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The use of viral vectors to deliver genes to the nervous
system shows great promise for both basic research and
therapeutic applications. Although many viral vectors
are in common use, the methodologies are continually
undergoing refinement. It is important to select the
best viral vector for each specific application, and a
number of factors must be considered when making
this decision. These include the efficiency and speci-
ficity with which the vector infects the target cells, the
number of cells that must be transduced to monitor
and effect the intended change, the size and number of
transgenes to be delivered, the duration for which
expression will be needed, whether regulation of the
transgene is required, and the level of toxicity that 
can be tolerated. Other issues include whether the 
purpose of the study is to improve gene delivery, to
answer biological questions or to model therapeutic
interventions.

Most vectors that are used for gene delivery are
derived from common human viral pathogens. These
vectors have a broad tropism, meaning that they can
infect many cell types in addition to those involved in
their normal life cycle. There are more than ten vector
types now in use, and this review provides a description
of their properties to aid in the selection of vectors for
specific applications. We will also discuss examples of
uses of these vectors to probe neuronal functions and to
develop therapies for neurological disease.

A smorgasbord of vectors
The brain is a complex organ with discrete and intricate
interconnections between various types of neurons, glia
and other cells. It therefore presents a complicated target
for the genetic manipulation of specific sets of cells for
biological investigation, or for altering gene expression
for therapeutic intervention. Moreover, our current
understanding of tropism of vectors in the brain, and
their retrograde and anterograde transport properties, is
often insufficient to gauge which vector is best for a par-
ticular series of studies. So, an initial evaluation of several
potential vectors for a particular experiment is recom-
mended, as matching the vector to the application can
have profound effects on the outcome.

Within the nervous system, the target areas might
encompass a discrete set of neurons — in the case of
Parkinson’s disease, dopaminergic nerve cell bodies in
the substantia nigra and their terminal fields in the stria-
tum1 — or a large portion of the brain, with involvement
of most neurons and glia, as in the lysosomal storage
diseases2. In some cases, ex vivo gene therapy is possible
—  that is, introducing genes into cells in culture, then
grafting the genetically modified cells into the animal
model or patient. Both strategies take advantage of the
efficiency of gene delivery by virus vectors.

The spectrum of vectors used in basic research 
applications surpasses the few being used in clinical 
trials, and comprises those with simple capsid virions 
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herpes simplex virus (HSV) amplicons the largest 
(150 kb). Gutted versions of vectors such as adenovirus,
AAV, retrovirus/lentivirus and HSV amplicons tend to be
less toxic, as they express no viral genes. Further, expres-
sion patterns following viral delivery to the central ner-
vous system (CNS) can be altered by targeting infection
through modification of the surface of the virions, or by
using different promoters to drive transgene expression.

Adeno-associated virus. AAV SEROTYPE 2 infects neurons
preferentially4, apparently through the interaction of
AAV2 capsid proteins with HEPARAN SULPHATE proteogly-
can (HSPG) moieties on the cell surface. AAV2 does not
seem to infect all classes of neurons equally well, how-
ever, and even in cells that are susceptible to infection,
the choice of promoter to drive transgene expression is
crucial for achieving high levels of sustained expression5.
For example, studies in the neural retina indicate that
AAV2 transduces rod photoreceptor cells to a greater
extent than cones6,7. Mammalian promoters that are
normally expressed in the targeted cell type can, in some
cases at least, achieve more sustained transgene expres-
sion than viral promoters. Retrograde transport of
AAV2 through neuronal processes seems to be limited
to spatially close regions, and uptake from motor nerve
terminals is inefficient8.

Recent work also supports the use of other AAV
serotypes in brain-directed gene transfer. The properties
of AAV4 and AAV5 differ from those of AAV2; AAV5 dif-
fuses more widely, and AAV4 primarily transduces
EPENDYMAL CELLS9. In the cerebellum, AAV5 transduces
PURKINJE CELLS, but not GRANULE CELLS, with high efficiency10.
This is probably due to selective expression of the AAV5
receptor on specific neuronal types (J. A. Chiorini,
unpublished data). Other serotypes of AAV might also
show distinct tropisms when injected into the brain.
Although AAV vectors are highly effective for gene deliv-
ery, and are non-toxic, they have a relatively small 
transgene capacity (4–5 kb). This can be overcome by
infection of cells simultaneously with two AAV vectors,
which can recombine to generate a larger genome11.
Studies in peripheral tissues show that transgenes are
typically retained as extrachromosomal elements, but
they can also integrate randomly into the genome12.

Recombinant adenoviruses. After direct intracranial
injection, recombinant adenoviruses have been shown
to infect neurons, type 2 astrocytes, oligodendroglia,
ependymal cells, the choroidal epithelium and
MICROGLIA13,14. Adenovirus vectors based on serotype 5
undergo retrograde transport from nerve terminals.
One feature of the adenovirus capsid, which can be
detrimental to long-term gene expression but advanta-
geous in tumour therapies, is its extremely effective
adjuvant properties. These promote an effective immune
response against infected cells (for review, see REF. 15),
including activation of chemokines16,17.

