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Establishing the contributions of inherited genes
relative to experience in brain function forms a cen-
tral theme of neuroscience. There is little doubt that
both activity-dependent neuronal plasticity and

genetically determined programs generate impor-
tant influences on the developing and the adult ner-
vous system. The ability to change behaviour in
response to new environmental hazards and
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rewards is one of the major roles of the central ner-
vous system. Adaptability, learning and memory
have therefore become key avenues of neuroscience
research. However, it is equally clear that many ani-
mal behaviours are stereotyped and encoded by
hard-wired neural circuits specified genetically.
Indeed, genetic programs are also likely to specify
the rules for how and to what extent experience can
change the brain to allow learning and the forma-
tion of memories. Thus, there are complex interac-
tions between genetics, gene expression, activity-
dependent neuronal plasticity and experience. In
order to explore these interactions, neuroscientists
are in great need of tools to make specific genetic
manipulations. In this review we describe the enor-
mous progress made over the last decades, particu-
larly through use of genetically engineered mice,
and we will point to new directions that offer
greater spatiotemporal genetic control based on
local gene delivery, in particular by viral transduc-
tion vectors. In addition to utility in basic neurobi-
ological research for assessing the role of individu-
al molecules in brain function, such vectors are also
likely to be useful in gene therapy.

Genetic manipulation 

Ideally, it would be possible to control gene expres-
sion in well-defined populations of neuronal cells at
any given time during the development or adult life
of an animal. One would like to be able to delete
genes, change genes and add new genes to the
genome in a temporally and spatially controlled
manner. To this end remarkable advances have been

made over the past decades, allowing genetic
manipulation in different species, which has been
greatly facilitated by the rapid progress of the large-
scale genome sequencing projects.

Exogenous gene expression or ‘transgenesis’

For many studies it is useful to be able to express a
gene of interest, be it the wild-type gene, a mutated
gene or a foreign gene. Plasmids containing regula-
tory elements and a gene of interest can be added
with relative ease to create transgenic animals of
many species. In the worm, Caenorhabditis ele-
gans, plasmids can be injected directly into the
gonad, where the DNA is taken up in the develop-
ing eggs to form extrachromosomal arrays, which
can become stably heritable. Co-expressed selec-
tive markers, like a mutant collagen gene, rol-6,
which causes the worms to ‘swim’ in circles, rather
than their usual sinusoidal pattern, can then be used
to screen for the transgenic worms [1]. In the fruit
fly, Drosophila melanogaster, transgenesis is also
relatively simple. Fly embryos are injected with
DNA plasmids, usually in the context of transposon
sequences, like P-elements, to help germline inte-
gration, and eye color genes have been commonly
used as selective markers [2]. Similar approaches
can also be used for generating transgenic mice [3],
even though obtaining eggs and bringing them to
term is quite a bit more complex for mammalian
species. As depicted schematically in Fig. 1, lin-
earized plasmid DNA corresponding to a complete
transcription unit is directly injected into the male
pronucleus of fertilized mouse eggs (reviewed in
Ref. [4]). The DNA generally inserts into the mouse
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Fig. 1 Generation of transgenic mice. A. The example of the GFP-M mouse [5], made by classic transgenesis.
Depiction of: 1. the transgene vector, with a Thy1 promoter driving GFP expression; 2. direct injection into the mouse
egg pronucleus; and 3. offspring for screening. The micrographs are confocal images of a cell within a 100 μm PFA
-fixed coronal section from medial cortex of the brain of a GFP-M mouse. The scale bar on the left is 100 μm, while
that for right hand image, zooming in on dendrites (boxed on the left), is 10 μm. B. The example of the αCaMKII
T286A mouse [20], made by targeted knockin of embryonic stem cells. Depiction of: 1. the mutagenesis of the tar-
geting vector (the C in blue is a 'silent' mutation which generates a new restriction enzyme cleavage site.); 2. trans-
fection of embryonic stem cells; 3. homologous recombination of the targeting vector with the genomic locus; 4.
selection of correct clones; 5. blastocyst injection; and 6. screening of chimeric mice. On the right is a depiction of
the wild-type and point mutant complexes of αCaMKII. During a transient calcium rise wild type αCaMKII can
autophosphorylate and acquire long-lasting calcium independent activity. The autophosphorylation occurs at T286,
which is mutated in the gene-targeted mouse. In the lower right is shown the physiological result that LTP is nearly
absent in the mutant mice (electrophysiology figure reprinted with kind permission from Ref. [20]).
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chromosomal DNA at a random location in con-
catemeric arrays. The expression of the transgene is
then regulated both by the promoter and by the sur-
rounding elements where the transgene inserted
into the genome. The injected eggs are implanted
into a surrogate ‘mother’ mouse. Screening of the
viable progeny by southern blotting or PCR of
genomic DNA is usually necessary to identify
founders for breeding.

A nice example of this transgenic approach was
applied by Feng and co-workers [5] to the neu-
ronal expression of green fluorescent protein
(GFP) and its variants under a Thy1 promoter,
which had been engineered to be neural specific
[6, 7] (Fig. 1A). In these experiments, red, yellow
and green variants of GFP were cloned into plas-
mids, all driven by the identical Thy1 promoter
elements. The DNA was injected into mouse eggs
and 25 independent stable transgenic mouse lines
were obtained. Analysis of these lines showed that
the expression pattern of each line was different!
For instance in some mouse lines, all retinal gan-
glion cells fluoresced brightly, while in others
many cortical cells were bright. Two of the most
useful lines, GFP-M and YFP-H, had very bright-
ly fluorescing neurons, which were sparsely dis-
tributed. This ‘golgi-like’ pattern of fluorescence
has allowed elegant in vivo imaging studies of
spine formation and elimination, using two photon
laser scanning microscopy [8, 9].

Although the transgenic approach has produced
many valuable mouse lines, it suffers from the lack
of control of the integration site into the genome.
This generates uncertainty in the expression profile
of the gene as illustrated above by the varied expres-
sion patterns in the different lines of the Thy1-GFP
mice. To gain greater control of transgene expres-
sion, the gene of interest can be flanked by very large
regions of DNA in the form of Bacterial Artificial
Chromosomes (BACs). In some studies, this BAC
approach has allowed the native expression pattern
of genes to be recapitulated [10, 11]. However, this
has not consistently been successful, because even
such large constructs can apparently be affected by
their genomic context. Potential epigenetic modifica-
tions (i.e. chromosomal DNA methylation or histone
acetylation) are further confounding factors in analy-
sis of expression in transgenic mice. To gain greater
precision in the genetic manipulation it is therefore
necessary to specifically target endogenous genes. 

