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Abstract

Adeno-associated virus (AAV) vectors delivered at the axonal terminals can be retrogradely transported toward
neuronal cell bodies throughout the axons. This retrograde phenomenon can serve as a powerful tool for experi-
ments and gene therapy using AAVs. The advantages of using AAV vectors delivered retrogradely are greater
cellular specificity, high transduction efficiency, increased safety, and absence of cytotoxicity. The numerous axo-
nal projections in the nervous system provide a neuronal network for the convenient and widespread distribution
of viral vectors between adjacent brain structures and over long distances. The retrograde efficiency of AAVs in
the neurons of the central nervous system (CNS) depends on AAV serotype, the region of injection, and the type
of neurons. In this review, we describe AAV serotypes and their retrograde transport properties after injection
and discuss brain structures or types of cells that are targeted for retrograde transport. In particular, AAV sero-
types 2, 5, 8, 9, rh10, and PHP.eB are extensively reviewed as they demonstrate retrograde transport potential
suitable for use in gene therapy applications.
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Introduction

Axonal transport is a critical physiological process in-
volving the transfer of material between the cell body
and the axonal terminal of neurons. Materials delivered
for the axons are transported in the anterograde direc-
tion toward the axonal terminal. Materials returning to
the cell body are transported retrogradely toward the
cell body (Fig. 1; Tervo et al., 2016). The retrograde
transport phenomenon in neurons is the basis for de-
livering therapeutic molecules by viral vectors. Adeno-
associated virus (AAV) vectors are a diverse group of
tools for gene therapy that have shown significant evi-
dence of safety and transduction efficacy in several spe-
cies. They are the most frequently used gene therapy
vectors for the central nervous system (CNS) as they are
nonpathogenic and can transduce dividing and quiescent
cells in vivo (Choudhury et al., 2017; Hadaczek et al.,
2010). The important characteristics of the AAV viral
vectors are their negligible immunogenicity and absence
of cytotoxicity.

The AAV-based expression of therapeutic genes and
molecules can be sustained for several months in some
cells (Nathwani et al., 2011). The most frequently stu-
died serotypes of AAV vectors are 1, 2, 5, 8, 9, recombi-
nant human (rh)10, and PHP.eB, which additionally de-
monstrate abilities to be transported along the neuronal
processes in both anterograde and retrograde manner.
Retrograde transport of AAV vectors is an interesting
phenomenon because of the numerous axonal projec-
tions in the nervous system. Precise vector delivery to
the axonal terminals allows their transport within ad-
jacent brain structures and over long distances. There-
fore, there is ongoing research to understand the retro-
grade properties of strains of other viruses, including
adenoviruses, which can infect neurons when administe-
red directly to the nervous system (Cearley and Wolfe,
2006; Dayton et al., 2018; Klein et al., 2008; Wang and
Zhang, 2021). Developing a nontoxic, easy-to-produce vi-
ral vector that allows flexible packaging of different
transgenes, is highly internalized and retrogradely trans-
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ported across axons, and supports the long-term, high-
level expression of cargo has been a research goal of
many scientific groups for the last two decades. The high
therapeutic potential due to the retrograde properties of
AAV makes it reasonable to expand our knowledge in
this field. Therefore, we reviewed the literature on AAV
considering three factors: serotype, region of injection,
and region/cell type in which retrograde transport was
targeted (Table 1).