First-generation recombinant adenovirus vectors are
generated by deleting the parts of the virus genome that
are required for replication, and replacing them with
transgene expression cassettes. In addition to expressing

— nucleic acid genome encased in a proteinaceous shell
(FIG. 1a) — of which the most widely used are recombi-
nant adenovirus and adeno-associated virus (AAV), and
viruses with enveloped virions (in which the capsid is
surrounded by a lipid bilayer envelope; FIG. 1b), which
include RETROVIRUS/lentivirus, alphavirus, and herpes
virus3. There are many differences between the various
virus vectors, as outlined in TABLE 1.What is not apparent
from this descriptive listing is the fact that, because of the
properties of binding and entry proteins on the virus
capsid or envelope, some cells are intrinsically more sus-
ceptible to infection with certain vectors. This is best
determined by direct comparison of several vectors
expressing a reporter protein, such as GREEN FLUORESCENT

PROTEIN (GFP). The transgene capacity also varies widely,
with AAV having the smallest capacity (4.5 kb) and 
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Figure 1 | Virus entry into cells. a | Adenovirus virions bind to the coxsackie adenovirus receptor
(CAR) and integrins on the plasma membrane, and enter the cell by receptor-mediated
endocytosis. As the endosome acidifies (H+), the capsid is broken down and released from the
endosome. Double-stranded viral DNA is released from the degraded capsid and enters the
nucleus through the nuclear pore175. b | Herpes simplex virus (HSV) virions bind to the cell surface
through interactions between glycoproteins on the virion envelope and heparan sulphate
proteoglycans (HSPG) on the cell surface. Subsequent binding and fusion of the envelope with
the plasma membrane is achieved by interaction with other glycoproteins on the envelope and a
membrane receptor. The capsid and associated tegument proteins enter the cytoplasm and
move by dynein-mediated transport to the nucleus, where double-stranded viral DNA enters the
nucleus through the nuclear pore. Modified, with permission, from REF. 176 © (1998) Wiley-Liss
Inc., a subsidiary of John Wiley & Sons, Inc. 

RETROVIRUS

An RNA virus that uses reverse
transcriptase to convert its RNA
into DNA.

GREEN FLUORESCENT PROTEIN 

(GFP). Fluorescent protein
cloned from the jellyfish
Aequoria victoria. Enhanced GFP
is excited at 488 nm and has an
emission maximum at 510 nm.

SEROTYPE 

A variety of a species (usually
bacteria or virus) characterized
by its antigenic properties.
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to their inability to deliver genes to non-dividing cells.
These vectors are used extensively, however, for ex vivo
infection of cultured cells followed by transplantation,
and for clonal analysis in brain development30,31.Vectors
derived from human immunodeficiency virus (HIV),
on the other hand, infect dividing and non-dividing
cells, including neurons32,33, and were recently shown to
integrate preferentially at active gene loci in the genome
of haematopoietic cells34,35. The integration sites of HIV
(and vectors derived from the feline immunodeficiency
virus or equine immuno-associated virus) after brain
delivery are not known.

Lentivirus vectors have a modest packaging capacity
of approximately 8 kb. They induce a minimal inflam-
matory response and produce long-term transgene
expression when introduced into the brain parenchyma
or ventricles32,33.When generated with the G-glycoprotein
envelope from vesicular stomatitus virus (VSV-G
pseudotyped virus), these vectors show broad tropism,
but virion transport is limited to relatively short dis-
tances10,33. Because most neural cells that are transduced
with lentivirus vectors are terminally differentiated,
concerns about the activation of proto-oncogenes and
de-differentiation following integration are diminished,
relative to lentivirus vector-transduced haematopoietic
progenitor cells. So far, lentivirus vectors have proven
to be useful for basic scientists, owing to their ability to
achieve widespread and long-term gene expression in
the brain.

Other vectors. Several other vectors have the potential for
use in gene delivery to the nervous system. The DNA
virus SV40 shows high infectability of neurons and
microglia36, and 17 kb of transgene sequence can be pack-
aged into these vectors in vitro37. Several RNA viruses
have also been developed for gene delivery, including 
a poliovirus replicon system for motor neurons38.

the transgenes of interest, some of these vectors still
produce low-level expression of capsid and other virus
proteins from the 36-kb virus genome.‘Gutless’ vectors,
in which all adenovirus genomic sequences have been
deleted except for the non-coding inverted terminal
repeats and packaging signal, have an increased trans-
gene capacity (up to 36 kb total), diminished immune
activation, and the ability to confer long-term gene
expression18–20.

Herpes simplex virus. HSV is neurotropic in vivo, but
nevertheless infects a broad range of cell types. This large
DNA virus shows highly efficient retrograde and antero-
grade transport within the nervous system, and can enter
a benign state of latency within neurons21,22. Replication-
competent HSV is passed selectively across synapses,
but eventually causes death of the infected cells23.
Recombinant HSV vectors, in which portions of the virus
genome are deleted, have a large transgene capacity (at
least 50 kb), can enter an EPISOMAL state with prolonged
expression of transgenes from the latency-associated pro-
moter24,25, and have minimal toxicity, although low-level
expression of virus genes can occur. HSV amplicon vec-
tors are plasmids bearing two non-coding elements 
of HSV, an origin of DNA replication and a virion-
packaging signal. They are packaged as CONCATEMERS

in HSV virions with a demonstrated capacity of up to
150 kb (either multiple copies of a small amplicon ele-
ment or a single 150-kb sequence)26–28.Although ampli-
con DNA has no inherent mode of retention in host-cell
nuclei, the inclusion of other viral elements in these
amplicon vectors can promote episomal replication and
random or site-specific integration of transgenes29.

Retroviruses. Vectors derived from some retroviruses,
such as Moloney murine leukaemia virus (MoMLV),
have limited applications as vectors for the CNS owing

HEPARAN SULPHATE 

A glycosaminoglycan that
consists of repeated units of
hexuronic acid and glucosamine
residues. It usually attaches to
proteins through a xylose
residue to form proteoglycans.

EPENDYMAL CELLS 

A layer of cells that line the
ventricles of the adult brain.

PURKINJE CELLS 

Inhibitory neurons in the
cerebellum that use GABA 
(γ-aminobutyric acid) as their
neurotransmitter. Their cell
bodies are situated beneath the
molecular layer, and their
dendrites branch extensively in
this layer. Their axons project into
the underlying white matter, and
they provide the only output
from the cerebellar cortex.

