇l Lipofect2000 DNA Trans-

ection Reagent (Thermo Fisher Scientific, USA). Cells were incubated

t 37 °C in 5% CO 2 atmosphere for 48 h. To prepare cell pellets for the

n vitro MRI, cells were trypsinized, suspended in 100 𝜇l PBS and gently

entrifuged at 350 g for 5 min in 0.2 ml PCR tubes ( Mukherjee et al.,

016 ). The cell pellets were then subjected to the MRI experiments as

escribed below. 

All MRI images were acquired in a horizontal bore 7.0 T BioSpec

achine (Bruker, Germany). A surface coil with a diameter of 20 mm

as used in combination with a birdcage transmit coil. To prevent the

onspecific changes in ADC arising from the temperature, the in vitro

RI experiments were conducted under constant temperature ( ∼23 °C)

onditions. For the DWI-MRI experiments of cell pellets, a stimulated

cho based spin-echo DWI sequence was set-up with the following

arameters: TR (repetition time) = 2 s, TE (echo time) = 24.7 ms,

(diffusion gradient duration) = 7 ms, Δ (diffusion gradient inter-

al) = 400 ms, b values = 100, 300, 500, 800, 1000 s·mm 

− 2 , FOV

field of view) = 3.5 × 3.5 cm 

2 , Matrix size = 256 × 256, Slice thick-

ess = 2.5 mm. The scanning time was 2 h 16 min in total. 

.5. Stereotaxic surgery 

Eight-week-old male mice were anesthetized with pentobarbital

odium (50 mg/kg, i.p. ), and positioned in a stereotaxic frame (RWD,

hina). The mouse’s skull was exposed and drilled to allow access to a

lass micropipette (World Precision Instruments, USA). One microliter

f the purified rAAV solution (5 × 10 12 viral genomes/ml in PBS) was

tereotaxically injected into the target region (CPU or Ventral tegmen-

al area (VTA)) based on the stereotaxic coordinates of the mouse brain

tlas (Paxinos and Franklin). All types of rAAV were collected as shown

n Table 1 . The coordinates of the CPU and VTA were provided as fol-

owing: CPU: 0.51 mm anterior to Bregma, 2 mm lateral from midline,

.3 mm depth relative to Bregma, VTA: 3.2 mm posterior to Bregma,

.5 mm lateral from midline, 4.35 mm depth relative to Bregma. The

nfusion rate was 50 nl/min. After the injection, the pipette was kept in

lace for 20 min and then slowly withdrawn. The head skin was care-

ully treated with lidocaine lincomycin gel (Xinya, China) after surgery.

hen the mice were recovered from anesthesia on a warm pad, they

ere returned to the home cages. 
3 
.6. In vivo DWI 

Three weeks after the virus injection, the mice were subjected to

he in vivo MRI experiments. The mice were anesthetized with 3.5–

.0% isoflurane (RWD, China) and maintained with 1.0–1.5% isoflu-

ane. The breathing rate was monitored and maintained at around 60

reaths/min. A warm water pad was used to stabilize the mice body

emperature ( ∼36.5 °C). The mouse brain was scanned using a surface

oil (Diameter: 20 mm), and a birdcage transmit coil. For the DWI-MRI

xperiments, a stimulated echo based spin-echo DWI sequence was uti-

ized with the following parameters: TR = 3 s, TE = 24 ms, 𝛿 = 7 ms,

= 100 ms, b value = 1000 s·mm 

− 2 , FOV = 1.8 × 1.8 cm 

2 , matrix

ize = 100 × 100, slice thickness = 0.8 mm, slice number = 12. The

canning time was 51 min 12 s in total. 