Gene targeting

In the worm Caenorhabditis elegans and in the fly
Drosophila melanogaster, gene disruption or
knockout (KO) has primarily been carried out
through forward genetic screens. In the worm,
chemical mutagenesis (for instance with ethyl-
methylsulfonate or psoralen/uv) inducing random
mutations and deletions has been used extensively
followed by selection and screening. P-element
hopping has been used to disrupt genes in the fly,
again in a random fashion followed by selection
and screening. Such random mutagenesis approach-
es have proven extremely powerful in providing
‘unbiased’ screens to determine the genes involved
in many biological processes, including learned
behaviours [12, 13].

Random mutagenesis, however, relies on the
availability of large numbers of animals. In gener-
al, one would like to screen several ‘genomes’
worth of animals. If, as estimated, in mice there
are ~30,000 genes, then one would like to screen
~100,000 animals. Whereas this is possible for
worms and flies, this is very difficult for larger
more complex animals such as the laboratory
mouse, although forward genetic screens are
nonetheless utilized [14]. A secondary drawback
of this strategy is the inherent imprecision of ran-
dom mutagenesis. The exact nature of the genetic
lesion can be subtle (such as small deletions or
point mutations) and therefore often hard to pin-
point. The use of highly transposable elements and
other selective tricks has facilitated forward genet-
ic screening of mice [15–18]. 

The development of mouse embryonic stem
cells has led to important progress in the generation
of gene-targeted genetically engineered mice. The
major advantage is that the stem cells can be manip-
ulated like other cultured cells. They can be grown,
the population expanded, and, notably, specific
stem cell clones can be selected. Plasmid constructs
to manipulate the genome of embryonic stem cells
can be introduced by ordinary transfection tech-
niques as used for other tissue culture cells.
Furthermore, by including DNA homologous to the
genome, the exogenous DNA can insert into the
genome in the endogenous locus [19]. This process
of homologous recombination is not very efficient,
and therefore markers and resistance genes are typ-
ically inserted to aid the selection process.
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For example, Giese and co-workers [20] gener-
ated gene-targeted mice containing a point muta-
tion of an autophosphorylation site of the alpha
Ca2+/calmodulin dependent kinase II (αCaMKII)
gene (Fig. 1B). The kinase αCaMKII is a major
component of the postsynaptic density, where it is
able to phosphorylate several important targets
involved in regulating the strength of a synapse
[21]. Introduction of activated αCaMKII into neu-
rons increases the strength of synapses [22, 23].
Additionally, active αCaMKII can bind NMDA
receptors in the synapse, directly affecting plastic-
ity, depending upon the subunit composition of the
NMDA receptor [24]. Kinase activity is regulated
by calcium and calmodulin as its name suggests,
such that increased calcium concentrations push
the enzyme into an activated state in which
autophosphorylation at a threonine at position 286
(Thr286) of the protein occurs. Once autophospho-
rylated, the activity of the enzyme becomes inde-
pendent of calcium. Therefore, a transient calcium
elevation can produce sustained kinase activity,
suggesting that αCaMKII is a switch-like molecule
[25, 26] which could underlie step-like all-or-none
synaptic potentiation [27–29].  

To directly test the role of Thr286 autophospho-
rylation of αCaMKII, Giese et al. (1998) made a
point mutation in the mouse genome, changing the
amino acid residue to one (Ala) which cannot be
phosphorylated. To make gene-targeted mice carry-
ing this change (T286A), they generated the point
mutation by PCR and substituted it into a cloned
genomic region of the αCaMKII gene. This target-
ing construct carried a selectable marker, neo,
which allows selection of eukaryotic cells for resis-
tance to G418, an aminoglycoside targeting the
ribosome. The mutant αCaMKII DNA was trans-
fected into mouse embryonic stem (ES) cells and in
some stem cells the exogenous DNA carrying the
point mutant αCaMKII gene was inserted in its cor-
rect position in the mouse genome through homol-
ogous recombination. Individual clones of the
transfected stem cells carrying the mutant
αCaMKII gene were selected for in culture, and
healthy cells from stem cell clones containing the
properly targeted homologous integration were then
introduced into early stage blastocysts (Fig. 1B).
These blastocysts were implanted into surrogate
mother mice. First generation offspring were
chimeric mice, meaning that part of the mouse is

derived from the cloned ES cells and other parts of
the mouse are derived from the wild-type cells of
the blastocyst. Coat color markers from the parental
strain of the ES cell relative to the strain from which
the blastocyst was obtained aid identification of
‘high-chimeric’ offspring, which were then bred
and screened for germline transmission.
Subsequent analysis of the mice carrying the point
mutation revealed deficits in both synaptic plastici-
ty and learning [20], suggesting that autophospho-
rylation of αCaMKII indeed plays an important role
in learning and memory.

Homologous recombination in ES cells can be
used to delete genes or portions of a gene (knock-
out), to insert sequence elements like target sites for
recombination (knockin), or even to substitute
genomic sequences, for instance, with a minigene
or those from another organism. Multiple controls
are always required, however, to confirm changes
in and potential expression from targeted alleles.
For instance, alternate splicing might allow unex-
pected gene products to persist. It is not always
straightforward to prove that a gene targeting event
has not resulted in, for instance, a change in anoth-
er element (like expression of a microRNA) or a
dominant negative effect due to truncation of a pro-
tein product, rather than a simple loss of function.
However, genetic strategies, such as analyzing het-
erozygotes carrying the targeted allele in combina-
tion with a known loss of function allele, can help.
Even though homologous recombination allows the
creation of precise genetic alterations in mice, these
changes are present in every cell and throughout the
development and lifetime of the mouse. If a gene
contributes to development, then it is not possible to
separate its impact during development from its
function in the adult. Equally, if a gene functions in
different brain areas, it is not possible to delineate
its role in each area. Considerable effort has there-
fore been expended to develop genetic manipula-
tions that can be temporally and spatially regulated.

Temporal and spatial control of
genetic manipulations

Increased control of genetic manipulation has been
achieved through utilization of genetically engi-
neered mice harbouring regulatory functions in
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addition to the transgene or targeted gene. Below
we outline two important strategies, which have
been successfully developed for controlling genes
in the mouse brain.