GRANULE CELLS 

Small interneurons in the
cerebellum that relay excitatory
signals to Purkinje neurons.

MICROGLIA 

Phagocytic immune cells in the
brain that engulf and remove
cells that have undergone
apoptosis.

EPISOMAL 

A term that refers to a genetic
unit of replication that can exist
extrachromosomally.

CONCATEMER

A linear array of identical
molecules that are covalently
linked in tandem.

Table 1 | Virus vectors

Vector Virion type Particle size Titers (transducing Transgene capacity References to neuroscience
units ml–1) (maximum) applications

MoMLV Retrovirus 100 nm 106–109 7–8 kb 8,30,31,51,65,93,140
(RNA)

Lentivirus Retrovirus 100 nm 106–109 7–8 kb 33,111,145,146,148,159
(RNA)

Recombinant Adenovirus 80–120 nm 1010–1012 20 kb 42,84,135,138,144,159,174
adenovirus (dsDNA)

‘Gutless’ Adenovirus 80–120 nm 108 Up to 36 kb 19
adenovirus (dsDNA)

Adeno- Parvovirus 20–30 nm 109–1013 4.5 kb 5,58,61–63,88,127,141,150,
associated virus (ssDNA) 157,159

Sindbis RNA (alphavirus) 60–65 nm 107 6 kb* 115,117
(ssRNA)

Poliovirus replicon Picornavirus 30 nm 109 6 kb‡ 38,39
(ssRNA)

HSV amplicon Herpesvirus 120–300 nm 108 Up to 150 kb 108,124,134
(dsDNA)

HSV Herpesvirus 120–300 nm 1011 30–50 kb 23,85,89,123,167
recombinant virus (dsDNA)

ds, double stranded; HSV, herpes simplex virus; MoMLV, Moloney murine leukaemia virus; ss, single stranded; *, 2–6 kb depending on the packaging system; ‡, estimated
from the literature.
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Targeting infectivity. Virions present ligands that bind to
HSPG, integrins and/or receptors on the cell surface.
Capsid virions typically undergo receptor-mediated
endocytosis, and as the endosomal compartment acidi-
fies, the capsid breaks down. The DNA or RNA is then
released into the cytoplasm and transported to the
nucleus, in association with nucleus-seeking proteins
(FIG. 1a). Enveloped virions undergo membrane fusion at
the cell surface or in endosomes, depending on the
nature of the envelope. Capsids might be transported
along the cytoskeleton, followed by association with the
nuclear membrane and DNA delivery into the nucleus
through the nuclear pore (FIG. 1b).

Neurotropic viruses, such as HSV, pseudorabies
virus and poliovirus, have evolved mechanisms for
uptake by nerve termini, followed by rapid retrograde
transport to the cell body and subsequent anterograde
transport. For capsid virions, tropism can be redirected
by introducing receptor ligands into capsid proteins,
by exchanging capsid proteins between serotypes, or by
using bi-functional antibodies that bind both to the
virus and to target molecules on the cell surface42–44.
Specific regions of adenovirus and AAV capsid proteins
that can accommodate targeting EPITOPES have been
identified45–49. For enveloped virions, such as HSV and
lentivirus vectors, the range of CNS cell types transduced
might be affected by altering the envelope glyco-
proteins50–53. To date, glycoproteins from several differ-
ent enveloped viruses have been used to pseudotype
MoMLV- and lentivirus-based vectors for improving
gene transfer to target cells in the CNS51–53. Importantly,
these strategies can be used either to restrict or to broaden
the range of cells infected.

Delivery modalities — several options
General considerations. The brain presents a challenging
target for gene delivery, because of its complex structure,
compartmentalized functions and high sensitivity to
insult. Delivery modalities can be grouped into those
that attempt to achieve widespread gene delivery
throughout the brain (global), and those that target spe-
cific cell populations within the brain (focal). Gene
delivery can be achieved by direct injection of vector, or
implantation of transduced cells into the brain
parenchyma, ventricles or vasculature, with different
types of vectors, modes of injection and cell vehicles
designed to hit selected targets (FIG. 2). The embryonic or
newborn brain is more permissive to vector diffusion
and cell migration, more immune-privileged (at least in
rodent models), but also more sensitive to damage than
the adult brain. In general, the more vector particles that
need to be injected into the brain to achieve transduc-
tion of a particular neural cell type, the greater the
chance of virus toxicity.

Focal versus global delivery. Vectors are typically
injected directly into the region that contains the cells
being targeted for transduction. The number of
transduced cells is limited by volume constraints (only
1–5 µl can be introduced into the mouse parenchyma),
the titer of the vector, and its efficiency of infection.

Poliovirus replicons could be re-administered to rat brain
up to 13 times with no adverse events, and high-level
gene expression was achieved on each administration39.
Other RNA viruses that can be used for gene transfer to
neurons include the alphaviruses Sindbis and Semliki
Forest virus40. These RNA virus vectors express their
gene products in the cytoplasm without the need for
nuclear entry, and they can achieve robust gene expres-
sion within hours of infection. The limitation of these
vectors is their toxicity, which can occur within 8 h. The
alphaherpes virus pseudorabies has been used for trac-
ing neuronal pathways41, but this is a wild-type virus
and not a vector as such.

EPITOPE 

An immunological determinant
of an antigen.

