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ORIGINAL ARTICLE

Efficient gene expression from integration-deficient lentiviral
vectors in the spinal cord
H Peluffo1,2,3,6, E Foster4,6, SG Ahmed1, N Lago4, TH Hutson4, L Moon4, P Yip4, K Wanisch1, V Caraballo-Miralles1,5, G Olmos5, J Lladó5,
SB McMahon4 and RJ Yáñez-Muñoz1

Gene transfer to spinal cord cells may be crucial for therapy in spinal muscular atrophy, amyotrophic lateral sclerosis and spinal cord
injury. Lentiviral vectors are efficient for transduction of a variety of cells, but like all integrating vectors they pose a risk of
insertional mutagenesis. Integration-deficient lentiviral vectors (IDLVs) remain episomal but retain the transduction efficiency of
standard integrating lentiviral vectors, particularly when the episomes are not diluted out through repeated cell division. We have
now applied IDLVs for transduction of spinal cord in vitro, in explants and in vivo. Our results demonstrate similar efficiency of eGFP
expression from integrating lentiviral vectors and IDLVs in most cell types analyzed, including motor neurons, interneurons, dorsal
root ganglia (DRG) neurons and astroglia. IDLV-mediated expression of pro-glial-cell-derived neurotrophic factor (Gdnf) rescues
motor neuron cultures from death caused by removal of exogenous trophic support. IDLVs also mediate efficient RNA interference
in DRG neuron cultures. After intraparenchymal injection in the rat and mouse cervical and lumbar regions in vivo, transduction is
mainly neuronal, with both motor neurons and interneurons being efficiently targeted. These results suggest that IDLVs could be
efficient and safer tools for spinal cord transduction in future therapeutic strategies.
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INTRODUCTION
HIV-1-derived and other lentiviral vectors are able to mediate
long-term in vivo expression in various tissues, including non-
dividing ones.1,2 When pseudotyped with the vesicular stomatitis
virus G protein (VSV-G), lentiviral vectors transduce a broad range
of cells, which in the central nervous system (CNS) includes
neurons and some glial cells.1–4 Lentiviral vectors have been used
in several therapeutic paradigms, showing very promising
results.5–7 In particular, they have displayed neuroprotective
potential for diverse spinal cord neuropathologies, rescuing for
instance motor neurons in amyotrophic lateral sclerosis models by
expressing shRNA.8,9 Moreover, in a model of spinal cord injury,
the overexpression of the transcription factor retinoid receptor b2
in cortical neurons induced enhanced regeneration and functional
recovery.10 Neuroprotection with lentiviral vectors can be
achieved not only by direct injection into the spinal cord,9 but
also by intramuscular injection of rabies G envelope protein
pseudotyped lentiviral vectors, which reach the spinal motor
neurons by retrograde transport.8 Lentiviral vectors have been
used in a clinical trial attempting at inducing anti-HIV protection,
with promising results,11 and have shown therapeutic efficacy in a
small-scale trial for X-linked adrenoleukodystrophy.12

Although the integration capacity of lentiviral vectors enables
stable transduction of target cells, it also carries a finite risk of
causing insertional mutagenesis.13 Integration-deficient
lentiviruses can be produced by using mutant versions of
integrase.14 Class I integrase mutations affect DNA cleavage and

joining, but do not affect the amount of viral DNA produced.15

Integration-deficient lentiviral vectors (IDLVs) can be similarly
produced. The vectors thus produced fail to integrate in the target
cell genome but are instead efficiently converted into circular
episomes (see ref.16 for a review). Such IDLVs have shown to be
capable of efficient gene expression in cell culture, particularly in
growth-arrested cells.17–19 More important, IDLVs mediate long-
lasting transduction of CNS and muscle cells in vivo.20–22

We are particularly interested in transduction of spinal cord for
application to pain, neurodegeneration and spinal cord injury,
paradigms in which IDLVs could be potent and safe tools for gene
delivery. To study whether there are differences in transduction
efficiency or toxicity between integration-proficient lentiviral
vectors and IDLVs, we have conducted an extensive in vitro and
in vivo analysis in rat and mouse using vectors expressing eGFP,
growth factors and shRNAs. Our results show similar efficiency and
toxicity profiles for transduction of motor, inter- and dorsal root
ganglia (DRG) neurons, astrocytes and oligodendrocytes, and
some differences in microglia. These results indicate that IDLVs are
highly suited for applications involving spinal cord transduction.

RESULTS
Transduction of purified motor neurons in culture
Purified motor neuron cultures were exposed to increasing doses
of VSV-G-pseudotyped integration-deficient (IN� ) and integrating
(INþ ) lentiviral vectors encoding eGFP, and 3 days later
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transduction efficiency and viability were evaluated. Similar dose-
dependent increases in the percentage of eGFP-expressing cells
were observed with both IN� and INþ vectors (Figures 1a
and b), reaching a maximum value of B50–60% at multiplicity of

infection (MOI) 25. Likewise, purified motor neuron cultures were
exposed to rabies G protein-pseudotyped IN� and INþ lentiviral
vectors encoding eGFP. Again B50% of the motor neurons were
transduced regardless of integration proficiency (data not shown).

