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Abstract

A d ual promo t e r A AV v e ct or f or g e n e t h e ra p y

Adeno-associated viral (AAV) vectors based on serotype 5 are an efficient means
to target dorsal root ganglia (DRG) in order to study gene function in the primary
sensory neurons of the peripheral nervous system. In this study we have developed
a compact AAV dual promoter vector composed of the cytomegalovirus (CMV)
and chicken beta-actin (CAG) promoters in a back-to-back configuration with a
shared enhancer, and show efficient expression of two proteins simultaneously
in DRG neurons. We demonstrate how this is useful for experiments on axonal
regeneration, by co-expressing a gene of interest and an axonal marker. Using a
farnesylated form of eGFP, which is actively transported along axons, we show
superior long distance labelling of axons of DRG neurons compared to normal
eGFP. Additionally, we have efficiently transduced lumbar DRG neurons by
injecting the AAV dual promoter vector into the dorsal intrathecal space, which
is a less invasive delivery method. In summary, we have developed an AAV dual
promoter vector designed for simultaneous expression of a gene of interest and a
fluorescent protein to label long distance axonal projections, which allows specific
quantification of axons from transduced neurons after injury.

Introduction
The primary sensory neurons of the peripheral nervous system, situated in the
dorsal root ganglia (DRG), are an attractive gene delivery target for many studies
of the peripheral nervous system. With the use of viral vectors to manipulate gene
expression it is possible to study the functions of specific proteins in DRG neurons,
for example in axon regeneration1-3 and neuropathic pain.4,5 Because DRG neurons
have one axonal branch that enters the spinal cord, gene delivery to the DRG
can also be used to study strategies to promote axon regeneration in the central
nervous system.6-10
Adeno-associated virus (AAV) is considered to be a safe viral vector and has
been applied in several clinical trials for neurological disease.11,12 There are
various methods to target DRG neurons in vivo using AAV. A number of groups
have injected AAV in the intrathecal space of animals and successfully transduced
DRG neurons.2,13-17 We have previously optimized gene delivery to DRG neurons
by direct injection of AAV vectors based on serotype 5 and shown that these
efficiently transduce DRG neurons in vivo.18 For studies on regeneration of the
axons of DRG neurons, in either the peripheral nerve, the dorsal root or the
spinal cord, it is useful to label axons of transduced neurons in order to be able
to specifically quantify growth of these axons, for example by using a fluorescent
protein. Enhanced green fluorescent protein (eGFP) is one of the most commonly
used fluorescent proteins in viral vector applications, but fibre labelling by eGFP
is less efficient than that in the cell-body18 and can be relatively poor at greater
distances, most likely because eGFP travels along the axon largely by passive
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diffusion. Farnesylated eGFP (eGFPf) is a modified form of eGFP which contains
the 20 amino acid farnesylation signal from c-Ha-Ras fused to the C-terminus of
eGFP.19-21 Due to this farnesylation signal eGFPf is attached to vesicles undergoing
rapid axonal transport, and therefore is expected to label axons efficiently.
For regeneration studies, where axon growth is usually assessed distant from
the transduced neuronal cell bodies, it would be desirable to simultaneously
express a gene of interest and a fluorescent marker protein to label the axons
of transduced neurons. This can be accomplished by using an internal ribosomal
entry site (IRES; reviewed by Martinez-Salas22) between the two transgenes,
which results in both expression of the candidate gene and a fluorescent marker.
However, constructs harbouring an IRES have often been reported to suffer
from poor translation of the second transgene 23-27 and indeed the use of an IRES
was found to be insufficient to fluorescently label axons over great distances.28
Alternatively, small 2A self-cleaving peptides can be used to link multiple genes
together in a single open reading frame which are cleaved during translation,
leading to co-expression of multiple genes.29-32 This is a promising system,
although the technique results in proteins with 2A peptide extensions which might
interfere with protein function. Efficient skipping requires optimization, although
once optimized the skipping can be near 100%. Another approach is to use two
independent promoters, one driving expression of the candidate gene and another
driving expression of a fluorescent marker. However the implementation of such
an approach is challenging when considering the packaging limit of AAV vectors of
approximately 5kb. Constitutive promoters are commonly applied in viral vectors
to drive gene expression. One of the most widely used constitutive promoters is
the cytomegalovirus immediate-early (CMV) promoter, which has been shown to
drive transgene expression in DRG neurons for up to twelve weeks in vivo.18 Others
report that alternative constitutive promoters such as the CAG (consisting of the
cytomegalovirus enhancer with the chicken beta-actin promoter and the betaglobin intron) and elongation factor 1 alpha (EF1a) promoters perform superior
compared to CMV in neurons.33-35 Nevertheless, this can vary considerably among
different types of neurons.36
Here, we develop and test a compact AAV dual promoter vector using
an enhancer element shared between the CMV and CAG promoters that
simultaneously directs the expression of two different proteins, for example a
candidate gene and an axonal marker, in DRG neurons. We compared two marker
genes, eGFP and a farnesylated form of eGFP, which is axonally transported, for
long distance axonal labelling efficiency. Furthermore, we examine the impact
of the WPRE on expression from the CAG promoter. Finally, we show successful
gene transfer to lumbar DRG neurons by injecting the AAV dual promoter vector
into the intrathecal space, a method of delivery that is less invasive than direct
injection into the dorsal root ganglion.
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Comparison of promoters for gene expression in DRG
To compare the performance of the CMV and CAG promoter in DRG neurons,
titre-matched single-stranded AAV5 vectors expressing eGFP (Figures 1a-c), driven
by the CMV promoter with the WPRE, or the short CAG (sCAG) promoter37,38 with
or without the WPRE, were injected into the left L4 and L5 DRG of four animals per
group. Expression of eGFP in DRG neurons was quantified using a semi-automated
method, using ImagePro Plus to identify neuronal nuclei visible after βIII-tubulin
staining, as described previously.18
Two weeks after vector injection we examined transduction of DRG neurons
(Figures 2a-i). Approximately 30 percent of DRG neurons express eGFP (Figure
2j).No differences in transduction efficiency were observed between the three
AAV5 vectors injected. However, as shown in Figure 2k, DRG transduced by
the constructs containing the sCAG promoter show significantly higher eGFP
expression levels compared to the construct containing the CMV promoter (p<
0.05, one- way ANOVA with Dunnet’s post hoc test). We observed that eGFP
expression in small diameter neurons was stronger from the sCAG promoter than
the CMV promoter. The WPRE does not appear to improve expression driven by
the sCAG promoter. Expression levels of eGFP mRNA from all injected ganglia were
also quantified by qPCR. There was no significant difference in mRNA expression
levels observed between the three injected AAV5 vectors (Figure 2l).