Direct injectiona

Cell vehiclesb

Figure 2 | Modes of gene delivery to the brain. a | In direct
vector delivery, a suspension of virus vector (green circles) is
injected stereotactically into the target area of the brain
parenchyma, typically 105–108 transducing units in a volume of
1–2 µl in rodents. Depending on the vector type, it can be taken
up by cells at the injection site, or can diffuse away from the site
of injection. Virus can also be taken up and transported
anterogradely or retrogradely to cell bodies through neuronal
processes projecting into the region from distant sites
(arrowhead). Most viruses show limited diffusion within the brain,
with cells within a few millimetres of the injection site likely to be
infected with multiple particles. b | Cell vehicles can also be used
to spread the vector or transgene product over a wider
distribution. Genetically modified cells (small green double circles)
are injected into the brain parenchyma, typically 104–105 cells in
a volume of 1–2 µl in rodents. Some cell types can migrate away
(wavy lines) from the injection site, releasing the vector or product
(green circles) along their path, and in the case of neural
precursor cells, might incorporate into the cytoarchitecture.
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Cell vehicles. The advantages of cell vehicles for virus
delivery include the ability to carry out transduction
ex vivo, where conditions can be optimized and cell
types can be selected for specific properties and gene
expression. Transduced cell types used for this purpose
in the brain include astrocytes1,64, macrophages64,
fibroblasts65 and neural precursor cells. Neural precur-
sor cells in particular can migrate extensively within the
neonatal brain, and can home to sites of ischaemia66,67

and neuronal degeneration, as well as to tumours68. In
addition, these cells can differentiate into various
neural cell types for neuronal replacement69,70. These
cells are highly susceptible to infection by a number of
different vectors71–73, and can serve as vector-producing
cells in vivo74–76 (FIG. 2b), or as biological pumps for
therapeutic proteins such as lysosomal enzymes77 and
chemotherapeutic drugs68.

Imaging gene expression. Visualization of gene expres-
sion is crucial for the optimization of vector design and
delivery. This has traditionally been achieved using his-
tochemical reporter enzymes such as Escherichia coli
lacZ30 and human alkaline phosphatase31, or fluorescent
proteins such as GFP78 and red fluorescent protein79, all
of which can be visualized in tissue sections (FIG. 3).
However, reporter proteins can be immunogenic —
resulting in rejection of transduced cells80 — or toxic81.

Recent advances in imaging technology have
allowed the visualization of reporter transgene expres-
sion in peripheral and CNS tissue in living animals by
fluorescence82–83, bioluminescence84–85 and magnetic
resonance imaging86. The function of expressed pro-
teins can also be imaged in mammals using positron
emission tomography87, near-infrared fluorescence for
specific proteases that are elevated during apoptosis83,
and gamma-camera imaging88. The depth of tissue
penetration is a problem for many in vivo imaging
modalities, although near-infrared and bioluminescent
modalities have good transmission and are readily
accessible to most laboratories. The optimal reporters
are proteins that can provide a unique functional signal
in the nervous system, and are derived from the species
being targeted for gene delivery to avoid immune rejec-
tion. In a few studies, the vectors themselves have been
tagged with fluorescent moieties or radioactive labels to
evaluate intracellular trafficking in culture and bio
distribution in tissues4,89,90–92.

DNA fate and regulation of transgene expression
Fate of transgenes. Most virus vectors deliver genes into
the nucleus of the target cell. Exceptions to this rule
include poliovirus replicons, pox virus and the alpha-
viruses (Sindbis and Semliki Forest virus), which repli-
cate and/or express genes transiently in the cytoplasm.
Within the nucleus, viral DNA can have several fates:
(i) maintenance as a non-replicating extrachromoso-
mal element; (ii) integration into the host-cell genome;
or (iii) replication as an extrachromosomal element. In
non-dividing cells such as neurons, viral DNA can be
maintained as a stable element in all of these states. For
example, HSV recombinant vector genomes enter a

Generally, diffusion is limited, and transduction is
restricted to cells within a few millimetres of the injec-
tion site (FIG. 2a). However, neuronal cell bodies some
distance from the injected area can also be transduced
by anterograde or retrograde transport of the vector
within their processes, as shown for HSV vectors54,55

and, to a lesser extent, for lentivirus10,AAV10,56 and adeno-
virus57 vectors. The range of gene delivery that is medi-
ated by direct injection can be increased by maintaining
a constant pressure gradient over extended periods in
order to increase the volume of the injectate58. Methods
for global delivery include injection into the carotid
artery, with promotion of entry across the blood–brain
barrier through osmotic shock59, pharmacological
agents60, transferrin receptor-mediated targeting48, and
the use of migratory cells producing gene products or
vectors that can spread throughout the brain. Injection
into the ventricles for transport of vectors and gene
products through the cerebrospinal fluid61–63 usually
results in periventricular delivery62.