.7. Slice preparation, immunohistochemistry and fluorescence imaging 

After MRI scanning, the mice were anesthetized with an overdose

f pentobarbital sodium (70 mg/kg) followed by cardiac perfusion us-

ng PBS and 4% paraformaldehyde (PFA) solution. The brains were re-

oved and fixed in 4% PFA for 12 h. After fixation, the brains were

ehydrated in 30% (w/v) sucrose for 24 h and sectioned into 40 𝜇m

lices with a freezing microtome (Leica, German). The immunohisto-

hemistry staining was performed to visualize AQP1 expression using

uorescence imaging. Briefly, the brain slices were washed with PBS

hree times (five minutes per wash) and blocked with a blocking solu-

ion (10% normal goat serum and 0.3% Triton X-100 in PBS) for 1 h. The

lices were then incubated with a rabbit anti-AQP1 antibody (ab219055,

bcam) overnight at 4 °C. After antibody incubation, the slices were

ashed with PBS three times (five minutes per wash), followed by in-

ubation with a Cy3-conjugated goat anti-rabbit secondary antibody for

 h at 37 °C in the dark. Nuclei were stained utilizing DAPI (Beyotime,

hina). The brain slices were imaged with the VS120 virtual microscopy

lide scanning system (Olympus, Japan). 

.8. Data analysis 

The raw DWI-MRI data was converted to nifti (hdr/img) format using

he Bruker2Analyze Converter. The brains were manually extracted us-

ng MRIcron software ( https://www.nitrc.org/projects/mricron/ ). The

DC map was calculated in MATLAB (MathWorks, Inc., USA) from the

lope of the logarithmic decay in MRI signal intensity versus b-value. To

ompare ADC values between groups, the DWI images without the diffu-

ion gradient (b0 images) were utilized to make a brain template using

NTs (Advanced Normalization Tools, http://stnava.github.io/ANTs/ ).

https://www.nitrc.org/projects/mricron/
http://stnava.github.io/ANTs/
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b  

b  

g  

A  
he b0 images were normalized to the homemade template using

he antsRegistrationSyN.sh command in ANTs. The 3D volume im-

ge of each mouse was registered to a 3D template. Specifically, the

igid-body, affine and nonlinear transformation were sequentially uti-

ized to align images across different mice. Then the transform in-

ormation was applied to the ADC maps. The aligned ADC maps in

he two groups were compared using the 3dttest ++ function in AFNI

 https://afni.nimh.nih.gov/ ). The FDR (false discovery rate) values were

utomatically generated with the 3dttest ++ , and the results of the

dttest ++ were visualized as overlay by the AFNI GUI and the threshold

FDR q value) was set to 0.05 through the GUI. The t value map was then

verlapped on the homemade template. To quantitatively measure the

DC difference of the brain regions in the two groups, one standard

ouse brain template TMBTA ( www.nitrc.org/projects/tmbta_2019 ),

as transformed to our homemade template. The transform informa-

ion was applied to the eleven ROIs (CSF, SC, CPU_right(R), BLA_R,

LA_left(L), Ctx_R, Ctx_L, Ins_R, Ins_L, Hip_R, Tha_R) as defined in the

MBTA atlas. The average ADC values of the ROIs were obtained and

hen compared with a two-tailed student t -test. Results are presented as

verage ± Standard error (Ave ± SEM). 

. Data and code availability 

The data that support the findings of this study will be made avail-

ble through a public repository ( e.g. OSF repository) upon publica-

ion of this paper. The analysis code is openly available on GitHub

 https://github.com/zhengningapm/retro _ aqp1 ). 

. Results 

.1. AQP1-encoding rAAV vector causes DWI contrast changes in vitro 

nd in vivo 

To examine whether the AQP1-encoding rAAV vector can infect cells

nd function as a DWI reporter, we first conducted the in vitro study in

he BHK21 cells. The cells were transfected with each rAAV transfer

lasmid (P1, P2, or P3) ( Fig. 1 A) and collected for MRI scanning. The

RI results showed that DWI signal intensities in the cells expressing ei-

her AQP1-EGFP or AQP1 decreased compared to those expressing EGFP

lone or the mock control (Sham) ( Fig. 1 B) . Consistently, the ADC of

QP1-expressing cells significantly increased compared to the control

ells ( Fig. 1 C–D) , suggesting that the rAAV vectors encoding the AQP1

ould be used as a DWI reporter. 