AAV serotype 2 

The retrograde properties of the AAV2 vector were
reported by Kaspar et al. (2002). AAV2 was directly in-
jected into the axon terminal fields in the rat hippo-
campus and striatum. This placement of AAV2 in the
vicinity of the axons resulted in viral internalization, re-
trograde transport, and transgene expression in specific
projection neurons in the entorhinal cortex and sub-
stantia nigra. Therefore, the transgene expression by
AAV2 can be located remotely from the injection site of
the AAV. In another study, Passini et al. (2005) injected
AAV2 into the hippocampus of a mouse model of Nie-
mann–Pick disease. This injection of the vector resulted
in the transduction of all primary cell layers of the ipsi-
lateral hippocampus. In addition, the entorhinal cortex,
medial septum, and contralateral hippocampus were also
transduced, probably due to the retrograde axonal trans-
port of AAV2 particles. Recently, a new AAV2-retro sero-
type has been generated with enhanced retrograde capa-
bilities as compared to AAV2. The AAV2-retro serotype
was used to test the retrograde transport pathway be-
tween the pontine medial parabrachial nucleus (MPB)
and the cerebellum lobules. To examine axonal termi-
nals of cerebellar Purkinje cells (PCs) projecting to the
MPB, the authors unilaterally injected Fast Blue and the
AAV2-retro vector as retrograde markers into the MPB.
The PC in lobules VIII–X were retrogradely labeled by
Fast Blue and AAV2-retro, but no retrograde-labeled PCs
were observed in lobules VI–VII and the cerebellar
hemispheres. These results indicate that PCs in lobules
VIII–X directly project their axons to the ipsilateral
MPB, but not those in lobules VI–VII (Hashimoto et al.,
2018). Recently, retrograde properties have also been
reported for serotype AAV2/DJ and mouse brain striatal
injections, which targeted cells in the substantia nigra
(Düring et al., 2020). The CNS retrograde capabilities of
AAV2 and other serotypes are summarized in Table 1
(Itoga et al., 2019; Jara et al., 2012; Zheng et al., 2020).

AAV serotype 5 

The striatum and thalamus have multiple axonal
projections, resulting in dense interconnections with
other brain regions. This neuronal network allows for
targeting these regions by AAV and retrograde transport
in therapeutic approaches for neurodegenerative disea-
ses. Therefore, to investigate the transduction pattern,
AAV5-based vectors were injected into the rat striatum
and thalamus (Pietersz et al., 2020) (Table 1). Because
the transduced cell bodies appeared relatively far from
the AAV5 injection site, the authors suggest that this
transduction pattern results from retrograde transport.
For instance, after striatal injection, vector expression
was observed in the cortex, thalamus, and hippocampus
and thus at a remote location from the injection site.
Aschauer et al. (2013) examined the transport of rAAV
serotypes in the CNS. They searched for the presence
of green fluorescent protein (GFP)+ cell bodies located
at distances of more than 500 μm from the injection site
that could not be explained by the simple diffusion of the
virus. The authors observed that the injection of rAAV5
into the dentate gyrus of the hippocampus led to the
labeling of cell bodies in the ipsilateral lateral entorhinal
cortex and to a lesser extent in the contralateral ento-
rhinal cortex in all injected mice. To test whether GFP
labeling is due to specific retrograde axonal transport of
AAV5, the authors co-injected GFP-encoding rAAV5 with
the retrograde tracer Cholera Toxin B (CTB). In all in-
jected mice, GFP expression was almost exclusively
observed in cells that were also labeled with CTB. Intri-
guingly, the rAAV5-labeled cells were most frequent in
layer 2 of the ventral part of the lateral entorhinal cortex,
potentially labeling a distinct sub-population of projection
neurons. The retrograde characteristics of the AAV5 sero-
type in the CNS are well established and are further indi-
cated in other studies (Haenraets et al., 2017). 

AAV serotype 8

The retrograde properties of AAV8 in the CNS
(Table 1) have been described in several research stu-
dies (Castle et al., 2014; Klaw et al., 2013; Löw et al.,
2013; Parfitt et al., 2017; Pina and Cunningham, 2017;
Taymans et al., 2007). The retrograde transport of AAV8
was evaluated between the ventral hippocampus and the
lateral septum or the medial prefrontal cortex (Parfitt
et al., 2017). The authors observed a retrograde migra-
tion of the fluorescent mCherry reporter along the axons 
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Table 1. Retrograde transduction characteristics of selected AAV serotypes in the CNS

Serotype Region of injection Retrograde transport target region Reference

AAV2 hippocampus, striatum
neurons in the entorhinal cortex, medial
septum, contralateral hippocampus,
and substantia nigra