a

c d e

b

gcl

ml

Figure 3 | Gene transfer to the rodent nervous system using recombinant lentivirus
(feline immunodeficiency virus, FIV), adeno-associated virus serotype 5 (AAV5) and
herpes simplex virus (HSV) amplicon vectors. a | FIV encoding cytoplasmic β-galactosidase
(β-gal) was injected into a single site in the cerebellar cortex of adult mice, and cryosections were
processed for β-gal histochemistry six weeks later. FIV transduced a large number of neurons
throughout the injected lobule. Purkinje cells (arrow) with their dendritic arborization, as well as
basket cells (black arrowhead) and stellate cells (white arrowhead), within the molecular layer were
transduced. b | AAV5 encoding nuclear-localized β-gal was injected into a single site in the
cerebellar cortex of adult mice, and the tissue was processed for β-gal histochemistry 15 weeks
later. There was extensive AAV5-mediated gene transfer to neurons within the injected lobule,
with spread to non-injected lobules. Although minimal transduction occurred within the granule
cell layer (gcl), pervasive transduction of basket cells within the molecular layer (ml) and Purkinje
cells (arrow) occurred. a and b courtesy of Colleen Stein and B. D., Iowa City, USA.
c | HSV amplicon vector encoding the red fluorescent protein dsRED was injected intravitreally
into adult mice, and their retinas were dissected one week later. Retinal ganglion cells (large cell
body) and amacrine cells (small cell body) were transduced. Image courtesy of Hussain Ismaeel,
Boston, USA. d | HSV amplicon vector encoding enhanced green fluorescent protein (EGFP) was
injected into the cerebellar cortex of adult mice, and cryosections were processed for the Purkinje-
cell marker calbindin (red) and the nuclear stain DAPI (4,6-diamidino-2-phenylindole) (blue). Image
courtesy of Maria Luisa Cortes, Boston, USA. e | HSV amplicon vector encoding EGFP was
injected into adult rat cortex, and sections were processed for EGFP expression. Courtesy of
Sam Wang and Vladislav Sandler, Boston, USA. Scale bar in a is 50 µm and in b is 100 µm.
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threshold for detection. Achieving long-term physio-
logical levels of expression might require the use of
mammalian promoters that are normally active in the
cells of interest. Robust neuronal promoters include
synapsin 1 (REF. 107), neuron-specific enolase108, tyrosine
hydroxylase, neurofilament109 and the prion promot-
ers110. To recapitulate normal expression patterns, it
might be necessary to include large promoter and
enhancer cassettes, as well as intronic sequences from
genes of interest. Additional control might be exerted by
the inclusion of matrix scaffolding domains, which
place sequences in transcriptionally favoured regions of
the nucleus, and insulating elements, which can protect
promoters from the influences of vector and genomic
sequences111. Several promising drug/hormone regula-
tory systems have been incorporated into different 
vectors, including tetracycline, rapamycin, and proges-
terone analogue systems112–114. However, the transcrip-
tional proteins needed for control can be immunogenic,
and it has been difficult to achieve a full off-state in
some systems, which is crucial for proteins that are
toxic at low concentrations.

Applications in neurobiology
The ability to use vectors to achieve gene delivery to
neural cells provides an important tool for addressing
basic questions both in neurobiology and in the molec-
ular aetiology of disease. Neurons in particular have
proven to be resistant to most non-viral means of trans-
duction, especially in vivo. Viral vectors provide an 
efficient means of delivering nucleic acids to allow for
expression of normal or mutant proteins within cells, or
for inhibition of target protein expression through the
transcription of sequences that code for ANTISENSE RNA,
ribozymes or small inhibitory RNAs (siRNAs). When
considering the use of a vector in these contexts, it is
important that the vector itself does not interfere with
the process being studied. For example, although
alphavirus RNA vectors are widely used for high-level
protein expression in neurons, the vectors themselves
can cause cell death within days of transduction,
restricting them to short-term applications. HSV ampli-
con vectors do not perturb the electrophysiology of
neurons115, but they do carry transactivating proteins
and protein kinases in the virion that can temporarily
alter signalling pathways. By waiting a few days after
infection for degradation of virion proteins, these con-
founding factors can be significantly reduced. In general,
vectors that do not encode virus proteins, such as gutless
adenovirus, AAV, retrovirus/lentivirus and HSV ampli-
cons, are the least disruptive of cell metabolism. Finally,
for all applications, it remains important to assess the
functional integrity of transduced neurons.

Vectors that express reporter genes such as GFP and
alkaline phosphatase have been used to visualize the
morphology of individual neurons and to tag synapses.
Palmitoylated GFP allows detailed examination of
dendritic SPINES116, and GFP fused to the heavy chain 
of tetanus toxin can cross synapses117. Reporters can also
be used to monitor real-time cellular dynamics. pH-
sensitive forms of GFP — for example, those that are 

condensed, latent state, in which only a small portion of
the genome is transcriptionally active. Recombinant
AAV and HSV amplicon vector genomes (which
assume an intranuclear concatenated or circularized
state) and even adenovirus genomes (which have no
known retention modality) are maintained for months
in neurons.

Some vectors, such as retroviruses and, to a lesser
extent, AAV, can integrate into the genome. MoMLV
vectors only integrate into dividing cells, which makes
them well suited for genetic modification of cultured
cell lines, for selectively targeting tumours in the 
nervous system93 or for clonal analysis of cell fate in the
developing brain30,31,94. By contrast, lentivirus vectors
can integrate into the genome of both dividing and
non-dividing cells, which creates a low but significant
risk of activating a proto-oncogene or inactivating a
crucial gene. Although postmitotic cells are unlikely to
form tumours, neural stems cells in the brain might be
susceptible to transformation. Although neural stem
cells are present in exceptionally small numbers relative
to neurons, it will nonetheless be important to ascertain
their potential to be infected and their ability to be 
subsequently transformed.

The more practical effect of non-specific integration
is variable transgene expression from cell to cell and in
different cell types, depending on the transcriptional
state of surrounding DNA sequences. Standard AAV
vectors integrate infrequently in the host-cell genome,
but when integration does occur, it does so randomly
and at several sites12,95. However, site-specific integra-
tion into the AAVS1 site on human chromosome 19
can be achieved by expressing AAV-encoded recombi-
nase/helicase (Rep) during infection of dividing
cells96–99. In cell culture and rodents, investigators have
also tested transposable and integrating elements from
bacteria and phage that can be included in vectors to
promote chromosomal integration at preferential sites
within the genome100–102. Synchronous replication of
vector genomes with the host-cell genome can be
achieved by incorporating elements of Epstein–Barr
virus into vector backbones, including the latent origin
of DNA replication and the EBNA1 gene103,104 or mam-
malian origins of replication105. These replication 
elements are less crucial for gene delivery in the nervous
system, where the target cells are usually non-mitotic.