We next investigated whether the rAAV encoding AQP1 could be

isualized by the in vivo DWI. The rAAV-AQP1-EGFP or rAAV-EGFP that

llow local expression of the exogenous gene at the initial infection site

ere stereotactically injected into the bilateral CPU regions in the mouse

rain ( Fig. 2 A, n = 4). After 21 days’ infection, the living mouse brain

as imaged using the MRI scanner. The brain region injected with the

AAV-AQP1-EGFP represented a strong DWI contrast and higher ADC

alue than those at the contralateral region ( Fig. 2 A, B ). The expression

f AQP1-EGFP and EGFP in the bilateral CPU regions was confirmed by

mmunohistochemistry staining and fluorescent imaging of brain slices

 Fig. 2 C ). The haematoxylin-eosin staining result revealed that there

as no edema or necrosis in either the AQP1-EGFP or EGFP expressing

rain regions ( Fig. S1 ), which is consistent with findings of a previous

eport ( Mukherjee et al., 2016 ). 

To examine the effect of AQP1-encoding rAAV on the neuronal func-

ions, the patch experiments were conducted in mice infected with the

AAV-AQP1-EGFP and rAAV-EGFP in bilateral CPU regions. The results

howed no significant difference in the fundamental electrical charac-

eristics between the neurons infected with the rAAV-AQP1-EGFP and

AAV-EGFP ( Fig. S2 ). 
4 
.2. Detection of the neural connections using in vivo DWI 

To detect the neural connection of the whole brain in living ani-

als, the retrograde AAV vectors (rAAV2-retro) were utilized to trace

he upstream brain regions of the injected site. Five mice were included

n each group. The rAAV2-retro expressing AQP1-EGFP (rAAV-retro-

QP1-EGFP) or EGFP alone (rAAV-retro-EGFP) were constructed and

icro-injected into the CPU region. 21 days after infection, the living

ouse brain was imaged using the in vivo DWI method. The patterns of

he GFP signals in both groups were similar, suggesting that the differ-

nt rAAV2-retro vectors retrograde to the same brain regions ( Fig. 3 ).

o discernable hypointensity MRI contrast was observed in the brain

nfected with rAAV-retro-EGFP ( Fig. 4 A ). However, the DWI images of

he rAAV-retro-AQP1-EGFP group exhibited a significant change in in-

ensity ( Fig. 4 B ). Hypointensity DWI contrast could be found in multiple

rain regions, including the injection site of the right CPU, Ctx (cere-

ral cortex), BLA (basolateral amygdala), Ins (insular cortex), right Tha

thalamus), right HIP (hippocampus). The ADC map of all mice in the

AAV-retro-AQP1-EGFP and the rAAV-retro-EGFP groups were calcu-

ated and compared. The ADC values of several regions in the rAAV-

etro-AQP1-EGFP group were higher than the rAAV-retro-EGFP group

 Fig. 4 C ) and overlapped with the regions that showed hypointensity

WI signals ( Fig. 4 B ). The presence of AQP1 expression in brain regions

f the rAAV-retro-AQP1-EGFP group was observed using immunohisto-

hemistry staining ( Fig. 4 D ). To illustrate the correlation between the

esults of MRI and immunohistochemistry in the structural brain regions

r sub-regions, the mouse brain atlas (Paxinos and Franklin) was su-

erimposed with the images ( Fig. S3 ). Although the resolution of the

WI-MRI was much lower than the fluorescence imaging, the AQP1 ex-

ression and AQP1-based MRI contrasts could be detected in the same

ocations. Extensive overlap areas of the DWI-MRI contrast and AQP1

xpression signals ( Figs. 4 B–D and S3 ) were also found, suggesting pro-

ounced activity of the AQP1 as a DWI-MRI reporter. These tracing re-

ults are consistent with the reported anatomical connectivity of the CPU

 Davidsson et al., 2019 ; Tervo et al., 2016 ). 

To further validate the MRI-based in vivo neural connections tracing

ethod, the rAAV2-retro-AQP1-EGFP was injected into the VTA region

hat receives abundant input from the cerebral cortex. As found in the

PU region ( Fig. 4 ), the neural connections of VTA were also success-

ully visualized by both MRI and fluorescence imaging approaches ( Fig.

