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Over the past 20 years, gene therapy has been developed 
greatly [1]. In particular, recombinant adeno-associated 
Viruses (rAAV) are commonly used for delivering genes 
and vaccines. Safety and efficacy have been evaluated 
in the clinical trials of therapies for different diseases, 
including Leber’s congenital amaurosis type 2, Duchenne 
muscular dystrophy, and hemophilia B [2–5]. 

AAVs are a kind of non-enveloped single-stranded 
DNA virus classified as a parvovirus, and their replication 
depends on the presence of adenoviruses or herpes 
simplex viruses (also called helper viruses) [6]. They can 
establish a latent infection in different cell types while 
having no association with any human disease, making 

them potential vectors for carrying exogenous transgenes. 
With genetic engineering, genomes as big as 4.7 kilobases 
can be loaded and inserted in a region flanked by two 
inverted terminal repeats, rep for AAV replication and cap 
for structure proteins and helper genes, and therapeutic 
rAAV can be produced. 

Variant AAV capsid sequences generate different 
serotypes, and currently the 11 most common AAV 
variants (AAV1–AAV11) have been elucidated from 
human and non-human tissues [7]. Most serotypes show 
neuron tropism, including AAV1, AAV2, AAV5, and 
AAV9 [8–10]. These neurotropic viral vectors are promising 
candidates for the treatment of central nervous system 
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Abstract Objective  To verify the neurotypicality of AAV-PHP.eB after tail vein injection in adult mice and its 
efficiency in crossing the blood-brain barrier (BBB).
Methods  The rAAV-SYN-GFP plasmid was constructed, and adult C57BL mice were injected with AAV-
PHP.eB: SYN-GFP in the tail vein (300 nL, virus titer 3 × 109 vg) and in the prefrontal lobe (50 L, virus titer 
5 × 1011 vg). The green fluorescent protein (GFP) signal in the brain was observed at two weeks, while the 
GFP signal in the peripheral organs was observed at four weeks. 
Results  Two weeks after tail vein injection, GFP expression was observed throughout the brain, 
especially in the cortex, hippocampus, and geniculate nucleus. No GFP signal was observed or detected 
by western blotting in the peripheral organs after four weeks. GFP signal was observed mainly at the local 
site after prefrontal lobe injection.
Conclusion  AAV-PHP.eB: SYN-GFP can effectively cross the BBB in adult mice. Using a neuron-specific 
promoter allows exogenous gene expression in neurons; therefore, AAV-PHP.eB can be used as an 
effective carrier for studying diseases in the central nervous system (CNS).
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(CNS) diseases.
With increasing interests in gene therapy for CNS 

diseases, more basic research and pre-clinical trials are 
currently being conducted. A key issue is finding efficient 
vector delivery strategies to overcome limited rAAV 
transduction efficiency due to the blood-brain barrier 
(BBB). Though direct intracranial injection is effective 
for diseases with a localized lesion such as Parkinson’s 
disease, other diseases such as glioblastoma multiforme 
(GBM), lysosomal storage diseases (LSDs), Alzheimer’s 
disease, and Canavan’s disease require widespread vector 
delivery to systematically manipulate pathological 
changes [11–14]. Under these circumstances, a better 
approach is to administer the vectors through vasculature 
injections for global delivery [15]. In addition, in contrast 
to intracranial injections that can cause brain injury, 
relatively noninvasive intravenous or intra-arterial 
injections can lower surgical risks. 

Among the mentioned neurotropic characteristic of 
AAV serotype variants, AAV9 is the only serotype that 
can efficiently get through the BBB after intravenous 
injection in adult murine models [16], which makes 
it practical for further studies on noninvasive viral 
injection targeting the CNS [17]. According to a review 
in 2017, AAV-PHP.eB has been applied in clinical trials 
on neurodegenerative disorders including Parkinson’s 
disease [19-20] and Alzheimer’s disease [15].