Co-expression of eGFP and mCherry by a dual promoter vector in
DRG
We next designed a single-stranded AAV dual promoter construct with the CMV
promoter and the short CAG promoter, oriented in a back-to-back fashion and
sharing the CMV enhancer sequence; one promoter driving expression of eGFP
to label axons of transduced neurons and a second promoter driving expression
of a gene of interest. The better performing sCAG promoter was chosen to drive
expression of the gene of interest and the CMV promoter for eGFP expression.
In order to test our AAV dual promoter vector mCherry was inserted into the
multiple cloning site behind the sCAG promoter (Figure 1d) of the AAV-dual-eGFP/
empty vector (Figure 1e) and packaged into AAV5. Clear co-expression of eGFP
and mCherry was observed in primary cultures of adult DRG neurons five days
after transduction with AAV5-dual-eGFP/mCherry (Figure 3a). Two weeks after
injection of the same vector into the left L4 and L5 DRG we detected expression of
both eGFP and mCherry (Figures 3b-e). We found that those neurons expressing
mCherry only were mostly of small diameter, which may be attributable to the
higher activity of the sCAG promoter in these neurons. There were significantly
more neurons expressing mCherry than eGFP (Figure 3f; P < 0.01, paired T Test).
The overall transduction rate was 41 percent (Figure 3g). We quantified the
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co-expression of eGFP and mCherry. Considering only eGFP-positive neurons
we observed that 85 percent of these neurons co-express mCherry. Conversely,
42 percent of all mCherry-positive neurons co-express eGFP. Similar ratios were
obtained with unstained DRG sections where we quantified transduction rates
using native eGFP and mCherry fluorescence. Here 77 percent of all eGFP-positive
neurons co-expressed mCherry, while 56 percent of all mCherry-positive neurons
co-expressed eGFP.