4 ). 

To this end, we have successfully established the rAAV2-retro-AQP1-

GFP that is able to effectively express the AQP1 and trace the neural

onnections visualized by both the in vivo DWI and fluorescent imaging.

.3. Quantification of ADC values in the AQP1 transduction regions 

To quantify the alteration of DWI contrast, the ADC values of the

AAV-retro-AQP1-EGFP and the rAAV-retro-EGFP groups were calcu-

ated and compared. The mean ADC values of AQP1 transduction brain

egions, including the caudate putamen (CPU), basolateral amygdala

BLA), cerebral cortex (Ctx), insular cortex (Ins), thalamus (Tha), hip-

ocampus (Hip), were measured and collected ( Figs. 4 D and 5 A ). The

uperior colliculus (SC) region was selected as the negative control since

either the green fluorescent signal nor the hypointensity DWI contrast

as observed in this region. The ADC values of the cerebrospinal fluid

CSF) were also used as the negative control. Increased ADC values of

he AQP1 transduction regions were detected in the rAAV-retro-AQP1-

GFP group. ( Fig. 5 B ). These results indicate that the CPU-connected

pstream connections were specified using a combination of the rAAV-

etro-AQP1-EGFP vector and the in vivo DWI. 

To compare increases in the AQP1-mediated diffusion of different

rain regions, the changes in ADC (s) of the main diffusion-enhanced

rain regions were calculated relative to the average of the control

roup ( Fig. S5A ). Pairwise comparison of ADC changes showed that

DC changes inHip_R and Tha_R were smaller compared to most of

https://afni.nimh.nih.gov/
http://www.nitrc.org/projects/tmbta_2019
https://github.com/zhengningapm/retro_aqp1
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Fig. 1. Diffusion-weighted MRI (DWI-MRI) of AQP1-expressing BHK21 cells. (A) The diagram of recombinant AAV transfer plasmids encoding each gene of 

interest (GOI), i.e. , AQP1–2A-EGFP, AQP1, or EGFP. The GOI was driven under the CAG promoter and inserted between the inverted terminal repeat sequence (ITR) 

to allow a ubiquitous protein expression in mammalian cells and gene packaging into the AAV particle, respectively. WPRE: Woodchuck Hepatitis Virus (WHP) 

Posttranscriptional Regulatory Element helped to increase transgene expression. pA: the polyA sequence. pAAV-AQP1-EGFP, pAAV-AQP1 and pAAV-EGFP represent 

plasmid names. (B) DWI images of cells expressing AQP1-EGFP, AQP1, or EGFP. BHK21 cells were transfected with AAV transfer plasmids and subjected to in vitro 

DWI. Sham is the untransfected cell control. (C) ADC map of cells corresponding to the DWI images. (D) Average ADC values of each group. Error bars represent the 

means of ADC ± standard error of means. ∗ p < 0.05; ∗ ∗ p < 0.01. 
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he other brain regions ( Fig. S5B ). These results indicate that BLA_R,

tx_R, Ctx_L, Ins_R and Ins_L sent stronger projections to the CPu, while

ip_R and Tha_R sent moderate projections to the CPU. Our results are

asically consistent with the previously reported quantitative analysis

 Dudman et al., 2010 ; Tervo et al., 2016 ). Therefore, the change in

DC of a given brain region could partially reflect the strength of in-

uts that project from this region to the CPu. However, the rAAV-retro

irus might have different infection efficacies and tropisms for different

ypes of neurons in different brain regions, which could also affect the

QP1 expression in brain regions ( Zhu et al., 2019 ). 

.4. Detection of cell type-specific neural connections with in vivo DWI 

The mammalian neurons consist of diverse cell types. It is, thereby,

ritical to characterize the roles of specific cell types in neural net-

orks. In this study, the cell type-specific neural connection of CPU was

xplored using the rAAV2-retro vector that specifically delivers trans-

ene into the Thy1-positive neurons of the Thy1-Cre transgenic mouse

 n = 5/group). The Cre-dependent AQP1 expression cassette was in-

erted into the rAAV transfer plasmid (P5) ( Fig. 6 A ) to generate the

AAV-retro-DIO-AQP1-EGFP for injecting into the CPU of the Thy1-Cre
5 
ouse. Three weeks after the infection, the living mouse brain was im-

ged using in vivo DWI. 