Conditional knockout by site-specific
recombination (Cre-loxP)

The first technique and the one that has been used
most extensively derives from a particular type of
recombination mediated by the enzyme Cre recombi-
nase, which was cloned from bacteriophage P1 [30,
31]. The Cre recombinase acts at specific 34 base pair
DNA sequences called loxP sites, inducing recombi-
nation between molecules of the bacteriophage DNA.
Cre recombinase was also found to work in mam-
malian cells, inducing site-specific recombination
between loxP sequences [32]. The first successful
application of this genetic control system to neuro-
science research in the mouse was carried out by Joe
Tsien in Susuma Tonegawa’s laboratory, who used
this system to generate mice lacking functional
NMDA receptors specifically in the CA1 region of
the hippocampus [33, 34]. This cell-specific KO
required two different mouse lines, which were gen-
erated in the Tonegawa group (Fig. 2A). 

In one mouse line, loxP elements were inserted
into intronic and downstream sequences surround-
ing the second half of the NMDA receptor 1 gene
(NMDAR1), utilizing ES cells for the knockin, as
described above. The modified NMDAR1 gene in
this mouse is termed a ‘flox’-ed gene, since it is
flanked by loxP elements. Importantly, the native
expression and function of the NMDAR1 gene was
not altered in these floxed NMDAR1 (fNR1) mice.
In other words, phenotypically, the fNR1 mouse is
wild-type. In order to delete most of the NMDAR1
gene in a region specific manner, a second mouse
expressing the Cre recombinase under the control
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Fig. 2 Strategies for spatiotemporal genetic control. A. Conditional knockout. One transgenic mouse expresses Cre
recombinase in a specific spatiotemporal pattern determined by the promoter and the genomic context. The other
mouse carries a floxed gene (flanked by loxP elements). Crossing these two mouse lines allows Cre mediated excision
of the floxed gene leading to knockout (KO). The micrograph shows the hippocampal CA1 specific activity of the Cre
recombinase driven by the αCaMKII promoter in mouse line T29-1. βgal staining is evident as the dark blue curve in
the saggittal brain slice (image reprinted with kind permission from Ref.[33]). B. Inducible and reversible expression.
The rtTA2 is expressed in a transgenic mouse line, which is crossed with a mouse carrying a tetO-regulated transgene.
Doxycycline (Dox) can be added to the mouse food or water supply, entering the brain and binding to rtTA2. The Dox-
rtTA2 complex binds to the tetracycline operator (tetO) sequences and induces expression of linked genes.



of the αCaMKII promoter was generated by stan-
dard transgenic techniques, and so inserted random-
ly into the mouse genome. As described for the
Thy1-GFP mice (Fig. 1) the location of the integra-
tion of the transgene in the genome plays a signifi-
cant role in the expression pattern of the transgene.
Tsien and co-workers screened 9 of 11 different
transmitting lines of Cre-transgenic founder mice
carrying 1–20 copies of the transgene for their
mRNA expression patterns. Four lines expressed
the correct 2.6kb Cre mRNA in a forebrain restrict-
ed pattern; four expressed no detectable Cre
mRNA; and one expressed an abnormally large
mRNA of 9kb, which included the Cre sequence.
Recombination activity was analyzed by breeding
the Cre-expressing mice with an indicator mouse
carrying a ‘floxed stop’ lacZ gene. Remarkably,
three of the five lines showed Cre/loxP recombina-
tion confined to the CA1 region of the hippocam-
pus, even though the mRNA data suggested that
neocortical mRNA expression was just as high in at
least one line. The spatially localized Cre recombi-
nase activity is restricted to the CA1 pyramidal
cells of this line (T29-1, Fig. 2A). Recombination
activity was initiated in the third postnatal week
[33], after the most crucial developmental period. 

By crossing the CA1 specific Cre-expressing
mice with the fNR1 mice, Tsien and co-workers
succeeded in generating the first mice with a cell-
type specific knockout of a neuronal gene - the
knockout of all functional NMDA receptors in the
CA1 region. This allowed the direct test of the role
of NMDA receptors in hippocampal CA1 pyrami-
dal neurons in learning. It was found that spatial
learning in the Morris water maze was deficient in
these mice [34], pointing to a pivotal role for CA1
NMDA receptors in spatial learning and memory.
As indicated by this example and many further
studies using similar approaches, the expression of
Cre in specific neuronal cell types combined with
gene floxing through homologous recombination to
assure target specificity is an extremely powerful
method to analyze the contribution of an individual
gene to mouse behaviour. However, the transgenic
expression of Cre is subject to the uncertainties of
promoter specificity and integration site in the
genome, as indicated above. 

Cre recombinase can also be utilized directly in
gene targeted ES cell clones to excise floxed ele-
ments. In fact, in the T286A αCaMKII example

above, mutagenesis was by a ‘Pointlox’ procedure
[20]. The neo gene used to select for cells carrying
the site-directed mutant is itself floxed in the target-
ing plasmid, and then, after homologous recombi-
nants were identified, transient transfection with a
Cre-expressing plasmid allowed specific excision
of the selective marker, which could otherwise
affect local gene expression. While this left a single
loxP site in the targeted region, expression controls
showed the effect of the element was negligible.

These strategies for conditional genetic modifi-
cation are critically dependent upon appropriate and
controlled expression of Cre recombinase. Turning
Cre activity on and off at particular time points may
also minimize uncontrolled and perhaps deleterious
recombination in the wild-type mouse genome [35],
which can occur by Cre acting upon endogenous
cryptic loxP sites of the mouse genome. These
potential problems may in part be resolved through
regulation of Cre activity.

One approach is to use a floxed version of the
Cre gene itself, so its expression is abrogated by
recombination after the Cre recombinase reaches an
effective concentration. Another strategy has been
to control the localization and thereby the enzymat-
ic activity of the Cre recombinase, by fusing it to a
mutant estrogen receptor fragment (CreERT2) [36,
37]. This Cre fusion is insensitive to endogenous
estradiol, but sensitive to a synthetic ligand, tamox-
ifen. The expressed fusion protein is trapped in the
cell cytoplasm by heat shock proteins, but addition
of tamoxifen frees it, allowing it to enter the nucle-
us [37]. After attaining access to genomic DNA, the
Cre recombinase activity of the fusion protein
works efficiently on loxP sites. In combination with
mice carrying a floxed gene, administration of
tamoxifen would therefore produce a temporally
controlled knockout. Tamoxifen also can be admin-
istered to lactating mothers to allow recombination
in early postnatal development of floxed offspring
[37]. Again, spatial and cell type specificity must
arise from the interaction between vector promoters
and genomic integration site driving CreERT2
transgene expression.