Figure
1
Schematic
representation of AAV
constructs.
All
AAV
constructs used in this
study are packaged in
AAV5. (a-c) Schematic
representation of single
promoter vectors that
were used for comparison
of promoter activity in
DRG neurons. (a) The pTRCGW
(AAV-CMV-eGFPWPRE) construct contains
the
inverted
terminal
repeats (ITRs) of AAV2
flanking a CMV promoter
driving expression of eGFP,
a woodchuck hepatitis
virus
posttranscriptional
regulatory element (WPRE),
and a polyadenylation (pA)
signal. (b) The AAV-sCAGeGFP-WPRE construct was
generated by replacing
the CMV promoter of
A AV- C M V- e G FP -W PRE
with a short CAG (sCAG)
promoter, which consists of
the CMV enhancer and the
chicken beta-actin/globinintron promoter (AGp).
(c) The AAV-sCAG-eGFP construct was generated by removing the WPRE from AAV-sCAGeGFP-WPRE. (d-g) Schematic representation of the dual promoter vectors.The AAV dual
promoter constructs contain the ITRs of AAV2 flanking the CMV and sCAG promoter in a
back-to-back manner. The CMV enhancer sequence is positioned in between of the two
promoters in correct orientation for sCAG. After the sCAG promoter is a multiple cloning
site (MCS) where (d,g) mCherry was inserted, followed by WPRE, and pA signal. The
CMV promoter is driving expression of (d,e) eGFP (AAV-dual-eGFP/empty) or (f,g) eGFPf
(AAV-dual-eGFPf/empty), linked by a short intron sequence (i), and pA signal at the end.
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Figure 2 eGFP expression in lumbar DRG injected with titer-matched AAV5-CMV-eGFPWPRE, AAV5-sCAG-eGFP-WPRE or AAV5-sCAG-eGFP two weeks after injection. (a-i) Sections
of injected DRG were processed for immunohistochemistry for eGFP and βIII-tubulin. (a-c)
Section of DRG injected with AAV5-CMV-eGFP-WPRE; a few eGFP positive neurons show high
eGFP expression, while most eGFP-positive neurons show relatively low eGFP expression.
(d-f) Section of DRG injected with AAV5-sCAG-eGFP-WPRE; most eGFP positive neurons
show high eGFP expression. (g-i) Section of DRG injected with AAV5-sCAG-eGFP; most eGFP
positive neurons show high eGFP expression. Scale bar is 100µm. (j-l) Quantification of
eGFP-expressing DRG neurons injected with titre-matched (2.0 x 1012 GC/ml) AAV5-CMVeGFP-WPRE, AAV5-sCAG-eGFP-WPRE or AAV5-sCAG-eGFP two weeks after injection. Error
bars are SEM, n=8 DRG corresponding to L4 and L5 DRG of four animals. (j) Percentages of
neurons expressing eGFP. (k) Average expression level per DRG, expressed as a multiple of
background fluorescence.*P < 0.05, one-way ANOVA and Dunnett’s post hoc test. (l) Relative
mRNA expression levels of eGFP determined by qPCR. Values are shown on a log-2 scale.
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◄ Figure 3 In vitro and in vivo validation of the AAV dual promoter vector in DRG neurons.
(a) Successful co-expression after transduction of cultured adult DRG neurons using the dual
promoter vector AAV5-dual-eGFP/mCherry. Native fluorescence is shown for eGFP (green)
and mCherry (red). Cells were immunostained for βIII-tubulin (blue). Scale bar is 50µm. (be) Successful co-expression in DRG neurons two weeks after injection of the dual vector (2.5 ×
1013 GC/ml) in the left L4 and L5 DRG. Sections were processed for immunohistochemistry for
eGFP (green), mCherry (red) and βIII-tubulin (blue). (b) Merged picture, scale bar is 100µm.
(c) eGFP expression. (d) mCherry expression. (e) βIII-tubulin. (f-g) Quantification of eGFP and
mCherry expression by DRG neurons in vivo. Error bars are SEM, n=8 DRG corresponding to L4
and L5 DRG of four animals. (f) Percentages of neurons expressing eGFP or mCherry. There is
significantly (**P < 0.01, paired T Test) more expression of mCherry by the sCAG promoter
than eGFP expression by the CMV promoter. (g) Quantification of co-expression of eGFP and
mCherry by the dual promoter vector. Quantitative analysis demonstrated that 41 percent
of DRG neurons are transduced. Eighty-five percent of all eGFP-positive DRG neurons coexpress mCherry. Forty-two percent of all mCherry-positive DRG neurons co-express eGFP.

Fibre labelling by eGFP- and eGFPf-expressing dual promoter AAV
vectors
Fibre labelling of transduced DRG neurons is essential in order to be able to
specifically quantify growth of axons from transduced neurons. We compared
eGFP to eGFPf, a modified form of eGFP that is actively transported, for fibre
labelling efficiency in the dorsal root, sciatic nerve and brain stem using the dual
promoter vector. First, to determine how the two forms of eGFP would compare
in an injury model we examined fibre labelling in dorsal root crush lesions. Titrematched single-stranded AAV5 dual promoter vectors expressing eGFP (Figure 1e)
or eGFPf (Figure 1f) only (i.e. without a second transgene) were injected into the
left L4 and L5 DRG of four animals per group. Two weeks after vector injection the
dorsal roots of the left L4 and L5 DRG were crushed, and five days later eGFP and
eGFPf expression in the DRG neurons was quantified.
Many DRG neurons were transduced by both dual promoter vectors (Figures
4a-b). The apparent transduction rate as determined by quantification of eGFPand eGFPf-positive cell bodies was higher for AAV5-dual-eGFP/empty than for
AAV5-dual-eGFPf/empty. As shown in Figure 4c, 65 percent of the DRG neuronal
cell bodies were transduced after AAV5-dual-eGFP/empty injection, compared
to 25 percent after AAV5-dual-eGFPf/empty injection (P < 0.05, unpaired T Test).
Furthermore, the labelling intensity in the cell bodies of transduced neurons was
significantly (P < 0.05, unpaired T Test) higher with eGFP compared to eGFPf (Figure
4d). However, as shown in Figure 4e this was not due to differences in mRNA
expression levels of eGFP or eGFPf. These differences are most likely caused by
transport of eGFPf from the cell bodies to the axons.
In order to compare labelling efficiency of both myelinated and unmyelinated
fibres by eGFP and eGFPf (Figure 4f) we also examined the sciatic nerve (Figure 4g)
and proximal dorsal root (Figure 4h) of AAV5-dual-eGFP/empty and AAV5-dualeGFPf/empty injected animals. The percentage of neurofilament-positive fibres
that were eGFP- or eGFPf-positive in both the sciatic nerve and proximal dorsal
root was similar for both groups. However at greater distances, in the gracile
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nucleus in the brain stem of non-lesioned animals injected with AAV5-dual-eGFP/
mCherry (Figure 1d) or AAV5-dual-eGFPf/mCherry (Figure 1g), there was clear
labelling of axon terminals by eGFPf while no labelling by eGFP was visible (Figures
4i-j).