The ADC maps in mice brains infected with the rAAV-retro-DIO-

QP1-EGFP and rAAV-retro-DIO-EGFP (as an AQP1 negative control)

ere calculated and compared. The t values of significant changes were

verlapped on the homemade template as a color dimension ( Fig. 6 B ).

everal brain regions, including Ctx, CPU, Ins, Tha, and BLA of the rAAV-

etro-DIO-AQP1-EGFP group, showed significantly higher ADC values

han those in the rAAV-retro-DIO-EGFP. In the rAAV-retro-DIO-AQP1-

GFP group, the extensive superimpose of the hypointense DWI contrast

nd EGFP signals were detected in the whole brain ( Fig. 6 B, C ). Further-

ore, the EGFP-positive cells in all brain regions that showed DWI con-

rast were identified as Cre-positive (Thy1-positive) neurons ( Fig. S6 ).

his evidence suggests that our system could be implemented to inves-

igate the CPU-connected upstream areas of Thy1-positive neurons. 

. Discussion 

Dissection of the neural connection structures, especially in living an-

mals, is essential to decipher their roles in information processing and

uiding behavior. The current study presents an integration of two at-
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Fig. 2. Detection of AQP1 expression in the mouse brain using DWI-MRI and fluorescent imaging. (A) Representative diffusion-weighted images and ADC 

maps of a coronal and horizontal brain slice injected with rAAV-EGFP and rAAV-AQP1-EGFP at the bilateral CPU regions. The mouse brain was imaged by in vivo 

DWI at 21 days after injection to determine (B) average ADC values and (C) Fluorescence imaging of the bilateral CPU. DWI images of four mice were included in 

the ADC comparison. Error bars represent the means of the ADC ± standard error of means. ∗ ∗ p < 0.01. The expression of AQP1 in the CPU region was detected by 

immunohistochemistry staining (red) signals using rabbit anti-AQP1 and a Cy3-conjugated goat anti-rabbit antibodies as primary and secondary antibodies.. 

Fig. 3. The EGFP fluorescent images of mice injected with AQP1-EGFP or EGFP expressing rAAV2-retro vectors. The rAAV2-retro vectors expressing AQP1- 

EGFP (rAAV-retro-AQP1-EGFP) or EGFP (rAAV-retro-EGFP) were injected in CPU regions of the mouse brain. The patterns of the green fluorescent signal for 

rAAV-retro-AQP1-EGFP and the rAAV-retro-EGFP group are similar suggesting that these two different rAAV2-retro vectors mainly spread into the same brain 

regions. 

6 
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Fig. 4. DWI-MRI and immunohistochemistry staining in the CPU region of the mouse brain injected with the rAAV-retro-EGFP and rAAV-retro-AQP1-EGFP. 

Diffusion-weighted images of brain slices of a mouse injected with (A) rAAV-retro-EGFP and (B) rAAV-retro-AQP1-EGFP. Several brain regions showed hypointensity 

DWI signals, including the right CPU, Ctx, BLA, Ins, right Tha and right HIP. (C) ADC values in the brain of the rAAV-retro-AQP1-EGFP group compared to the 

rAAV-retro-EGFP group were calculated by the voxel-by-voxel t -test. The colorbar represents the t score obtained by the Student’s t -test. Brighter (or whiter) color 

indicates a greater difference. Five mice were included in each group. (D) AQP1 immunohistochemistry staining in the rAAV-retro-AQP1-EGFP group. Red fluorescent 

signals represent the expression of the AQP1 protein. Cell nuclei were counterstained with DAPI (blue). . 