Kaspar et al., 2002; Passini
et al., 2005

AAV2-retro cerebellum-medial para-
brachial nucleus cerebellar purkinje cells in lobules VIII–X Hashimoto et al., 2018

AAV2-retro olfactory cortex

bed nucleus of the stria terminalis, anterior
cortical amygdalar area, medial amygdaloid
nucleus, and posteromedial cortical amygda-
loid area

Zheng et al., 2020

AAV2/DJ striatum, area X substantia nigra, ventral tegmental area Düring et al., 2020

AAV5 striatum, thalamus neurons in the cortex, thalamus, and hippo-
campus Pietersz et al., 2020

AAV5 hippocampus (dentate gyrus) ipsilateral lateral entorhinal cortex Aschauer et al., 2013

AAV8 ventral hippocampus lateral septum and medial prefrontal cortex Parfitt et al., 2017

AAV8 ventral tegmental area bed nucleus of the stria terminalis Pina and Cunningham, 2017

AAV8 striatum substantia nigra Masamizu et al., 2011

rAAV8 hippocampus deep cerebellar nuclei Bohne et al., 2019

AAV9 striatum substantia nigra Masamizu et al., 2011

AAV9 nucleus accumbens shell ventral tegmental area Li et al., 2019

AAV9 ventral tegmental area substantia nigra Cearley and Wolfe, 2007

AAV9 putamen thalamic, cortical neurons, and substantia
nigra Green et al., 2016

rAAV9
primary motor cortex, visual
cortex, striatum, and somato-
sensory cortex

thalamus, motor cortex, somatosensory cor-
tex, contralateral primary motor cortex, la-
teral geniculate nucleus, substantia nigra,
and motor cortex

Commisso et al., 2018

AAVrh10 ventral tegmental area substantia nigra Cearley and Wolfe, 2007

AAVrh10 striatum thalamus, cortex ventral tegmental area Piguet et al., 2012

PHP.eB Deep cerebellar nuclei purkinje cells (unpublished data)

from the injection site to the frontal part of the brain,
i.e., the lateral septum and the medial prefrontal cortex.
Based on immunohistochemical markers and gene ex-
pression, Pina and Cunningham (2017) demonstrated
the retrograde properties of the AAV8 vector. The
authors stereotactically injected the vector into the ven-
tral tegmental area (VTA) and showed that the reporter
delivered along with serotype 8 was localized in the VTA-
projecting bed nucleus of the stria terminalis (BNST)
neurons. The signal observed in axons and bodies of
BNST neurons indicates retrograde transport between
the VTA and BNST. The AAVs were also tested to de-
termine their retrograde properties and the remote
targets when delivered into the striatum. Transduction
efficiency and signal tracing were assessed using the

fluorescent marker GFP, which was detected in the sub-
stantia nigra following AAV8-eGFP or AAV9-eGFP in-
jection into the striatum. The authors found that the
nigrostriatal pathway contributed to the retrograde
transport of AAV8 (Masamizu et al., 2011). Serotype
rAAV8 was used to assess the retrograde transport path-
way between the thalamus and the deep cerebellar nu-
clei (DCN) (Bohne et al., 2019). The thalamic injections
of the rAAV8 serotype demonstrated that the GFP signal
moved to the DCN. 

AAV serotype 9 

AAV9 also showed retrograde properties (Table 1);
however, its transduction efficiency of the DCN was
lower than that of AAV8. Furthermore, both AAV8 and 
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delivery into
the axonal field

remote brain
region transduced retrograde transport pathway

AAV 2, 5, 8, 9,
rh10, PHP.eB
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Fig. 1. Retrograde capabilities of AAV vectors. After delivery of the AAV vector into the axonal field in the CNS, axonal retro-
grade transport occurs, resulting in transgene expression along the axon, neuronal bodies, and dendrites. The advantage of
a single injection of AAV into axonal terminals is that it often results in the transduction of even remote brain structures. Natural
properties of the brain’s neuronal networks allow for simultaneous retrograde delivery of AAV encoding transgenes to many
brain regions, which is vital for effective gene therapies. (CTX – cortex, DCN – deep cerebellar nuclei, HP – hippocampus,