Gene regulation. It has been problematic to control the
level, duration and specificity of transgene expression
mediated by virus vectors. Typically, strong viral, cellu-
lar or hybrid promoters are used, which give high-level
expression in most cells. These include the cyto-
megalovirus (CMV) promoter, or the CMV enhancer
cloned upstream of the chicken β-actin promoter.
These promoters are often combined with the wood-
chuck hepatitis post-transcriptional regulatory
element106. Viral promoters can be inactivated by the
host cell over time, at least in part by methylation, but
they can also remain active for years. In fact, the full
extent of transgene expression might be underesti-
mated due to low levels of expression that are below the

ANTISENSE 

A single-stranded RNA
molecule whose sequence is
complementary to that of the
messenger RNA (mRNA) for a
given gene. It can bind to the
mRNA, thereby preventing it
from being translated.

SPINE 

Specialized region of the
dendrite that receives synaptic
inputs from other neurons.
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Vectors expressing CRE RECOMBINASE have been used to
turn expression on or off. For example, in mice bearing
a promoter-FLOXED nerve growth factor (NGF) gene, the
gene was turned on in a subset of cells in the hippocam-
pus by infection with an HSV Cre amplicon vector to
evaluate NGF-dependent effects in learning para-
digms125. Similarly, a floxed NF2 gene was turned off in
a subset of meningeal cells by injection of an adenovirus
Cre vector, resulting in formation of meningioma
tumours126. Many lines of transgenic mice are available
that allow reporter genes to be turned on in subsets of
neurons by targeted injections of virus vectors express-
ing Cre127,128. In the reverse scenario, transgenic mice
expressing Cre under a neuron-specific promoter, such
as Thy-1 (REF. 129) or c-kit130, can be infected with vectors
bearing a promoter-floxed transgene, such that it is only
turned on in cells where the promoter is active. So,
cell-specific promoters in combination with stereotactic
injections can control the on/off states of transgenes in
target cells (FIG. 4).

Transgene expression can also be controlled in sub-
sets of neurons at specific times in development or after
environmental regimes, such that the neighbouring
non-infected neurons serve as immediate controls. This
is particularly useful when the effects of a gene product
are different during various epochs of the lifespan.
Other means of vector-mediated control include: deliv-
ery of proteases that activate imaging agents83 or 
promote processing of bioactive molecules131; delivery
of transcriptional activating proteins that effect upregu-
lation of specific promoters in the mouse genome; and
modelling of the human genome in transgenic mice
bearing human AAVS1 sites by integration of trans-
genes flanked by AAV inverted terminal repeats in the
presence of Rep proteins132. The use of vectors can also
reduce the need to cross different transgenic/knock-
in/knockout mouse lines to look for interactions
between proteins. For example, to determine whether
heat-shock proteins (HSPs) regulate protein aggregate
formation, one can use a mouse that is deficient in the
specific HSP, and inject vectors expressing a mutant
protein with a tendency to aggregate. This ‘two-hit’
strategy of combining primed transgenic animals with
catalytic (or disease-protein-expressing) vectors offers a
means to change gene expression in subsets of neurons,
and in novel combinations.

To elucidate the molecular aetiology of disease,
dominantly acting mutant proteins or inhibitory RNAs
(see later discussion) can be expressed in neural cells. For
example, the mutant form of torsinA — which is
responsible for most cases of early onset torsion dystonia
— forms whorled cytoplasmic membrane inclusions
when overexpressed133 in glioma cells by HSV ampli-
con vectors134. Nuclear proteinaceous inclusions have
been generated in cultured cells by vector-mediated
overexpression of the expanded triplet repeat protein
huntingtin, which is involved in Huntington’s disease135.
AAV- and lentivirus-mediated overexpression of
α-synuclein — the protein that accumulates in Lewy
bodies in Parkinson’s disease — leads to formation of
aggregates in discrete regions of the rodent brain136,137.

non-fluorescent at acidic pH in vesicles and fluorescent
at neutral pH in the extracellular space118 — can be used
to monitor vesicular release at nerve terminals. Other
dynamic labelling includes GFP–vesicle-associated
membrane protein for tracking synaptic vesicles in
cells119, visualization of inositol-1,4,5-triphosphate 
signalling in Purkinje cells in cerebellar slices120, evalu-
ation of α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid (AMPA) receptor potentiation121, real-
time monitoring of P2X(2) receptor dynamics122, and
elucidation of the role of poly(ADP-ribose) polymerase
in glutamate excitotoxicity123. The HSV capsid has been
labelled with a tegument protein fused to GFP, and this
has been used to monitor retrograde transport89.
Replication-competent HSV and pseudorabies have
both been used to determine synaptic connections in
the brain, as they can be transported both anterogradely
and retrogradely and can cross synaptic junctions41,124.

Gene expression can be controlled temporally and
regionally in transgenic, knock-in and knockout 
animal models through the use of virus vectors.

CRE RECOMBINASE 

Part of a site-specific
recombination system derived
from Escherichia coli
bacteriophage P1. Two short
DNA sequences (loxP sites) are
engineered to flank the target
DNA. Activation of the Cre
recombinase enzyme catalyses
recombination between the loxP
sites, leading to excision of the
intervening sequence.

FLOXED 

To be flanked by loxP sites.