Besides neurotropic serotypes, strong expression 
promoters like cytomegalovirus (CMV), CMV early 
enhancer/chicken b-actin (CAG), and phosphoglycerate 
kinase promoters are also considered and are the 
most widely used in AAV vectors for robust transgene 
expression, both in neurons and non-neuronal cells such 
as motor neurons, astrocytes, and Purkinje cells [21, 16]. 
Different neurons in the CNS form circuits involved in 
relative independent functions; thus, how to target a gene 
to a particular area and how it performs under expected 
conditions are big challenges for AAV clinical application, 
driving us to carefully consider expression patterns 
after AAV transduction. Cell type-specific transgene 
expression can provide a more tailored expression pattern 
by targeting certain cell types during pathogenesis. 
Human synapsin (hSyn) is a commonly used promoter to 
limit expression in neurons [22]. 

According to an updated report, AAV-PHP.eB 
performs as the most efficient serotype that can cross 
the BBB and rapidly diffuse in the CNS after intravenous 
administration. We want to establish a noninvasive 
delivery strategy with a high transduction efficiency and 
tissue specificity. Here, we report that, by applying the 
Syn promoter with the regulatory element WPRE that 
can improve GFP expression, we observed high neuronal 
specificity of expression and high efficiency of delivery of 
the exogenous gene in the nervous system, demonstrating 

the tissue specificity and the potential for wider usage of 
this gene delivery strategy. 

Materials and Methods

Animals 
C57BL mice were bought from Shanghai Jiesijie 

Laboratory Animal Technology Company.

Vector design and virus production
Vector information containing the hSyn promoter was 

obtained on Addgene (No.50465), and the gene vector 
hSyn-EGFP is as follows (Fig.1).

Plasmid AAV-PHP.eB was purchased from PackGene 
Biotech, LLC. The vector genome, the helper plasmid 
containing cap9 sequences, and adenovirus genes were 
transfected into 293 cells, and the virus was harvested 
from lytic 293 cells and culture supernatants. A dose of 1 
× 1013 vector genomes (vg) virus was obtained for animal 
injection.

Virus administration
Virus injections were carried out in 8-week-old male 

C57BL mice with body weight of 250–300 g. In order to 
find the vessel, two white mice were injected in the tail 
vein, while the virus was delivered through the prefrontal 
lobe in two black mice assisted with a brain stereotaxic 
apparatus (Olympus, Japan).

Tissue preparation
At two and at four weeks after administration, 

one mouse of each injection route was obtained for 
cardiac perfusion. Phosphate-buffered saline (PBS) 
was kept running, followed by treatment with 4% 
paraformaldehyde (wt/vol) until the limbs of the mouse 
became stiff. Then, the brain and the internal organs, 
including the heart, liver, kidney, and lungs, were 
immersed in 4% paraformaldehyde and stored at 4 °C 
overnight. After dehydration by 15% and 30% (wt/
vol) sucrose, tissues were embedded in Optimal Cutting 
Temperature compound and frozen at –80 °C for cryostat 
sectioning (Thermo).

Immunohistochemistry 
Tissue slices (50 mm) were obtained for fluorescent 

staining. Briefly, slides were incubated at room 
temperature and washed with 10 mM PBS (pH 7.4) 
three times before blocking with 5% bovine serum 
albumin (BSA) and 0.3% Triton X-100 in 10 mM PBS 
for two hours. After washing with PBS three times, the 
slices were incubated with primary rabbit-derived GFP 
antibody (1:1000; Vector, USA) overnight at 4°C. Slices 
were subsequently washed with PBS, incubated with 
fluorescent dye labeled with donkey anti-rabbit IgG (488, 
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1:1000; Alexa Fluor, Invitrogen) for 30 mins, and then 
stained with DAPI (1:400; Haoran Biotech, Shanghai) 
for 20 mins to label the nuclei. After washing with PBS, 
the slides were mounted with non-fluorescent mounting 
media (Hydromount). Images were captured through a 
confocal microscope (Nikon-TIE-A1, Japan). 