One way to increase the reproducibility of trans-
gene expression and gain further control is to intro-
duce the transgene in a site-specific manner in a tar-
geted genomic locus. Transgene insertion can be
targeted with Cre recombinase after knockin of
loxP elements. This so-called ‘recombination-medi-
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ated cassette exchange’ allows the creation of new
transgenic mice carrying single integrants at prede-
fined loci [38] to aid both comparative analyses
[39] and also induction strategies [40].

Regulation of gene expression 
(doxycycline, rtTA2/tetO)

A different approach to gain temporal control of
gene expression involves the application of a lig-
and-dependent transcription system. The basic idea
is that an exogenous chemical ligand with no
known mammalian targets would be able to cross
the blood-brain barrier, entering cells to regulate
transcription in an inducible and reversible manner
(in contrast to the irreversible KO mediated by Cre
recombinase). Such a system has been developed
by Hermann Bujard and colleagues [41, 42] and is
composed of two genetically encoded elements
based on bacterial tetracycline resistance. The first
element is a transcriptional repressor (TetR), and
the second is its specific DNA binding motif (tetO).
In bacteria, tetracycline binds the repressor protein,
relieves transcriptional repression by preventing
binding of the repressor to DNA, and thus induces
resistance genes. Fusion of the repressor protein to
a transcriptional activation domain (from a herpes
simplex virus protein, VP16) allows binding at tetO
elements to induce RNA transcription.  This tetra-
cycline-controlled trans-activator (tTA) has been
shown to allow regulation of transcription over five
orders of magnitude in vitro [41]. Variant factors
have been further selected so that addition of ligand
(tetracycline or the most commonly used analog,
doxycycline - Dox) can not only turn gene expres-
sion off (tTA), but also on (reverse tTA or rtTA).

In order for Dox to regulate gene expression in
the mouse, the promoter driving the gene of interest
must include tetO sequences, usually in multiple
copies, for binding of the specific transcriptional
regulator (tTA or rtTA). These elements can be
inserted into transgene constructs directly or into an
endogenous locus via gene targeting in ES cells, as
described above. An optimized rtTA, rtTA2 [43,
44], schematically depicted in Fig. 2B, has now
been tested using the αCaMKII promoter for fore-
brain specificity, and both inducibility and
reversibility of transgene expression look promis-
ing [43, 45]. Although the in vivo induction was not

as sensitive as would be predicted from the in vitro
report [43], both the dose and duration of Dox treat-
ment were found to correlate well with the amount
of expression when analysed in tetO-lacZ reporter
mice. The induction by Dox in food (6 mg/g) takes
about six days to reach steady-state in this system,
with the earliest βgal activity seen after four days of
treatment [45]. One important benefit of this strate-
gy is that a mouse can develop normally before
inducing transgene expression. Alternatively, Dox
can even be fed to the pregnant mother. Using this
method, it is therefore possible to regulate the tem-
poral expression pattern of a transgene. 

Further layers of specificity in genetic control
can be generated through combining Cre-loxP
recombination and doxycycline regulation [46].
However, even with such combinatorial strategies,
as before, spatial control and cell type specificity
are dependent upon the interaction between trans-
gene promoter sequences and integration sites. This
may in part be remedied by site-specific transgene
insertion as mentioned above.

Transduction vectors

Remarkable progress has been made in the con-
struction of specific and controllable transgenic or
gene-targeted mice. A major limitation at this point
in time is the specificity of available promoter
sequences, and their sensitivity to integration site
genomic context. Indeed, it is not clear whether sin-
gle promoters will ever be available to, for exam-
ple, specifically express in a given cell type in a
given layer of a particular neocortical area.
Furthermore, some promoters might work well in
one context, but fail when transferred to a different
mouse strain, for example [47–49]. In addition, dif-
ferent mouse strains behave differently (e.g. Refs.
[50–52] to cite only a few examples), potentially
complicating analyses. For instance, when crossing
a transgenic mouse created by random insertion
(i.e. a Cre-expressing mouse line) with targeted
mutants generated in ES cells (i.e. a mouse line car-
rying a floxed gene of interest), the genetic back-
ground of the cross-progeny might include contri-
butions from up to four different mouse strains.
Non-germline genetic manipulation could help mit-
igate such complications.
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Another drawback of all the transgenic
approaches is that they cannot be used for thera-
peutic purposes, since they require genetic manipu-
lation at the germline level. There is therefore con-
siderable interest in developing alternative strate-
gies for controlled genetic manipulation, which
might ultimately be used to cure diseases of the
mature nervous system. Various transduction vec-
tors have already provided promising results in a
variety of systems, as will be described below.

The discovery of methods for selective down-
regulation of gene expression (‘knockdown’) by
RNA interference (RNAi) [53–55] has provided
further motivation for exploring alternative strate-
gies to germline genetic manipulation. Short
sequences of double-stranded RNA, termed short
interfering RNAs (siRNAs), sharing sequence
identity with the targeted gene down-regulate
expression of the endogenous gene by targeting its
mRNA for destruction. The siRNAs can be pro-
duced in cells from plasmids expressing short
hairpin sequences (shRNAs). RNAi can be
induced through shRNA-expressing transgenic
mice, but perhaps more importantly this strategy
can be employed via molecular manipulations
induced by transduction vectors without the need
to affect the germline [56, 57] .

A key aspect of transduction methods for stable
gene delivery to brain cells is that they can provide
spatial selectivity, for instance, through targeted
injection into the mature nervous system.

DNA for direct gene delivery

Many methods have been developed and utilized for
gene transfer into neurons, including utilization of
‘naked’ DNA [58], which can be taken up by cells
after injection or can be directly electroporated into
target cells [59, 60]. Encouraging recent studies in
mouse liver, using plasmids encoding the cDNA for
phenylalanine hydroxylase and a bacteriophage
integrase [61], resulted in a long-term cure of a
genetic disease, phenylketonuria. DNA can further-
more be coated with lipids and other proteins, like
monoclonal antibodies, for specific targeting, even
through the blood brain barrier [62]. These strategies
are likely to advance over the coming years, but cur-
rently viral vectors are the most efficient tools for
genetic manipulation in the adult mouse brain.