t  

D  

v  

c  

n  

a  

t  

p  

r

5

c

 

i  

g  

w  

d  

w  
ractive techniques, the MRI reporter-encoding rAAV2-retro and in vivo

WI, that are beneficial for the study of brain-wide neural connection in

ivo . AQP1-EGFP encoding rAAV2-retro was utilized to label the CPU-

onnected network, and in vivo DWI was used to visualize the labeled

eural circuits. Combined with the Cre-dependent expression cassette

nd Cre-transgenic mouse line, the methods precisely allow the inves-

igation of cell type-specific neural networks in vivo . The strategy pro-

osed here could facilitate a longitudinal study of neural networks in

odent and possibly non-human primates. 
7 
.1. MRI reporter genes that might be harnessed in the current neural 

ircuit detection strategy 

Unlike MEMRI or DTI, the current neural circuit detection strategy

s based on the combination of neurotropic viruses and MRI reporter

enes, which brings the following advantages. First, the in vivo brain-

ide information of neural connectivity could be readily verified by the

etailed structures of the reporter-labeled neural cell bodies and fibers

ithin individuals. Second, the neural connection of a given cell-type
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Fig. 5. Comparison of the ADC values of the AQP1 transduction areas in the mouse brains injected with rAAV-AQP1-EGFP or rAAV-EGFP at the CPU region. 

(A) The segmented selected regions (AQP1 transduction areas) of the mouse brain. Ctx: cerebral cortex, Ins: insular cortex, CPU: caudate putamen, BLA: basolateral 

amygdala, Tha: thalamus, HIP: hippocampus, CSF: cerebrospinal fluid, SC: superior colliculus. R: Right. L: Left. (B) ADC values of each region were analyzed by the 

t -test. CSF and SC were selected as negative controls. Error bars represent means of ADC values ± standard error of means ∗ p < 0.05; ∗ ∗ p < 0.01. 
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r a specific direction could be traced in vivo . The MRI reporter gene

s the critical element for visualization. The characteristics of the MRI

eporter, such as stabilizing in the rAAV genome, adequate expression,

roper protein folding, and providing sufficient MRI contrast without

xogenous reagents, are essential for distinguished visualization in the

urrent strategy. Here, the advantages and limitations of genetically en-

oded MRI reporters are described regarding their biological function

nd sensitivity. 

Ferritin is one of the most studied MRI reporter gene, and it causes

trong hypointense MRI contrast through recruiting iron ions. How-

ver, this is influenced by the abundance of iron in the intracellular

nvironment and iron ions’ supplement rate, resulting in a time de-
8 
ay between ferritin expression and MRI signal change, as reported in

revious studies ( Cai et al., 2021 ; Zheng et al., 2019 ). Unlike ferritin,

he AQP1 alters the DWI-MRI signal by affecting the diffusion of wa-

er molecules which can lower the latency time between AQP1 expres-

ion and MRI signal change compared to the ferritin ( Cai et al., 2021 ).

he urea transporter (UT-B) alters transmembrane water exchange and

as recently identified as a sensitive MRI reporter ( Schilling et al.,

017 ). Nonetheless, the specifically designed pulse sequences are re-

uired to obtain the MRI signal through filter-exchange imaging (FEXI).

he MRI contrast caused by the AQP1 could be directly detected by

he stimulated-echo-based DWI pulse sequence, which is ubiquitous in

 standard MRI equipment ( Mukherjee et al., 2016 ; Schilling et al.,
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Fig. 6. DWI-MRI and fluorescent images of mice injected with rAAV-retro encoding DOI-AQP1-EGFP or DIO-EGFP. (A) The diagram of the rAAV2-retro 

virus genome that encoded the Cre-dependent AQP1-EGFP gene. The black and white triangles represent two different loxP sites to allow AQP1-GFP expression in 

the presence of Cre recombinase. AQP1-EGFP expression only occurs in cells expressing the Cre recombinase. (B) ADC values of brains of mice injected with the 

rAAV-DIO-AQP1-EGFP compared with the rAAV-retro-DIO-EGFP using the voxel-by-voxel t -test. Five mice were included in each group. (C) The EGFP fluorescence 

images of a mouse brain in the rAAV-retro-DIO-AQP1-EGFP group. 
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017 ). Furthermore, the divalent metal transporter, DMT1, that al-