Western blotting
Tissue sections obtained from the brain, heart, kidney, 

lung, and stomach of intravenously injected mice were 
homogenized for western blotting. Primary antibodies of 
mouse anti-GFP (1:3000; Abcam, USA) and mouse anti-
actin (1:5000; ProteinTech, USA) were added. Peroxidase-
conjugated goat anti-mouse IgG secondary antibody 
(1:5000; Yeasen, China) was used. Protein bands were 
visualized by western blotting substrate (Tanon, China) 
and imaged using the chemiluminescence instrument 
(Tanon, China).

Results

First, we constructed a plasmid in which the AAV-
PHP.eB sequence mediated the expression of EGFP under 
the control of the Syn promoter (Fig. 1). Then, virus was 
harvested from 293 cells and supernatants. Finally, we got 
1 × 1013 vector genomes (vg) high-titer viral preparations.

In order to compare the transduction efficacy of 
different routes of administration, we separately 
employed tail vein injection and intracranial injection 
in 8-week-old non-transgenic mice (C57BL), as 
demonstrated in Fig. 2a. Two weeks after tail vein AAV-
SYN-GFP administration, the global-scale nervous 
system was labeled by GFP fluorescence (Fig. 2b). GFP 
was particularly and strongly expressed in the cerebral 
cortex, hippocampus, geniculate nucleus, and cerebellar 
Purkinje fibers (Fig. 2d, 2e). Strong GFP fluorescence was 
also observed near the area of vector delivery two weeks 
after intracranial injection (Fig. 2c); beyond that area, 
GFP signal was sparsely observed. These results showed 
the global expression pattern of the target gene delivered 
by tail vain administration and that its efficacy is greater 
than that by prefrontal lobe injection. As previously 
described, we also further confirmed that these vectors 
can cross the BBB.

As GFP was driven by the neuron-specific promoter 
Syn, we clarified the GFP fluorescence in the internal 
organs four weeks after intravenous delivery. Though the 
background signal was high, we found scarce punctiform 
GFP signals in other tissues, including the kidney, lung, 
heart, stomach, and liver (Fig. 3). The result demonstrated 
high CNS specificity using AAV-PHP.eB with a neuron-
specific promoter. In the liver, we observed different 
sectioned areas with high fluorescent background, but 
observed limited GFP signal. In order to further clarify 

the neurotropic characteristic of AAV vectors, tissues 
from different organs, including the midbrain, heart, 
kidney, lung, and stomach, were homogenized for 
western blotting (Fig. 4). Results further confirmed that 
GFP was only expressed in the brain, demonstrating the 
tissue-specific expression pattern of AAV vectors.

Discussion

Here, we demonstrated the capability of the new 
AAV capsid AAV-PHP.eB vector for specific targeting 
driven by a specific promoter with a substantial dose. We 
clarified that AAV-PHP.eB has two important advantages 
for application in gene therapy: First, the low required 

Fig. 2  Global GFP expression in the central nervous system after AAV-
PHP.eB: SYN-GFP intravenous injection. (a) Schematic view depicting 
the operation of AAV-PHP.eB injection into the tail vein and the prefrontal 
lobe of an adult C57BL mouse; (b) After virus injection through the tail 
vein at 5 × 1011 vg per viral vector, the whole brain area showed strong 
GFP expression, especially in the cortex, hippocampus, and geniculate 
nucleus; (c) The virus was directly injected into the prefrontal lobe at 3 
× 109 vg per viral vector. The GFP fluorescence of the entire brain tissue 
was mainly concentrated around the injection site; (d) GFP-positive local 
area of cerebral cortex via tail vein injection; (e) GFP-positive local area 
of cerebellar Purkinje fibers

Fig. 1  Schematic view of gene vector



4  http://otm.tjh.com.cn

viral dose of AAV-PHP.eB (~1011 vg) that can cross the 
BBB and achieve effective expression in the target area 
via a tissue-specific promoter. Second, intravenous 
administration of AAV-PHP.eB: SYN showed little off-
target effects on the liver, lung, and other peripheral 
organs.