Viral vectors to transduce neurons

Viruses evolved to direct gene expression in
infected hosts in order to replicate. The generic
virus consists of a nucleic acid genome encapsi-
dated within a viral particle (or virion). The viri-
on structural proteins surround and protect the
genome, and enzymatic activities are sometimes
also encapsidated within the virion, particularly if
the genomic molecule cannot be directly translat-
ed in the host cell. Some viruses do not encode
replicative functions in their genome, but such
activities can be provided by another, ‘helper,’
virus. Certain viruses are surrounded by lipid
derived from the infected host cells, and such
‘enveloped’ viruses generally require additional
membrane bound molecules to allow binding to
target cell surface receptors. Basic virology
research has defined key mechanisms of how a
virus recognizes a target cell, enters the target
cell, transfers genetic information, and initiates a
productive infection. 

Through genetic engineering, the viral
genome can be harnessed to transfer genes of
interest into a variety of cell types. Viral packag-
ing cell lines have been developed, which allow
production of vector particles including the gene
of interest but lacking replicative viral genomic
material. Such cell lines can be created by
expressing capsid and enzymatic functions from
plasmids lacking sequences necessary for viral
propagation. The gene of interest is expressed for
vector production from a plasmid in the appro-
priate genetic context for encapsidation into vec-
tor particles and transduction into target cells.
Many viruses have already been used for genetic
manipulation of target cells, including retrovirus-
es, Sindbis virus, herpes simplex virus, Semliki
Forest virus, and adenovirus, some with thera-
peutic goals (as reviewed in Ref. [63]). The main
issues of concern for viral transduction strategies
are target cell specificity, target cell health,
potential immune responses, controlled vector
production and safety (for instance, potential
generation of replication competent virus). Here
we focus on recombinant adeno-associated virus
(rAAV) and pseudotyped lentivirus (LV), which
are currently some of the most efficient vectors
with low intrinsic toxicity for transduction into
many cell types. 
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Recombinant adeno-associated virus (rAAV)

Adeno-associated viruses (AAV) have stood out
among viral vectors in the capacity to allow genetic
modifications of large numbers of cells [63]. AAV is
a parvovirus with a single-stranded DNA genome.
Notably, it has not been associated with any known
disease in animals, making it attractive for develop-
ment as a therapeutic tool. Replication of AAV
requires a helper virus. As indicated by the name,
adenovirus is the classic helper, but herpes simplex
virus and other packaging line or mutant helper con-
structs can be used for virus production [64, 65]. If
replication competent recombinants, which can arise
from nonhomologous recombination between AAV
and helper virus, are generated, however, these can-
not be readily eliminated [64]. Nonetheless, since
about 80% of people carry circulating antibodies to
wild-type AAV with 30% expressing neutralizing
antibodies, without obvious negative effects, these
vectors are considered safe. High levels of neutral-
izing antibodies can decrease transduction efficien-
cy, but alterations of serotypes (see below) can
potentially surmount such problems [66].

The AAV genome encodes Rep proteins (respon-
sible for replication and packaging) and Cap pro-
teins (structural capsid proteins). The genome is
flanked by inverted terminal repeats (ITRs), which
are required for packaging and replication of the
genome. These ITR sequences are the only part of
the AAV genome included in the recombinant vec-
tor (rAAV), with a gene of interest inserted between
ITRs in the vector plasmid. AAV genomes are
mainly extrachromosomal (or episomal) both dur-
ing replication and long-term persistence. Therefore
rapidly dividing cells are not generally good targets
for transduction with this vector, since the AAV
genome will be lost gradually. However, wild-type
AAV can integrate inefficiently into the genome of
infected cells [67] (for human DNA, usually at a
preferred site of chromosome 19 [68], where it is
apparently well-tolerated). Integration is dependent
upon viral enzymatic activities of Rep proteins.
Because Rep proteins are made de novo during pro-
ductive infections and are not packaged into either
AAV or rAAV particles, such directed integration
into chromosome 19 should therefore not occur
after transduction by rAAV vectors. Oncogenesis
and insertional mutagenesis, as reviewed previous-
ly [67] and discussed further below, might further

result from rare random integration, but this also is
normally dependent upon Rep function. 

Domains within the AAV capsid proteins encode
the determinants for host cell entry, and thus define
the serotype of the AAV [69]. For instance, rAAV-2
(serotype 2), one of the most commonly used
serotypes of the vector, binds heparin sulfate pro-
teoglycan, fibroblast growth factor receptors and
integrins, while rAAV-5 binds sialic acid (and like-
ly other components of a receptor complex) found
on airway epithelial cells for viral entry [70].
Serotypes can be manipulated by genetic modifica-
tion of the capsid protein. Since a high-resolution
structure of the capsid protein has been described,
exposed positions can be selected for insertion of
peptide determinants. For instance, both neuronal
target cell specificity and retrograde transport were
enhanced through elegant engineering of rAAV
capsid proteins with, respectively, a peptide from an
NMDA receptor antagonist and a peptide that mim-
ics binding domains of dynein [71]. With this engi-
neered capsid, infection of a peripheral site, even
via intramuscular injections, can result in transduc-
tion into neurons [71]. This highlights another
aspect of AAV infection: both anterograde and ret-
rograde transport have been documented (for
instance, see Ref. [72]). Because rAAV does not
replicate, expression of transduced genes is limited
to directly infected cells. Long term transduction
and long range tracing of axonal trajectories of
infected neurons with little or no inflammation in
the brain are both possible after stereotaxic injec-
tions of rAAV [73, 74]. 

rAAV has already been used for a variety of suc-
cessful neurobiological research applications.
Imaging axons and synaptic boutons in adult ani-
mals by two photon microscopy in macaque visual
cortex after rAAV-eGFP expression was the focus of
one recent study [75], showing that ongoing pro-
cesses of synaptogenesis and synaptic elimination
occur in primary visual cortex. Furthermore, rAAV
has been used for Cre recombinase expression and
was shown to induce conditional genetic modifica-
tions within seven days after stereotaxic injection of
vector in brains of reporter mice [76]. Targeting of
the adenosine A1 receptor in the hippocampus of
floxed adenosine A1 receptor transgenic mice with
such a vector resulted in focal deletion of the recep-
tor and demonstrated that the A1 receptor acts presy-
naptically in CA3 neurons of the hippocampus [77].
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While this local KO abolished the response to
adenosine, infected neurons retained otherwise nor-
mal physiological responses. Similar focal KOs with
rAAV-Cre in fNR1 mice recently demonstrated a
specific role for CA3 NMDARs in learning from
new experience, using a paired associate task [78].