ows increased manganese uptake in DMT1 expressing cells, was demon-

trated as a reporter gene. It could sensitively be detected with enhanced

EMRI signal ( Bartelle et al., 2013 ). However, the systemic exposure

o manganese toxicity might limit its application and clinical transla-

ion. The organic anion transporting protein, Oatp1a1, mediates the

ptake of a Gd 3 + -based MRI contrast agent and produces intense T1-

eighted MRI contrast. It also provides large positive MRI contrast with

estricted background ( Patrick et al., 2014 ). Since the Gd 3 + -based MRI

ontrast agents have been approved clinically, the Oatp1a1 based MRI

eporter system is promising for future clinical translation. Thus, the

atp1a1 gene could be cloned into a rAAV genome and used to opti-

ize the current method in the future. The artificially engineered fMRI

eporter genes, nitric oxide synthases for targeting image contrast (NOS-

ICs), were established and validated in a recent paper ( Ghosh et al.,

022 ). NOSTIC probes can transduce cytosolic calcium dynamics to

ocalized hemodynamic responses through the local formation of the

aseous vasodilator nitric oxide (NO), so that they can report neural ac-

ivation and allow functional dissection of the neural circuit. Although

QP1-encoding viral vectors were designed and utilized to trace the

tructural neural connections in the current study, the AQP1 has the
 r  

9 
otential to be engineered as a functionally responsive reporter like

OSTIC. 

.2. rAAV vector serotypes that could be utilized for in vivo neural circuit 

issection 

The rAAV vector has significantly advanced our understanding of

oth the structure and function of neural networks ( Betley and Stern-

on, 2011 ; Chan et al., 2017 ; Tenenbaum et al., 2004 ). AAVs have been

lassified into numerous serotypes according to their distinct capsid

tructures, resulting in differences in tissue tropism and transport char-

cteristics ( Agbandje-McKenna and Kleinschmidt, 2011 ). The rAAVs can

nterograde, retrograde, or bidirectionally transport in neurons and neu-

al circuits dependent on their serotypes and concentrations. For exam-

le, AAV1 and AAV9 serotypes are anterograde trans-synaptic viruses

pecifically enabling cross-synapse transduction for anterograde neural

etwork labeling ( Haggerty et al., 2020 ; Zingg et al., 2017 ). The AAV5

arrying glial fibrillary acidic protein (GFAP)/GfaABC1D promoter for

strocyte targeting ( Griffin et al., 2019 ; Yu et al., 2020 ) could be used to

tudy synaptic connections between neurons and astrocytes. The rAAV2-

etro vector applied in the current study enters neurons from nerve ter-
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inals, retrograde transports to the axon, and reaches the nucleus for

ene transduction ( Tervo et al., 2016 ). With the help of other kinds of

QP1 encoding rAAV vectors, the neural networks of the spread in dif-

erent directions could be dissected in vivo . 

.3. Dissection of the cell type-specific neural circuit 

The mammalian neurons include numerous cell types connected to

he network via trillions of synapses. It is critical to restrict the trans-

uction of the reporter or modulator genes in specific cell populations

ithin precise locations of circuits of interest ( Luo et al., 2008 , 2018 ) so

s to dissect the participating cell types and their connections in neural

etworks. Combined with a Cre/loxP-mediated recombination strategy,

he insertion of the DIO element together with the gene of interest in the

AAV genome is advantageous for promoting transgene expression in the

pecific neuronal cell types expressing Cre recombinase ( McLellan et al.,

017 ; Van Duyne, 2001 ). The rAAV vector and Cre/Loxp-based recom-

ination were used in our study to provide transgene expression in a

pecific neuron type (Thy1-positive neurons). The neural connections

f other neuron types could be dissected using other Cre line transgenic

ice, such as DAT-Cre mice, which could be an important application

o the current method. Using cell type-specific promoters is another pro-

edure to improve transgene expression in particular cells. For instance,

a 2 + /calmodulin-dependent protein kinase II alpha (CamKIIa) promoter

as applied to restrict the transgene expression in neurons expressing

aMKIIa ( Kellendonk et al., 2006 ; Tsien et al., 1996 ). 