SN – substantia nigra, STR – striatum, TH – thalamus)

AAV9 serotypes transduced oligodendrocytes along the
nigrostriatal pathway (Masamizu et al., 2011). The retro-
grade transport of the AAV9 vector was also observed
between the injection site in the nucleus accumbens
shell (AcbSh) and the posterior VTA (Li et al., 2019).
Because the AcbSh contains the axonal terminals of VTA
neurons (Li et al., 2019), the injection of the AAV9
vector produced an intensive GFP/Cre signal along the
axons and in the soma of VTA neurons. Therefore, the
AAV9 vector seems very well suited for widespread ex-
pression throughout the brain; however, the site of de-
livery into the axonal terminals, which innervate many
brain regions, needs to be carefully selected. For in-
stance, the single injection into the striatum or the VTA
caused retrograde transport of the vector genome to
projection sites in many distal parts of the brain (Cearley
and Wolfe, 2007). The authors observed enzyme trans-
port after AAV9 vector injection. They found that its
widespread retrograde distribution in the brain resulted
in good distribution of the enzyme product and complete
correction of the storage lesions throughout the entire
brain (Cearley and Wolfe, 2007). 

An important study showing translatability to prima-
tes demonstrated that 3 weeks after bilateral paren-
chymal infusion of the AAV9_eGFP virus into each puta-
men of Rhesus macaques, a green signal was detected in
the distal parts of their brain. The GFP expression was
detected in thalamic and cortical neurons as well as in
dopaminergic neurons projecting from the substantia
nigra pars compacta, thus indicating retrograde trans-
port of AAV9 (Green et al., 2016). A new retrograde

AAV9 serotype was used to quantitatively map the pro-
jections to the primary motor cortex in pre- and post-
symptomatic amyotrophic lateral sclerosis (ALS) mouse,
which also demonstrated AAV9 retrograde capabilities.
Parenchymal injection of retro-AAV9 increased the num-
ber of GFP-positive neurons projecting from the somato-
sensory cortex to the primary motor cortex at the pre-
symptomatic stages of the disease and increased GFP-
positive projections from the auditory cortex and the
contralateral motor cortex and thalamus in post-sympto-
matic mice (Commisso et al., 2018).

AAV serotype rh10

AAVrh10 is a serotype with prominent retrograde
characteristics in the CNS (Cearley and Wolfe, 2007).
The axonal transport of the AAVrh10 vector was evalua-
ted after unilateral injection into the striatum, which re-
ceives and sends multiple brain signals (Piguet et al.,
2012). After a single injection of AAVrh.10 encoding
eGFP, the green fluorescent cells were detected in the
cellular bodies of neurons in the thalamus, cortex, and
VTA, suggesting prominent retrograde transport into
distant brain centers.

AAV serotype PHP.eB 

PHP.eB is one of the newer AAV serotypes and
a very promising vector for gene therapy of neurode-
generative diseases. Recent studies have demonstrated
that the AAV-PHP.eB vector increases the efficiency of
wide-scale gene transfer in the CNS as compared to pre-
vious serotypes. Additionally, the PHP.eB serotype can
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cross the blood-brain barrier, thereby allowing for mini-
mally invasive treatment (Chatterjee et al., 2021; Dayton
et al., 2018; Mathiesen et al., 2020; Xie et al., 2021).
The retrograde features of the AAV-PHP.eB remain to
be investigated. The studies conducted to date, however,
demonstrate widespread transduction of various brain
centers by the AAV-PHP.eB serotype, thus indicating its
retrograde features.

Conclusion

The AAV serotypes 2, 5, 8, 9, rh10, and PHP.eB have
retrograde properties that can be used in therapeutic
applications. For most serotypes analyzed in this review,
the hippocampus, cortex, and striatum show tremendous
potential for retrograde transport within the CNS. The
AAV retrograde approach offers many advantages, in-
cluding increased precision of brain structure targeting
and less invasive brain delivery. Moreover, the delivery
approach requires fewer AAV vectors for gene therapy
and prevents side effects such as brain inflammation.
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