rAAV vectors are also progressing towards clin-
ical applications. A canine model of childhood
blindness has been successfully treated through
retinal injection of a single dose of rAAV, express-
ing the RPE65 gene, which encodes a retinal pig-
ment epithelium protein [79]. Many different
genetic mutations in retinal proteins contribute to a
high prevalence of inherited retinopathies (num-
bering about one in 2000 individuals worldwide)
[80]. The rAAV transduction vector strategy offers
hope for some of these retinal diseases. In a rat
model of Parkinson Disease, a combination of
rAAV vectors has been used to temporally control
dopamine production [81]. One vector expressed
the regulated CreERT2 and the other carried a
floxed gene for a dopamine synthetic enzyme,
allowing selective KO of the synthetic enzyme,
tyrosine hydroxylase, upon treatment with tamox-
ifen. This can prevent adverse affects due to over-
expression of the synthetic enzyme, which might
interfere with therapeutic effects of L-DOPA in
patients. Finally, rAAV has been used for RNAi,
for instance to deliver shRNAs to inhibit mutant
ataxin-1 in a mouse model for polyglutamine-
induced dominant neurodegenerative diseases [82].
rAAV therefore appears a useful candidate trans-
duction vector to manipulate neuronal molecular
genetics both for research and for therapy.

Lentivirus (LV)

Lentiviruses are RNA viruses, of which HIV is the
best-known example. They can be considered com-
plex retroviruses. Thus, reverse transcription of the
RNA genome to DNA and integration into the
genome of infected host cells is essential to the
lentiviral life cycle. In addition to the retroviral
genes, gag (structural proteins including capsid),
pol (polymerase, reverse transcriptase) and env
(envelope glycoprotein), the lentivirus encodes
accessory proteins, which help maintain persistent
infection. Many of these accessory proteins were
removed as the lentivirus was developed into a

transduction vector [83, 84]. Fig. 3A summarizes
the four plasmids required for LV vector production
by transient transfection of transformed human
fibroblast cells. This is a so-called ‘third genera-
tion’ self-inactivating (SIN) virus system [85], lack-
ing sequence elements from the unique 3’ (U3)
region of the transfer vector, which otherwise might
allow expression from the long terminal repeats
(LTRs) formed after reverse transcription and inte-
gration in the infected cell. One plasmid encodes
virion components and an accessory protein, Tat (a
transactivator). Another plasmid encodes Rev (an
RNA export factor). The third plasmid encodes
VSV-G (an envelope glycoprotein from the
Vesicular Stomatitis Virus). These LV vectors do
not use the natural lentiviral envelope gene product
for cell entry, but are pseudotyped by VSV-G, which
is broadly infective [86]. 

A gene of interest is cloned into the transfer
vector plasmid, in this example GFP. The transfer
vector plasmid contains all the viral elements nec-
essary for transduction: a packaging sequence
(Ψ), a promoter to drive gene expression, and
LTRs, the second carrying the SIN U3 deletion
(ΔU3). Transducing LV particles contain RNA
derived from the transfer vector plasmid, whose
expression is enhanced by Tat acting on the LTR.
The transfer vector RNA is packaged in the vector
particle along with the reverse transcriptase and
integrase proteins (encoded by pol). Notably, the
RNA packaging signal (Ψ) is deleted (ΔΨ) from
the packaging constructs encoding viral compo-
nents and only the transfer vector includes this
element. Therefore, viral RNA sequences are
excluded from the vector, whereas the transfer
vector RNA is specifically packaged. Expression
of the gene of interest in transduced cells will be
driven by the internal promoter (PGK in this
example) after reverse transcription and integra-
tion into the target cell genome. 

A schematic depiction of a vector particle is
shown in Fig. 3B. Such LV particles bud from pro-
ducer cells [87] and are released into the cell culture
medium. Vector stocks are prepared by collecting
supernatants from the transfected cells and resus-
pended for direct injection into the brain after
purification by ultracentrifugation. This simple
purification is made possible by the stability of the
VSV-G glycoprotein, which also retains activity
after a freeze/thaw cycle. The natural lentiviral
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envelope glycoprotein does not retain function
upon such treatment. Another potential benefit from
using VSV-G is that these pseudotyped LV vectors
are not subject to superinfection interference, a
mechanism by which viruses can limit infection of
a host cell to a single integrated genome. Thus, mul-
tiple vector particles can enter, integrate, and be
expressed. This means that the sum of gene expres-

sion by transfer vector sequences in the host cell
reflects that of the given promoter, exhibiting little
influence due to integration site, unlike a standard
transgene. Alternatively, if desired, dilution of the
vector stock can allow transduction via primarily
single copy integration.

LV vectors, like rAAV, can be stereotaxically
injected directly into the central nervous system, for
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Fig. 3 Lentivirus for neuronal gene expression. A. Depiction of the four plasmid constructs used for production of the
lentiviral vector. CMV is the cytomegalovirus promoter. ΔΨ is the deletion of the packaging sequence from the plas-
mid that provides most virion components, pCMVΔR8.92, an HIV-derived, 'third generation' vector. GAG encodes the
primary structural proteins, PRO encodes the protease and POL the reverse transcriptase and integrase. TAT is the
transactivator, which acts on the long terminal repeat of the transfer vector, and RRE is the Rev Response element, an
RNA element for Rev-mediated export of Gag RNA to the cytoplasm. Rev is driven by the Rous Sarcoma Virus pro-
moter (RSV), and the envelope glycoprotein from the vesicular stomatitis virus G protein (VSV-G) is driven by the
CMV promoter. polyA+ is the poly-adenylation signal. The transfer vector is a Self-INactivating (SIN) vector, with a
deletion from the unique 3' domain, ΔU3 'SIN,' that helps prevent readthrough and generation of replication-compe-
tent recombinant viruses. Gag sequences are deleted (GA) in the transfer vector and the initiation codon furthermore
mutated (arrow with X). Ψ (packaging element) and LTRs (long terminal repeats) are included in the transfer vector.
The phosphoglycerol kinase promoter (PGK) drives expression of eGFP in infected cells, aided by cis-acting sequences
from Woodchuck Hepatitis Virus (WHV). S.D. is the splice donor and S.A. is the splice acceptor. B. Depiction of a
viral particle, color-coded according to the Panel A plasmids, with GAG gene products in bright blue, Pol as pink stars,
the VSV-G in red and the transfer vector RNA in black with the green GFP coding sequence. C. In vivo injection of
LV into the mouse somatosensory cortex. D. A cluster of LV transduced cells from mouse somatosensory cortex.
Approximate boundaries of cortical layers 2&3, 4, 5, and 6 (L2/3, L4, L5, L6) and an outline in cyan of the L4 barrels
in this coronal section are indicated. E. An isolated LV transduced cell. F. Higher magnification view of dendritic
spines from the cell in panel E.