.4. The MRI scanning time could be shortened 

The DWI-MRI experiments in the current study were conducted on a

T MRI scanner with a fifty-one-minute spin-echo-based DWI pulse se-

uence, which is time-consuming. In future application, the MRI scan-

ing could be implemented on an MRI scanner of higher field strength

o obtain higher sensitivity and reduce the scanning time without af-

ecting the signal-to-noise ratio. We performed the MRI experiments on

 9.4 Tesla scanner with a thirteen-minute echo-planar imaging-based

WI sequence (EPI-DWI). The results showed that the dark DWI signals

f virus-infected regions were also apparent on 9.4T MRI images ( Fig.

7 ). Thus, the MRI scanning time in a further application study could

e efficiently shortened with a higher field MRI scanner. 

.5. Limitation and perspectives 

The neural circuit detection method based on the in vivo MRI could

e beneficial for conducting longitudinal studies and translational re-

earch, and is convenient as it provides brain-wide global information

or further local histology and optical studies. However, there are still

ome limitations to be solved in future studies. For instance, the t -test

aps of the in vivo MRI results were partially overlapped with the fluo-

escent images, which could be caused by the following reasons. Firstly,

he fluorescent images are the representative images from an individual

ouse, while the t -test maps were the results of group analysis. Sec-

ndly, the slice thickness was different (800 𝜇m vs 40 𝜇m), and the

ngle of the imaging was very difficult to be kept exactly the same.

hirdly, the fixation and frozen section of the tissue for optical imaging

ould cause the shrinkage or other distortions to the slices. In addition,

he relatively low spatial resolution of the MRI makes it difficult to dis-

inguish small brain regions or sub-regions. Another limitation is the

elatively low MRI SNR (signal-to-noise ratio) of the DWI sequences. At

rst, the b value was set to 1000 s/mm 

2 in the diffusion weighted imag-

ng, which attenuated the MRI signals. Then, we accessed long diffusion

imes (100 ms) by stimulated echo DWI according to a previous reported

tudy ( Mukherjee et al., 2016 ). The stimulated echo here was produced

y three 90° pulses. The stimulated echo intensity is only half of a spin

cho taken at the same readout time ( i.e. , the time corresponding to the

rst and third intervals of the three-pulse sequence). The higher field
10 
trength of the MRI scanner and longer imaging time can, to some ex-

ent, alleviate this problem. 

To target a specific brain region, the rAAV vectors were stereotaxi-

ally injected into the brain regions in this study, which is slightly

nvasive. Through a completely non-invasive technology, the focused

ltrasound blood-brain barrier opening (FUS-BBBO), rAAV could also

e directly delivered to the targeted brain region. The FUS-BBBO has

een verified to permit the delivery of multiple AAV serotypes to the

rain in several animal species ( Alonso et al., 2013 ; Choi et al., 2007 ;

zablowski et al., 2018 ; Thévenot et al., 2012 ; Wang et al., 2015 ). Com-

ining the non-invasive gene delivery and MRI imaging, this in vivo

eural connection tracing strategy could open a new avenue for neural

ircuit study in non-human primates ( Carpentier et al., 2016 ). Further-

ore, the AQP1-encoding rAAV vector would simultaneously deliver

unctional elements such as channelrhodopsin-2 (ChR2) and human M3

uscarinic DREADD (hM3Dq) to investigate neuronal functions using

ptogenetic and chemogenetic techniques, respectively. Together with

he in vivo MRI, these approaches could also be beneficial for further

eural manipulation. 

. Conclusion 

The current work proposed a novel approach that enables in vivo

etection of brain-wide neural connections. With the insertion of the

QP1 gene in the rAAV2-retro and DWI-MRI imaging method, the CPU-

onnected upstream network was dissected in vivo . The CPU-connected

ell type-specific network was also successfully examined with the in

ivo DWI-MRI in a Cre-transgenic mouse line transduced by the rAAV2-

etro encoding Cre-dependent AQP1 gene. These strategies are valuable

or longitudinal studies examining dynamic changes in neural networks

nder physiological and pathological conditions. They would facilitate

he neural-network analysis in larger animals such as non-human pri-

ates. 
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