Intrathecal injection of AAV
We also assessed the efficacy of intrathecal delivery of AAV5 since this route of
delivery is less invasive and less difficult from a neurosurgical point of view. We
injected single-stranded AAV5 expressing eGFP into the intrathecal space using
a catheter.39,40 The total viral titre delivered was approximately 70 times higher
than that used for direct injection. Efficient transduction of the lumbar DRGs was
observed two weeks after injection (Figures 5a-e), with maximum expression at
the L4 and L5 DRG level (Figure 5f). There was no difference in transduction rates
between the lumbar DRG on the left and right sides (data not shown). Transduction
rates determined from eGFP expression are comparable to the direct injections
performed here. Figure 5g shows successful intrathecal injections of AAV5-dualeGFP/mCherry as well, with similar transduction efficiencies (Figure 5h) and coexpression of eGFP and mCherry (Figure 5i) as direct vector injection. As was seen
following direct injection of eGFP/mCherry expressing vector, a number of small
diameter neurons which express mCherry only were observable here as well. After
intrathecal injection we observed that 80 percent of eGFP-positive neurons coexpress mCherry and 53 percent of all mCherry-positive neurons co-express eGFP.
These ratios of co-expression of the two transgenes following intrathecal delivery
are very similar to those observed after direct injection.
► Figure 4 Comparison of eGFP with eGFPf for fibre labelling efficiency in the dorsal root,
sciatic nerve and brain stem after direct injection into the left L4 and L5 DRG. (a-b) Sections were
processed for immunohistochemistry for eGFP or eGFPf (green) and βIII-tubulin (red). (a) Section
of DRG injected with the AAV5-dual-eGFP/empty vector. Many neurons are eGFP-positive. (b)
Section of DRG injected with the AAV5-dual-eGFPf/empty vector. There are less eGFPf-positive
neurons observed compared to the eGFP vector. Scale bar is 100µm. (c-e) Quantification of eGFPand eGFPf-expressing DRG neurons injected with titre-matched (2.8 x 1012 GC/ml) AAV5-dual-eGFP/
empty and AAV5-dual-eGFPf/empty vector. Error bars are SEM, n=8 DRG corresponding to L4 and
L5 DRG of four animals. (c) Percentages of neurons expressing eGFP or eGFPf. *P < 0.05, unpaired
T Test. (d) Average expression level of transduced neurons per DRG, expressed as a multiple of
background fluorescence. *P < 0.05, unpaired T Test. (e) Relative mRNA expression levels of eGFP
and eGFPf determined by qPCR. Values are shown on a log-2 scale. (f) Quantification of eGFP- and
eGFPf-positive fibres in the sciatic nerve and the proximal dorsal root five days after dorsal root
crush and nineteen days after DRG injection with either AAV5-dual-eGFP/empty or AAV5-dualeGFPf/empty. There is no significant difference observed in fibre counts. (g-h) Sections of the
sciatic nerve and dorsal roots processed for immunohistochemistry for eGFP- and eGFPf (green)
and neurofilament (red). (g) Representative section of intact sciatic nerve with labelled axons
from transduced DRG neurons. (h) Representative section of injured dorsal root with labelled
axons from transduced DRG neurons five days after a crush lesion. (i-j) Sections were processed
for immunohistochemistry for eGFP- and eGFPf (green) and neurofilament (red). Cross-sections of
the brain stem two weeks after injection of (i) AAV5-dual-eGFP/mCherry or (j) AAV5-dual-eGFPf/
mCherry. There is clear labelling observed in the gracile nucleus of the brain stem after injection
with AAV5-dual-eGFPf/mCherry but no labelling after injection of AAV5-dual-eGFP/mCherry.
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Discussion
Here, we have developed a compact dual promoter expression construct for
use with AAV vectors by combining the CMV and CAG promoters with a shared
enhancer element. We have shown that this dual promoter vector enables
simultaneous expression of two transgenes in vivo. Subsequently, we have
demonstrated that the efficiency of axonal labelling attained with farnesylated
eGFP is superior to that of unmodified eGFP over long distances. The dual promoter
vector containing eGFPf is designed to render efficient expression of a transgene
of interest while allowing us to examine long-distance axonal regeneration
selectively in transduced sensory neurons. Lastly, we have shown successful gene
delivery to the lumbar DRG with the dual promoter vector by vector injection into
the intrathecal space using AAV5.
For many studies it is advantageous to be able to express two transgenes
simultaneously. Particularly in studies of axonal regeneration it is useful to express
a candidate regeneration associated gene together with a fluorescent marker
to label axons of transduced neurons, to allow quantification of regeneration in
the specific population of axons belonging to viral-vector-transduced neurons.
Such an approach has been taken successfully for a lentiviral expression cassette
containing the EF1a and CAG promoters where axon labelling of descending
projections in the spinal cord was shown after injection into the motor cortex and
red nucleus.28 However for many studies AAV is preferable to lentivirus, and in
such cases the AAV dual promoter vector we describe here would be useful where
expression of two proteins is required.