example, into the mouse somatosensory barrel cor-
tex as shown in Fig. 3C. Under anesthesia, a small
craniotomy is made and usually about 20–100 nl of
the viral suspension is injected with glass capillaries
pulled to about 7μm inner diameter. Brain tissue
analyzed from 4 days to 8 months after injection
appears normal, indicating that there is no obvious
toxicity associated with lentiviral injection.
Injection of lentivirus encoding GFP under the PGK
promoter reveals brightly fluorescent cell bodies,
spiny dendritic processes, and both local and long-
range axonal projections. Fig. 3D shows an example
of a cluster of L5 cortical cells, expressing eGFP
after lentiviral infection. Depending upon titer and
injection conditions, cells within 200 μm of the
injection site are infected, as previously described
[88]. Sparsely infected cells can also be obtained, as
shown in Fig. 3E, which depicts an isolated GFP-
positive pyramidal neuron. Fig. 3F shows a close up
of dendritic spines from the same cell. As indicated
by these confocal micrographs, high-resolution
imaging is possible in neurons expressing GFP
transduced by LV. The morphology of infected neu-
rons appears normal and healthy by light

microscopy. Ultrastructural analysis using serial
section electron microscopy [89] further confirms
normal synaptic structure of transduced neurons.
The lentivirus is therefore a useful tool for studying
neuronal morphology, allowing both the study of
synapses and of long-range axonal projections. In
this context, it is important to reiterate that neurons
are transduced almost exclusively in the immediate
vicinity of the lentivirus injection site, allowing
unambiguous tracing of axonal projections (not
complicated by mixed retrograde/anterograde trans-
port of commonly used anatomical tracers).

Critically, the use of GFP to label transduced
cells allows analysis of living neurons both in vitro
(in brain slice preparations) and in vivo (through two
photon microscopy) [88]. Fig. 4A shows two photon
images of a cluster of infected cells in a living brain
slice. The GFP expression in these layer 2/3 cortical
neurons is shown alone in the left panel, while the
right panel overlays an image of the whole-cell
patch-clamp recording electrode filled with a red
dye (Alexa-594), which diffuses into the recorded
neuron. Transduced cells respond normally to depo-
larizing steps, firing action potentials after reaching
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Fig. 4 Electrophysiological anal-
ysis of living neurons infected with
lentivirus. A. Two photon laser
scanning microscope images of an
in vitro brain slice prepared from a
mouse injected with lentivirus in
the barrel cortex. The left panel
shows the GFP signal in trans-
duced neocortical L2/3 neurons,
and the right image overlays the
red fluorescence (Alexa 594) of the
whole-cell pipette and the recorded
layer 2/3 pyramidal neuron. B.
Membrane potential responses to
current injection (-300pA to
+300pA). Lentiviral transduced
neurons have indistinguishable
action potential discharge proper-
ties compared to uninfected neu-
rons. C. Excitatory postsynaptic
potential (EPSP) evoked by extra-
cellular field stimulus delivered in
L4. Lentiviral transduced neurons
have indistinguishable EPSPs
compared to uninfected neurons.



threshold (Fig. 4B). Extracellular field stimuli deliv-
ered in cortical layer 4, evoke EPSPs in the record-
ed layer 2/3 pyramidal neuron, which are indistin-
guishable from control untransfected neurons (Fig.
4C). Neurons transduced with lentivirus are there-
fore both morphologically and physiologically nor-
mal and remain healthy for many months after infec-
tion, likely for the lifetime of the animal. Lentiviral-
mediated transduction of molecules to alter neuronal
function should therefore be a reliable tool, since
infection per se has no apparent deleterious effect
upon transduced neurons [90]. 

In a recent example of how LV transduction can
be applied to basic questions in neuroscience,
Maskos et al. [91] investigated the role of nicotinic
acetylcholine receptors specifically in the ventral
tegmental area (VTA), an area of the brain that is
believed to mediate reinforcement properties of
addictive drugs. Targeted LV transduction of the
VTA with vector expressing the β2 subunit of the
nicotinic acetylcholine receptor (nAChRβ2), into
transgenic mice lacking this receptor, allowed ‘re-
expression’ of the subunit in dopaminergic cells of
the VTA. The PGK promoter drove expression in this
study, with an internal ribosomal entry site (ires2) for
a bi-cistronic transfer vector also expressing eGFP to
label infected cells. Electrophysiological responses
to nicotine were rescued, and nicotine self-adminis-
tration and nicotine-induced dopamine release were
reinstated in the knockout mice expressing the intro-
duced nAChRβ2 subunit. This elegant study thus
defined both an anatomical focus (neurons of VTA)
and the molecules (nAChRs containing the β2 sub-
unit) mediating complex behaviour. The in vivo
molecular dissection of specific neuronal contribu-
tions to many brain functions is thus clearly possible
using such tools.

Vector technology and use

Transduction vector approaches, in summary, offer
simple methods to express genetic activities in local-
ized and targeted cells, in particular neurons. Direct
comparisons between the two vector systems have
begun [92], but which vector is best for a particular
application is still open to debate. Lentiviral vectors
may have advantages for long-term transduction,
since they integrate stably into the genome, and the
transferred genes are then carried and expressed as

normal cellular genes, unlike genes transduced by
the rAAV vectors. However, rAAV expression has
been shown to be stable for at least 6 months in neu-
rons (see for example, Ref. [74]). Other features,
like coding capacity, infectivity, and promoters for
expression of such vector systems, have been sub-
jects of several reviews (for instance, Refs. [63, 93,
94]) and can help determine which is best to utilize.
Nonetheless, even potential limitations of a particu-
lar system can be overcome. For example, whereas
rAAV has a more limited coding capacity than LV,
the use of split or trans-splicing AAV vectors can
double coding capacity [95]. Both vector systems
can allow targeted knockout via transduced Cre
recombinase in transgenic mice carrying floxed
genes of interest, or knockdown of gene expression
via RNAi in transduced wild-type mouse strains.
Cell-specific promoters are possible in both sys-
tems, to target different neuronal subtypes and
developmental stages (see for instance, Ref. [88]),
although success has been obtained in both systems
also with very general promoters, like the PGK pro-
moter. Additionally, similar to alterations in the
AAV capsid described above allowing distal infec-
tion sites to result in neuronal infection of the CNS
[71], pseudotyping LV with other envelope proteins
can also change its infective capacity (i.e. also anal-
ogous to rabies-pseudotyped EIAVs [96]). It should
furthermore be noted that the VSV-G pseudotyped
lentivirus can also be used as a simple way to gen-
erate transgenic animals by zygote infection rather
than DNA pronuclear injection [97, 98]. 