Thy-1–Cre
transgenic mouse

Injectate
V-GFP–promoter-floxed–DNM

Figure 4 | Chimaeric expression of transgenes in specific
cell types. The Cre/loxP recombination system can be used to
turn on transgenes in a subpopulation of neurons. In this
theoretical example, a virus vector bearing a green fluorescent
protein (GFP) reporter gene and a floxed constitutive promoter
(off-state) dominant negative mutant (DNM) gene 
(V-GFP–promoter-floxed–DNM) is injected into the brains of a
transgenic mouse line that expresses Cre under the control of
the Thy-1 promoter, which is only active in a selected neuronal
population (blue nuclei). Only these cells undergo the loxP
recombination, which activates transcription of the DNM gene.
So, in the same section, one can directly compare the
morphology of infected Thy-1-positive neurons expressing DMN
and GFP (green arrowheads) with the same type of uninfected
neurons (orange arrowheads). In this model, it is assumed that
the DNM gene product prevents full process formation by these
neurons in embryonic development, whereas in the adult it
causes formation of proteinaceous aggregates that interfere with
protein trafficking in the processes. If this same mutant gene
product caused death of these Thy-1+ neurons early in
development, it would not be possible to dissect out its function
in later life using a transgenic mouse line that expresses DNM
under the control of the Thy-1 promoter.
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dopaminergic neurons146,147. There is concern that
GDNF can lead to aberrant sprouting of neuronal
processes148, so regulation of GDNF is probably
required. Other methods under consideration include
AAV- or lentivirus-mediated delivery of tyrosine
hydroxylase alone, tyrosine hydroxylase with aromatic
acid decarboxylase (AADC), or tyrosine hydroxylase,
AADC and GTP cyclohydrolase I, by direct injection of
viral vectors149 and transplantation of genetically modi-
fied cells to enhance dopamine synthesis in the stria-
tum150. In addition, a clinical trial has been approved by
the US Food and Drug Administration that will
attempt to reduce the overstimulation of the globus
pallidus interna in patients with Parkinson’s disease
through production of the inhibitory neurotransmitter
GABA (γ-aminobutyric acid) in the subthalamic
nucleus using AAV151.

Gene therapy for Huntington’s disease — an exam-
ple of a dominant neurodegenerative disease — carries
the added challenge of silencing the disease allele while
maintaining activity of the normal allele, which is
required in neuronal development and possibly for the
maintenance of adult neurons. Efforts to selectively
inhibit the expression of mutant huntingtin, or other
proteins with toxic gain-of-function, have centred
around antisense152 and ribozyme blockade of message
expression153. More recently, siRNAs and small hairpin
RNAs — which are powerful tools for the silencing of
target messenger RNAs154 — have shown promise in
inhibiting the expression of proteins with expanded
CAG repeats, leading to significant decreases in intra-
cellular aggregate formation155,156. Importantly, siRNAs
can target small nucleotide mutations that underlie
hereditary disease states, or disease-associated
nucleotide polymorphisms (V. M. Miller et al., unpub-
lished data), thereby alleviating the burden of the toxic
gain-of-function or dominant negative activity without
inhibiting wild-type function. The next hurdle will be
to assess the numbers of neurons that must express
siRNAs, and the level of expression that is required, to
impart a therapeutic effect in disease models. siRNAs
can be readily expressed from viral vectors156,157 and
should have widespread application as therapeutic tools
in disorders of the central and peripheral nervous 
systems, as well as providing a powerful reagent for
neurobiology research.

The identification of mutations in CuZn superoxide
dimutase as one of the underlying causes of familial
ALS (FALS) has allowed the development of animal
models to test putative therapies. The implantation of
genetically modified myoblasts secreting GDNF
resulted in significant neuroprotection in FALS mice8.
Recent work indicates that GDNF is also neuroprotec-
tive for spinal motor neurons when it is supplied at the
neuromuscular junction by injection of AAV vectors
expressing GDNF into muscle. In this case, GDNF is
secreted and transported retrogradely back to cell 
bodies158. Both therapies rely on largely intact nerve ter-
minals, which degenerate as the disease progresses.
Direct gene delivery of GDNF to the spinal cord, or
expression of glutamate transporters to reduce elevated,

The advantage of vectors in this context is that, in con-
trast to transgenic animals, the brains become a mosaic
of transduced (identified by transgene expression) and
non-transduced cells in the same environment, so that
their properties can be directly compared.

Potential clinical applications
Gene therapy is still an exploratory science in all of its
applications, and the nervous system is no exception.
However, this approach might find important applica-
tions in neurological diseases for which no therapies are
available. At present, gene therapy for CNS disorders is
focused on life-threatening or severely debilitating dis-
eases, owing in part to unknown risk factors associated
with virus vectors. Neurological conditions where these
vectors might prove effective include stroke138, spinal
cord injury, neurodegenerative diseases, lysosomal stor-
age diseases, brain tumours and pain. In several rodent
models of spinal cord injury, recovery of neurological
function has been achieved by the expression of neuro-
trophic or neuroendocrine peptides released from
cells that have been transduced with adenovirus and
AAV vectors139–142. For example, arginine vasopressin
has been successfully delivered to rats with diabetes
insipidus143.

Neurodegenerative conditions. Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease and amy-
otrophic lateral sclerosis (ALS) are some of the most
common neurodegenerative diseases in aged humans,
and there are few treatments and no cures for these
conditions. Although the aetiologies of familial forms
of some of these disorders have been elucidated as a
consequence of identification of the responsible genes,
therapies remain elusive. Neuroscientists are now
exploring gene-based treatments using some of the vec-
tor systems described earlier. These clinical studies,
when executed with rigorous scientific evaluation, are
an invaluable component in the development of gene
therapies. Phase I trials are designed to test the safety of
the vector and transgene in a particular dose-escalating
delivery model. The results of these studies might foster
future clinical trials to evaluate the efficacy of a particu-
lar approach. Alternatively, the data might indicate that
researchers need to return to the bench to refine the
experimental tools and approaches.