► Figure 5 Transduction of DRG following injections of single and dual promoter AAV
vectors into the intrathecal space. (a-e) Sections of the left lumbar DRG two weeks after
injection of AAV5-CMV-eGFP-WPRE. Sections were processed for immunohistochemistry
for eGFP (green) and βIII-tubulin (red). (a) L2 DRG, (b) L3 DRG, (c) L4 DRG, (d) L5 DRG and (e)
L6 DRG. (f) Percentages of lumbar DRG neurons expressing eGFP two weeks after injection
with AAV5-CMV-eGFP-WPRE. Error bars are SEM, n=3 DRG per level. (g) Representative
section of the L4 and L5 DRG two weeks after intrathecal injection of AAV5-dual-eGFP/
mCherry. Sections were processed for immunohistochemistry for eGFP (green), mCherry (red)
and βIII-tubulin (blue). Scale bar is 100µm. (h) Percentages of neurons expressing eGFP or
mCherry. There are significantly (**P < 0.01, paired T Test) more neurons expressing mCherry
from the sCAG promoter than eGFP from the CMV promoter. Error bars are SEM, n=8 DRG
corresponding to L4 and L5 DRG of four animals. (i) Quantification of co-expression of eGFP
and mCherry by the dual promoter vector. Quantitative analysis demonstrated that 46%
of the DGR neurons are transduced. Eighty percent of all eGFP-positive DRG neurons coexpress mCherry. Fifty-three percent of all mCherry-positive DRG neurons co-express eGFP.
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A popular system for delivering multiple transgenes is the use of an IRES.
However, there are some shortcomings which make the use of an IRES nonoptimal, especially in AAV constructs. Since the maximum packaging capacity
of AAV is approximately 5kb, an IRES of 700bp takes valuable space which can
make it difficult to fit in two transgenes. However, in cases where this is not a
significant limitation there is another drawback. Many groups report insufficient
expression of the second transgene in their constructs that contain an IRES.23-27
Löw and colleagues found that IRES-driven eGFP in a lentiviral vector delivered
to the motor cortex was insufficiently strong to label distal corticospinal axons of
transduced neurons in the dorsal column of the cervical spinal cord.28
An alternative to the use of an IRES are small 2A self-cleaving peptides.29-31
When inserted between two proteins in a construct, the 2A linker is cleaved (by
ribosome skipping) during translation resulting in expression of two individual
proteins. This system is promising, especially since there are different forms of
2A peptides that can be used to link multiple genes into one vector.32 It has the
advantages of giving assured co-expression and is also compact. The disadvantage
of this system is the remaining 2A residues on both transgenes which may interfere
with the activity and stability of the protein and, when expressing a non-reporter
protein, could render the protein immunogenic. However, the 2A extension can
also be useful as it can function as an epitope tag, allowing immunohistochemical
detection. Furthermore, for many tissues it is unknown what the cleavage
efficiency is, so this needs to be tested for in vivo applications. Lastly, development
of 2A skipping vectors is more complex initially as it requires PCR-based extension
and joining of transgenes instead of standard subcloning methods, making it less
suitable in cases where large numbers of constructs need to be generated. The
dual vector system expresses two proteins in unmodified form in an easy-to-use
backbone, although compared to the 2A skipping system the co-expression is less
perfect as we do see a number of singly labelled cells. In this study we have not
made a direct comparison between the dual promoter system described here
and systems based on IRES or 2a peptides) for expressing multiple proteins and
further studies are required to evaluate the best configuration for expression of
two proteins in AAV vectors.
The constitutive CMV promoter has been widely used in viral vectors to
express various genes. While in many cases it gives sufficient expression of
transgenes, as we have shown previously in the DRG18, there are alternative
constitutive promoters that have been shown to be more efficient. Both the
CAG and EF1a promoter have been reported to be more active in neurons.33-35
We have demonstrated here that a short version of the CAG promoter, the sCAG
promoter, drives superior protein expression compared to the CMV promoter in
DRG neurons. We observed no significant differences in transduction efficiency
and mRNA expression levels of eGFP by the CMV or sCAG promoter. However, we
did find more eGFP expression in the small diameter neurons of DRG injected with
sCAG constructs compared to the CMV construct, possibly due to higher activity
of the sCAG promoter in these DRG neurons. Surprisingly, we found that the
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WPRE fails to improve protein expression when coupled to the CAG promoter. The
WPRE is thought to help expression by promoting mRNA export to the translation
machinery. The sCAG promoter appears to have some post-transcriptional benefit
which leads to superior protein translation compared to the CMV promoter. This
is most likely due to the intron contained in the CAG promoter, as intron splicing
is known to promote RNA export and delivery to the ribosome (recently reviewed
by Barrett et al.41), and so it may render the WPRE redundant. On the other
hand, using the dual promoter vector we did notice a drop in eGFP transduction
efficiency compared to the single promoter CMV-eGFP-WPRE construct, which is
likely to be caused by the absence of the WPRE in the dual promoter configuration,
as CMV driven expression is known to be enhanced by the WPRE.42-44
Co-expression of eGFP and mCherry by the dual promoter vector is high
but not perfect. We show that, when considering all eGFP-positive neurons 77