It was previously reported that, after intravenous 
injection of AAV9, infected cells can be found in the CNS 
and in the peripheral nervous system (PNS) in neonatal 
mice, and in astrocytes and some hippocampal neurons 
during adulthood [23–24]. This initiated the development 
of various noninvasive viral delivery systems for the 
treatment of diseases of the CNS. To date, noninvasive 
gene delivery systems targeting the CNS have been 
widely increasing. It was reported that three fluorescent 
proteins were separately packed into AAV-PHP.eB 
with hSyn1 promoter and mixed vectors showed the 
multicolor hues in the cortex, striatum, and cerebellum 
after intravenous administration in non-transgenic mice. 
This indicated efficient transduction, and that AAV-PHP.
eB with a neuron-specific promoter can be a promising 
tool for gene delivery to specific cell types in the brain. 
More interestingly, another type of AAV-PHP.S capsid 
was also reported to specifically transduce dorsal root 
ganglia, as well as cardiac and enteric neurons [25].

For viral gene therapy targeting CNS diseases in the 
future, it should be carefully considered if the goal is to 
express the target gene in as many cells systemically, or 
to express the gene in target cells of a local region. In the 
brain, rAAV9 delivery can initially transduce neurons 
and astrocytes using a strong CBA promoter, though the 
ratios varied across studies [23, 26].

Our experiment used the most common neuron-specific 
promoter hSyn. We clearly observed GFP expression in 
many regions, including the cortex and hippocampus, the 
two most studied areas for brain function. We observed 
a wider GFP expression pattern in the substantia nigra 
pars reticulata, motor cortex, and hippocampus by 
neonatal intracerebroventricular injection of rAAV9 [27], 
which is consistent with our observation, demonstrating 
that intravascular injection in adult mice also shows 
efficient transduction results like that in neonatal mice. 
Since rAAV9 reduces neurotropism and favors astroglial 
transduction as mice grow up, using a cell type-specific 
promoter can avoid this change; however, how the 
transduction efficiency is affected at different stages still 
requires further study. In addition, whether engineered 
AAV-PHP.eB shows a different transduction efficiency 
compared with that of rAAV9 also requires further 
clarification. All these studies are critical for determining 
the best injection window and load in treating long-term 
progressive diseases.

In order to study the function of genes in different 
brain diseases, as well as to find therapeutic targets, more 

Fig. 3  No GFP signal was observed in the internal organs with AAV-
PHP.eB: SYN-GFP intravenous injection after 4 weeks. Images show 
fluorescence expression by 2 different channels. Representative images 
of GFP channel (column a, green) and DAPI channel (column b, blue). (c) 
Amplified tissue images in red frame of column a. Scale bars were 300 
µm (a, b) and 110 µm (c)

Fig. 4  No GFP expression in the internal organ tissues with AAV-PHP.
eB: SYN-GFP intravenous injection after 4 weeks. The results further 
confirmed that GFP was expressed only in midbrain tissues
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tissue-specific promoters like CamkIIa for excitatory 
neurons and strong promoters like CMV and CAG should 
be tested [28–29]. This will promote further studies and 
applications of AAV gene therapy in CNS diseases in the 
future. 

No current clinical treatments can prevent the 
progression of CNS diseases; however, gene therapy 
has a strong potential to “permanently” cure disease by 
replacing a dysfunctional copy of a gene with a normal 
one [24]. Though many challenges from basic research to 
technical application remain to be addressed, clinical 
gene delivery trials with AAV-PHP.eB are increasing, 
and we believe that these will push viral gene therapy 
forward.
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