In Alzheimer’s disease, preclinical studies have
shown that exposure of degenerating cortical choliner-
gic fibres in aged monkeys to NGF-secreting cell grafts
can lead to anatomical and behavioural improve-
ments144. In ongoing clinical trials, patients have
received implants of NGF-secreting autologous fibrob-
lasts that have been previously transduced ex vivo with
a MoMLV-based retrovirus vector. Most methods that
are being considered for gene therapy in Parkinson’s
disease are based on the finding that viral vectors
expressing glial-derived neurotrophic factor (GDNF)
can protect dopaminergic neurons from neurotoxic
insult in animal models145. Studies in aged and 
chemically or surgically lesioned non-human primate 
models confirm that GDNF can facilitate recovery of
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ganglia. Neurotransmitter peptides synthesized by
these neurons can be packaged into vesicles and trans-
ported anterogradely to nerve endings in the spinal
cord. Normally, the peptides released in the spinal cord
initiate a pain signal, but through gene delivery these
same neurons can be programmed to release endor-
phin peptides, which can downmodulate the pain 
signals. Studies show that this theoretical approach167

can decrease peripheral pain in animal models165,168,169,
and a clinical trial is underway to evaluate this
approach for pain caused by metastatic bony tumours
around the spinal cord.

What’s in the future?
Viral vectors are now an essential tool for experimen-
tation in neurobiology, and remain a hope for thera-
peutic intervention in neurological disease. Some of
the developments that we can expect in the near future
include increasingly sophisticated means of controlling
the fate of transgenes, and regulating their expression
through the use of vectors that incorporate diverse
bacterial, viral and mammalian components into sin-
gle constructs. Examples might include viral delivery
of mammalian artificial chromosomes to establish
independent stable genetic elements in cells170, incor-
poration of genomic constructs that include tandem
genes and cell-specific splicing27, more efficient means
of homologous recombination to allow correction of
mutations in host-cell genes171, and humanization 
of regulatory proteins or incorporation of immune
silencing elements to avoid rejection of modified
cells172,173.

Vectors also provide an interface between genomics
and functional proteomics, allowing large numbers of
genes, regulatory elements or complementary DNA
sequences to be cloned into vectors, with high-
throughput analysis of functional correlates in living
cells174. This will facilitate gene discovery and drug
screening. Virions will be designed not only to present
ligands for targeting to receptors enriched on target
cell types, but also to carry functional molecules that
can act as temporary catalysts to prime transcription
or integration events. Delivery modalities will be
improved to increase the ability of migratory cells to
home to their targets and release vectors on site76, and
by the generation of therapeutic fusion proteins,
which are released by or activated in transduced cells
and taken up by non-transduced cells. The diverse 
technologies of genetic modification — including
transgenic, knock-in and knockout mice and recom-
binase-expressing vectors — will be coordinated to
achieve selective alteration of specific subsets of cells in
particular epochs, and to allow recovery and identifi-
cation of responsive genes. This will be combined with
increasingly sophisticated imaging technologies to
allow monitoring of gene expression, cellular activities
and therapeutic outcomes in experimental animals
and humans. Future collective advances in this field
will make gene delivery into the nervous system a cru-
cial component of the new wave of on-site functional
assessment.

potentially neurotoxic levels of glutamate transmitter,
might also increase neuronal survival159. Difficulties
include possible side effects of GDNF and the prefer-
ence to express glutamate transporters selectively in
astrocytes, as expression in neurons might alter their
neurophysiological state.

Lysosomal storage diseases. Gene therapy might prove
to be effective in the rare fatal conditions caused by
deficiencies in lysosomal enzymes, such as Batten’s
Disease160, the neuronal lipofuscinoses160 and the
mucopolysaccharidoses33. Although global delivery of
the deficient enzyme is required, delivery to all cells is
not necessary because the soluble lysosomal enzymes
that are deficient in many of these disorders can be
released from expressing cells, and subsequently endo-
cytosed and used by neighbouring, non-expressing
cells33,161. Methods to achieve a broad distribution of
enzyme-expressing cells within the brain include 
convection-based delivery of vectors, which extends the
distribution beyond the site of injection9,58. In newborn
animals, extensive enzyme delivery might also be
achieved using migratory neural precursor cells 
engineered to release the enzyme77, and modification of
the gene product itself might also lead to improved
biodistribution154,162.

Brain tumours. Several clinical trials are underway for
treatment of brain tumours using oncolytic virus 
vectors29,163,164. Mutations — such as deletion of the
gene for ribonucleotide reductase or gamma 34.5, or
deletion of the E1b region of adenoviruses — can be
introduced into the genome of viruses, so that they
selectively replicate in dividing cells and kill them.
In the context of the brain, where most cells are post-
mitotic, this largely restricts killing to tumours.
Recombinant virus vectors have also been engineered
to delete neurotoxic genes and incorporate therapeutic
genes, typically those for pro-drug activating enzymes
(for on-site generation of anticancer drugs), cytokines
(to enhance immune response to tumour antigens),
and anti-angiogenesis factors (to block neovasculariza-
tion of enlarging tumours). Efficient vector delivery to
tumour cells remains the most serious obstacle to this
therapy, due to the invasive nature of tumour cells. The
use of neural precursor cells to home to tumour foci
within the brain165 might provide an important clinical
tool for therapeutic intervention. Also, non-propagat-
ing vectors delivering apoptotic genes might prove
effective in reducing life-threatening compressions of
nervous tissue caused, for example, by non-malignant
schwannomas and meningiomas166.

Pain. Sensory neurons in the periphery of the body
transmit pain signals to the spinal cord and brain.
These sensory neurons can also act as a conduit for vec-
tors administered into the skin to deliver therapeutic
molecules to the spinal cord. HSV vectors are particu-
larly well suited to this application, as they normally
infect sensory neuron terminals and are transmitted by
rapid retrograde transport to cell bodies in the dorsal
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ALS | Alzheimer disease | Huntington disease | Parkinson disease
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EBNA1 | enolase | GDNF | neurofilament | NGF | synapsin-1 | 
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