to 85 percent of these also express mCherry. For the experiments envisaged in
designing the vector, in which one would quantify eGFP or eGFPf-positive axons,
77 to 85 percent of axons are from neurons expressing the gene of interest. This
allows specific quantification of an axonal population of which the vast majority
express the gene of interest. Conversely, only 42 to 56 percent of all mCherrypositive neurons co-express eGFP, which could be explained by our observation
that many, though not all, small diameter neurons express mCherry only. This may
be due to the higher activity of the sCAG promoter in this subset of neurons, as
we observed when using the single promoter sCAG constructs, indicating that
the dual promoter vector described here might be less suitable for studying small
diameter DRG neurons.
We observed relatively high transduction rates, based on eGFP and eGFPf
expression, in the DRG cell bodies after injection of the dual promoter expressing
eGFP and eGFPf only. This dual vector construct does not harbour a transgene
behind the sCAG promoter and we speculate that the arrangement of a shared
enhancer between two promoters may drive higher expression from one
promoter if no protein is expressed from the other; and in this case the additional
transcriptional activation elements in the sCAG promoter may also enhance
expression from the CMV promoter. Although in these experiments we have only
examined expression by the dual promoter vector at short time points. However
given that we previously observed expression from the CMV promoter (otherwise
known to be prone to methylation-induced shutdown) continued for up to 12
weeks in the DRG without declining18, we would expect expression to continue for
a similar length of time.
We have compared the commonly used fluorescent protein eGFP with a
farnesylated form of eGFP. Prenyl groups such as farnesyl are thought to embed
proteins in lipid membranes, including small vesicles, which are rapidly axonally
transported.19-21 Indeed, we observe robust eGFPf signal in the gracile nucleus
of the brain stem, while there is almost no eGFP visible, whereas closer to the
transduced DRG (in the dorsal root and sciatic nerve) labelling appeared similar.
These results suggest that the apparent passive diffusion of eGFP is sufficient to
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label proximal axons but for reliable labelling and quantification of fibres over long
distances, such as found in the ascending and descending tracts of the spinal cord,
an actively transported form is preferable. Furthermore, the use of a transported
fluorescent marker ensures that axons are labelled equally along their length,
and therefore that a lack of labelled axons distal from a transduced neuronal
population is not simply caused by insufficient eGFP reaching the required
distance. This avoids possible artefacts due to time-dependent increase in eGFP
labelled axons that might be expected if relying solely on diffusion. Fluorescent
proteins with membrane linkage sequences for axonal transport have been used
previously in studies on regeneration of sensory neurons,6,7 but also in other
studies such as the Brainbow mice,45,46 however a direct comparison of eGFP and
membrane linked eGFP for long distance axonal labelling along spinal cord tracts
has not been carried out.
In general, we have injected AAV vectors directly into the DRG. It has been
shown before that AAV can be efficiently injected into the intrathecal space using
a catheter.13-15,17 We show here that intrathecal delivery of single-stranded AAV5
vectors results in transduction of DRG neurons comparable to our direct injections.
Single stranded AAV vectors have been widely employed in the nervous system,
including DRG neurons both in vitro and in vivo.6,7,18,47-49 In contrast, Storek and
colleagues were unable to detect eGFP expression following intrathecal delivery
of single-stranded AAV5.14 However, after application of self complementary
AAV5 there was expression observed in the spinal cord and DRG neurons.14,17 Self
complementary AAV vectors contain a deletion in one of the inversed terminal
repeats, which allows packaging of double stranded AAV genomes during viral
production.50 This can increase transduction efficiency but the packaging limit is
halved. However, we show here that non-self complementary AAV vectors are
very efficient in transducing DRG neurons in vivo by both direct and intrathecal
injections. While more viral particles and thus larger vector stocks are needed
for intrathecal injections, this technique did enable us to transduce neurons
in multiple DRG bilaterally. The main advantages of direct injections are limited
viral exposure to adjacent tissues and low amount of vector required, however
the procedure is complex and time consuming. Intrathecal injection has the
advantages that it involves no manipulation of the DRG and that it is a simple, less
invasive and a fast surgical procedure. However, the large amount of viral particles
required invariably results in increased leakage from the cerebral spinal fluid to
peripheral tissues 15 and consequent viral transduction, which may be undesirable.
Nevertheless, both direct injection and intrathecal delivery methods seem to be
efficient in transducing lumbar DRG neurons, and the choice of technique should
be based on the experimental requirements.
In conclusion, we have developed a convenient AAV dual promoter vector that
allows in vivo expression of two proteins simultaneously, and show that this can
be used to drive expression of a gene of interest and eGFPf to provide robust long
distance labelling of transduced axons of DRG neurons.
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Materials & Methods
Plasmids