A viral vector strategy may be well-suited to
gene therapy where local transgene expression
could be used to compensate known molecular
deficits. Obviously enormous caution is necessary
when considering how to apply these technologies
therapeutically. The most basic safety issues relate
to replication competence and integration site. Most
viral transduction vectors are engineered to prevent
the generation of replication competent variants.
However, recombination could perhaps generate
these at low frequency, so both the design of vector
plasmids and the production stage for generating
transduction vectors are crucial. Limiting homolo-
gy between vector plasmids helps prevent recombi-
nation when the plasmids are introduced into the
producer cells by transfection. The ‘SIN’ LV plas-
mids described above require at least four recombi-
nation events for the vector to attain replication
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competence from the input DNA plasmids, which is
considered highly unlikely to occur. For AAV, not
only helper sequences, but also common exogenous
virus might provide substrates for recombination,
and homology is not a prerequisite for recombina-
tion in this system. Since wild-type AAV is consid-
ered non-pathogenic, risks are believed to be low. 

Preventing molecules that might provide replica-
tive or pathogenic functions from getting into vector
particles is very important. ITRs of rAAV are
required for nucleic acid incorporation into vector
particles, and therefore no other genetic material is
incorporated. AAV capsid proteins can be expressed
from plasmids to make viral particles entirely lack-
ing nucleic acid [99]. In contrast, for retroviruses,
other RNAs can be found in virions, besides those
which are specifically encapsidated due to the pres-
ence of a viral packaging sequence, Ψ [100]. Indeed
inclusion of Ψ is sufficient for specific encapsida-
tion of even non-viral RNA into some retroviruses
[100–102], although lentivirus packaging is more
complex [103]. Additional RNAs, for instance, the
GAPDH mRNA, which is efficiently incorporated
into avian retroviruses, may be packaged because a
part of the sequence folds into a similar conforma-
tion to Ψ. However, because they are unlikely to
also contain sequence elements that will form LTRs
upon reverse transcription, they would not be readi-
ly integrated or expressed, and such RNAs will gen-
erally have no effect upon the transduced cell. Rare
recombination or integration of DNA reverse tran-
scribed from such additional RNAs could be prob-
lematic, particularly if endogenous retroviral-related
genes are involved. About 10% of the mammalian
genome encodes retroviral-related sequences, and
some of these can even express functional reverse
transcriptase [104, 105]. Engineered endogenous
elements have even been shown to ‘jump’ in neu-
ronal precursor cells [106], leading to potential
somatic genetic changes. Some retroviral-related
RNAs and other endogenous mRNAs have been
shown not only to be incorporated into retroviral
virions [100], but also reverse transcribed and inte-
grated in infected cells [107, 108]. The evolutionary
distance between human endogenous retroviruses
and the lentivirus is such that the risk of homologous
recombination resulting in replication competence is
thought to be negligible. However, other qualities
(for example, transmission pathway and pathogenic-
ity) could be acquired through recombination. 

Another potentially serious problem relates to
readthrough of a LV transfer vector plasmid DNA
during virus production. If readthrough occurs,
additional unknown sequences could be specifical-
ly packaged together with the actual transfer vector.
In the worst case, readthrough might occur into an
oncogene or might generate a replication competent
virus. The SIN vector described in Fig. 3A does not
readily allow readthrough, unlike some others
[109], because a so-called ‘up-stream element,’
important to maintain the strength of the poly-
adenylation signal, is retained in the vector after the
SIN deletion from the viral U3 region of the LTR.

The other major safety concern, for all transduc-
tion vectors, is the lack of control over integration
site in the genome. Integration sites not only con-
tribute to regulation of expression, but can poten-
tially act to disrupt or induce expression of nearby
genes [110]. Insertional activation of the same
proto-oncogene [111] in independent trials to
attempt to cure severe combined immunodeficiency
with retroviral vectors caused leukaemia in
patients. Thus, efficient strategies to sequence inte-
gration sites in cells marked for clinical trials have
been proposed [112]. Because AAV replication is
primarily episomal, the risk of insertional activation
is reduced, in comparison to LV. The specificity of
target sites for the natural LV integrase seems min-
imal. For instance, bent DNA has been shown to be
a preferred target for both the HIV and MLV inte-
grases [113]. However, integration site choice can
be influenced by altering integrase. For instance,
when HIV integrase is fused to lambda repressor,
integration is found to occur near the repressor
binding site [114]. Addition of designed DNA bind-
ing domains can also allow site specific integration
by a modified integrase [115, 116]. Ideally, integra-
tion of transduction vectors should be directed
towards a ‘safe’ region of the genome.

Resolving these safety issues is of great impor-
tance, since current research suggests that transduc-
tion vectors may be able to provide successful ther-
apies for brain diseases such as ALS [53],
Parkinson’s [117–119], Huntington’s [120–122]
and other CNS disease models [72, 123–125].
Additionally, since functional enhancement of brain
function will also likely become a more interesting
issue as more is learned [126, 127], discussions
about the neuroethics of such transduction vector
use should be continued [128]. 
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Concluding remarks

Extraordinary progress has been made over the last
decades in developing specific and controlled genetic
manipulations, which in mice allow defined changes
in gene function in specific brain areas. However, the
lack of highly specific promoters for most brain
regions has prevented these strategies alone from
becoming generally useful for delineating roles of
specific genes in behaviour. Transduction vectors like
recombinant adeno-associated virus and lentivirus
offer interesting approaches for controlled and local-
ized delivery of genetic activities into neurons, partic-
ularly those of gene-targeted transgenic mice.
Additionally, these vector systems may provide the
molecular and spatial specificity necessary for safe
and well-controlled therapy of the diseased brain.
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