All constructs used in this study were single-stranded AAV vectors. The plasmid
pTR-CGW51,52 contains the inverted terminal repeats of AAV2 flanking
a CMV promoter driving expression of eGFP, a woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE), and a poly-adenylation signal.
For the promoter comparison the CMV promoter was replaced by the short CAG
promoter.38 The resulting plasmid was then named pTR-CAG-GW. The WPRE was
removed from pTR-CAG-GW, to make pTR-CAG-G.
The dual promoter plasmid pAGLWI contains the inversed terminal repeats of
AAV2 flanking the CMV promoter and sCAG promoter arranged back-to-back, with
the CMV enhancer sequence as a shared common element. The CMV promoter is
followed by a short intron sequence (the first intron of mouse beta actin), followed
by eGFP and a BgH poly-adenylation signal. Behind the sCAG promoter there is
a multiple cloning site (MCS), a WPRE, and the BgH poly-adenylation signal. For
pAGLWFI, eGFP was replaced with eGFPf in pAGLWI. For pAGLWIC and pAGLWFIC,
mCherry was inserted into the MCS of pAGLWI and pAGLWFI, respectively. Plasmid
sequences are available upon request.

Production of viral particles
The production of AAV particles was performed as described 18, with exception
of the purification method. The supernatant containing the AAV particles was
purified using iodixanol gradient centrifugation. For all vector stocks, the buffer
was changed to Dulbecco’s phosphate-buffered saline/5% sucrose using Amicon
Ultra-15 (UFC910024; Millipore, Amsterdam, the Netherlands) concentrators and
the viral stock concentrated to the appropriate volume. All vector stocks were kept
at −80 °C until use. Titres were determined by quantitative PCR for viral genomic
copies extracted from DNAse-treated viral particles. Titres were in the range of
2.0 x 1012 to 2.5 × 1013 GC/ml. Titres were matched within each experiment by
dilution of the vector with the highest titre.

Primary culture of adult dorsal root ganglion neurons
The spinal column was removed from Fischer 344 rats and cut open across the
midline of the rostro-caudal axis. Adult DRG were carefully detached and placed
into cold DMEM medium (Invitrogen, Bleiswijk, the Netherlands) containing 30mM
3-(N-morpholino)propanesulfonic acid (MOPS; Sigma, St. Louis, MO) pH 7.2 and
then digested for 30 min at 37°C in DMEM/MOPS containing 0.25% collagenase
(Invitrogen), triturated, digested again for 30 min at 37°C and triturated again.
The cell suspension was two times layered onto PBS containing 15% BSA and
centrifuged at 2800 rpm for 4 min. The pellet was resuspended in Neurobasal
medium (Invitrogen) containing Glutamax (Invitrogen), PS and B27 supplement
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(Invitrogen). Cells were passed through a 70 µm cell strainer and plated onto
laminin-coated cover slips. The following day the DRG neurons were transduced
using AAV5-dual-eGFP/mCherry at an MOI of 100. Five days later the cells were
fixed by adding one volume of 8 percent PFA and immunocytochemical staining
was performed for βIII-tubulin as described below.

Experimental animals and surgical procedures
In this study, a total of 38 Fischer rats (150–250 g; Harlan, Horst, the Netherlands)
were used. Animals were housed under standard conditions with food and
water ad libitum, and a 12-hour: 12-hour light/dark cycle. All experimental
procedures and postoperative care were carried out with approval from the
local animal experimentation ethical committee. The direct injection procedure
was performed as described previously.18 Intrathecal catheters were placed as
described previously.39,40 In brief; under isoflurane anaesthesia a skin incision was
made at the base of the skull. Following the nuchal crest the underlying muscle
layers were split across the midline. After opening of the dura mater, PE-10
(800/100/100, Sims Portex Ltd, Kent, UK) tubing, stretched to an outer diameter
of 0.4 mm, was inserted 8.5 cm into the intrathecal space. In a few test animals
we determined that the tip of the tubing ends up around L2 level in animals that
weigh 180-250 g. Catheters were removed immediately after injection of 15 µl
volume containing 1.41 × 1011 and 3.75 × 1011 genomic copies for AAV5-CMVeGFP-WPRE and AAV5-pAGLWFI, respectively.

Comparison of promoters
Viral vectors based on AAV serotype 5 containing constructs pTR-CGW, pTR-CAGGW, pTR-CAG-G were injected into the left L4 and L5 DRG of four animals per
vector. 2.0 × 109 genomic copies were delivered per injection. After two weeks,
animals were injected with a lethal dose of pentobarbital and transcardially
perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1 mol/l
phosphate buffer pH 7.4. DRG were post-fixed for 3–4 hours and transferred to
30% sucrose in phosphate-buffered saline, and were frozen in Tissue-Tek OCT
(4583; Sakura Finetek Holland, Zoeterwoude, the Netherlands) the following day.

Fibre labelling by eGFP and eGFPf
The vectors pAGLWI and pAGLWFI based on AAV serotype 5 were injected into
the left L4 and L5 DRG of four animals per vector. 2.7 × 109 genomic copies were
delivered per injection. After two weeks, animals were lesioned by crushing the
L4 and L5 dorsal roots with a fine haemostat (13020-12; Fine Science Tools GmbH,
Heidelberg, Germany) at the L3 level. After five days animals were injected with a
lethal dose of pentobarbital and transcardially perfused with 0.9% saline followed
by 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4. DRG, dorsal roots
and sciatic nerves were post-fixed for 3–4 hours and transferred to 30% sucrose
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in phosphate-buffered saline, and were frozen in Tissue-Tek OCT (4583; Sakura
Finetek Holland) the following day.

Dual promoter validation and long distance axon labelling
The vectors pAGLWIC and pAGLWFIC based on AAV serotype 5 were injected
into the left L4 and L5 DRG of four animals per vector. 2.5 × 1010 and 5.3× 109
genomic copies were delivered per direct injection for AAV5-pAGLWIC and AAV5pAGLWFIC, respectively. After two weeks, animals were injected with a lethal
dose of pentobarbital and transcardially perfused with 0.9% saline followed by
4% paraformaldehyde in 0.1 mol/l phosphate buffer pH 7.4. DRG and brain stems
were post-fixed for 3–4 hours and transferred to 30% sucrose in phosphatebuffered saline, and were frozen in Tissue-Tek OCT (4583; Sakura Finetek Holland)
the following day.

Immunohistochemistry
DRG were sectioned at 20 μm thickness on a cryostat onto gelatinized slides. For
the promoter comparison and fibre labelling experiment every fourth section
was stained with mouse anti-βIII-tubulin (clone TuJ1; Covance, Berkeley, CA) at
1:500, and rabbit anti-GFP (ab290; Abcam, Cambridge, UK) at 1:4,000, followed by
donkey anti-mouse Alexa594 (1:400; Invitrogen) and biotinylated goat anti-rabbit
(1:300; Vector, Burlingame, CA), and then streptavidin-Alexa488 (1:400; Jackson
ImmunoResearch, West Grove. PA).
For the dual promoter injection every sixth section was stained with mouse
anti-GFP (MAB3580, Millipore) at 1:500, and rabbit anti-RFP (PM005, MBL
International, Woburn, MA) at 1:500, followed by rat adsorbed biotinylated
horse anti-mouse (1:300; Vector), and then streptavidin-Alexa488 (1:400;
Jackson ImmunoResearch). Remaining biotin binding sites were blocked using
a biotin blocking kit (SP-2001; Vector), followed by biotinylated goat anti-rabbit
(1:300; Vector), and then streptavidin-Cy3 (1:400; Jackson ImmunoResearch).
We have established that the mouse anti-GFP (MAB3580, Millipore) and rabbit
anti-RFP (PM005, MBL International) antibodies do not cross-react to mCherry
and eGFP, respectively. Mouse anti-βIII-tubulin (clone TuJ1; Covance) was precomplexed with monovalent Fab goat anti-mouse-DyLight649 (1:500; Jackson
ImmunoResearch) and remaining binding sites were blocked using 2% normal
mouse serum. After blocking with 2% normal mouse serum, this was applied at
1:500 to the sections. DRG sections expressing eGFP only were included in the
immunostaining protocol as controls to ensure efficacy of the biotin blocking
kit. We observed no Cy3 labelling in these control sections indicating that cross
reactivity did not occur.
Dorsal roots and sciatic nerves were sectioned at 20 μm thickness in six
series on a cryostat onto gelatinized slides; brain stems were sectioned at 30 µm
thickness in two series. For detection of eGFP and eGFPf sections were stained
with rabbit anti-GFP (1:15,000; ab290; Abcam), followed by biotinylated horse
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anti-rabbit (1:300; Vector Labs), ABC reagent (1:200; Vector), then washed in TBS
containing 0.05% Tween20 (P137-9; Sigma) and incubated in biotinyl tyramide
reagent (1:400; NEL700A001KT; PerkinElmer, Groningen, the Netherlands) in
TBS containing 0.001% H2O2, followed by streptavidin-Alexa488 (1:400; Jackson
Immunoresearch). Dorsal roots and sciatic nerves were co-immunostained with
mouse anti-neurofilament (1:500; 2H3; Dev. Stud. Hybridoma Bank, Univ. of
Iowa), which detects 165 kDa neurofilament protein, while brain stems were coimmunostained with mouse anti-GFAP (1:4000; clone G-A-5; Sigma), followed
by donkey anti-mouse-Cy3 (1:600; Jackson Immunoresearch) and donkey antimouse-DyLight649 (1:600; Jackson Immunoresearch), respectively.

Histological quantification
Sections were photographed at fixed exposure settings at ×10 magnification
on an Axioplan microscope (Zeiss, Sliedrecht, the Netherlands). Image analysis
and quantification were performed in ImagePro Plus (Media Cybernetics,
Bethesda, MD) as described18. Contralateral DRG sections were used to
determine the background level of fluorescence due to non-specific staining
and autofluorescence. For classification as a GFP-positive cell in injected DRG, a
threshold of 2.25x the average background level was chosen and 2x for mCherrypositive cells, as these thresholds gave not more than 1–2 percent positive cells in
contralateral DRG. Mean expression levels were calculated per injected ganglion
as the mean log fluorescence level in GFP-positive cells in the ganglion, and
expressed as a multiple of background fluorescence.
For quantification of the ratio of eGFP- and eGFPf-positive axons in the sciatic
nerve and proximal dorsal root a vertical grid line was randomly drawn over
photomicrographs by a blinded experimenter. The number of eGFP- and eGFPfpositive axons and neurofilament-positive axons crossing the grid line were
counted and the ratio of eGFP and eGFPf to neurofilament positive axons was
calculated.

qPCR
We quantified gene expression in sections of individual DRG from the same
animals as the histological studies using qPCR for eGFP mRNA as described18 and
eGFP values were normalized to neuron-specific enolase values.
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