Figure 1. Transduction in motor neuron cultures. (a, b) Purified motor neuron cultures were exposed to increasing doses of IN� and INþ
vectors, and the transduction efficiency and cell viability were evaluated by fluorescence and direct cell counts. Motor neuron transduction
was dose-dependent but no significant differences were observed between IN� and INþ vectors (b, *Po0.05 when compared with IN�
MOI 5; &Po0.05 when compared with INþ MOI 5). A tendency towards reduced survival that did not reach statistical significance was
observed for the higher doses of both vectors. (c, d) Motor neuron cultures were exposed to IN� and INþ vectors expressing eGFP, eGFP plus
the non-secretable mature form of GDNF (mGdnf), or eGFP plus the full-length precursor of GDNF (pGdnf). Three days later, exogenous
trophic factor support was removed, and only pGdnf–GFP IN� and INþ vectors prevented, to a similar extent, the ensuing neuronal death
(d, *Po0.05 when compared with control with exogenous brain-derived neurotrophic factor, BDNF). Arrows in (c) indicate motor neurons with
significant neurite outgrowth. Scale bars: 20 mm.
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In an attempt to increase transduction efficiency of motor neurons
we used polybrene, a reagent known to improve vector trans-
duction in at least some cell types. However, incubation of motor
neurons with polybrene (2–8 mg ml� 1) was extremely toxic and no
live cells could be recovered.

Viability of transduced motor neurons was estimated by direct
counting of cells under phase contrast. A trend for reduced
viability was observed with both IN� and INþ vector types as
the MOI increased above 10, but no statistical significance could
be demonstrated when compared with control conditions
(Figure 1b). The overall morphology and neuritic development
of transduced motor neurons did not show gross alterations with
any of the vectors. Similar results were also obtained with rabies
pseudotyped vectors (data not shown).

The overexpression of reporter transgenes like eGFP is a useful
tool, but to assess functional efficiency in transduced cells we
chose to overproduce a key protein for cultured motor neurons, a
growth factor. Motor neurons undergo cell death after exogenous
trophic factor deprivation, which can be rescued by autocrine
expression of growth factor. We transduced motor neuron
cultures with lentiviral vectors overexpressing pro-glial-cell-
derived neurotrophic factor (Gdnf) variants, and 72 h later the
exogenous trophic factor support was withdrawn. Regardless of
vector integration proficiency, cell death was completely prevented
when full-length Gdnf precursor was overexpressed (Figures 1c
and d). Moreover, qualitative evaluation suggested enhanced
neurite outgrowth (see arrows in Figure 1c). Cultures exposed to
the overexpression of eGFP or mature Gdnf (which cannot be
secreted) did not show any significant effect on motor neuron
rescue under these conditions (Figures 1c and d).

Transduction of cultured DRG neurons
Cultures enriched in DRG neurons were exposed to increasing
doses of VSV-G-pseudotyped IN� and INþ lentiviral vectors
overexpressing eGFP, and evaluated for eGFP production and cell
viability at several time points (Figure 2). A dose- and time-
dependent increase in the number of transduced DRG neurons
was observed by direct cell counts, showing very similar profiles
for IN� and INþ vectors (Figure 2b). After 8 days in culture, both
vector types transduced B80% of DRG neurons at MOI 10, which
did not differ significantly from what was observed at MOI 50
(Figure 2b). Densitometrical analysis of eGFP levels in neuronal
soma also showed increased production of the transgenic protein
with increased MOI and time in culture, though no significant
difference was observed between IN� and INþ vectors (Figure 2b).

DRG cultures exposed to rabies G protein pseudotyped vectors
also showed a dose- and time-dependent increase in transduction
efficiency (Figures 2c and d). After 8 days in culture, both IN� and
INþ vectors rendered B30–40% of DRG neurons expressing eGFP
at MOI 10, regardless of integration proficiency. Densitometrical
analysis of eGFP in neuronal soma also showed increased
production of the transgenic protein with increased MOI and
time in culture, but no significant difference was observed
between IN� and INþ vectors (Figure 2d). Regarding the
possible toxic effect of virus transduction, no significant decrease
of DRG neuron viability was observed after trypan blue staining
(Figure 2d), and overall morphology and neuritic development
showed no gross alterations (Figure 2c).

To test whether IDLVs are able to support efficient expression
from RNA pol III promoters, we constructed lentiviral vectors with
shRNA expression cassettes driven by the human H1 promoter.
When DRG neuronal cultures were exposed to IN� and INþ
lentiviral vectors (MOI 50) overexpressing eGFP and any one of
three different shRNAs against the channel Transient receptor
potential cation channel subfamily V member 1 (Trpv1) mRNA, an
effective decrease in the number of neurons immunoreactive for
Trpv1 was observed when compared with cultures not exposed to
lentiviral vectors or cultures exposed to control lentiviral vectors.

IN� and INþ vectors showed a similar 75% reduction of the
percentage of eGFP-expressing neurons which co-expressed Trpv1
when any of the three shRNAs were overexpressed (Figures 2e
and f).

Transduction of cultured glial cells
For the analysis of transduction efficiency in glial cells, we
prepared cell cultures highly enriched in astroglial or microglial
cells and transduced them with eGFP-expressing IN� and INþ
lentiviral vectors. Both vector types showed very high transduc-
tion efficiency in astroglial cultures, reaching 47±2% and 59±9%,
respectively, at MOI 1 (Figures 3a and b). Increasing the vector
dose showed that essentially 100% of the cells could be
transduced with either vector using MOI 3 or higher. The highest
doses showed enhanced levels of eGFP fluorescence per cell. No
evident alteration in astrocyte morphology was observed after
transduction with any of the lentiviral vectors. Vector toxicity was
studied by MTT staining. There was a trend correlating vector dose
and toxicity, and reductions in viability reached statistical
significance with high doses of IN� vector (Figure 3c).

Transduction of microglial cultures showed a dose-dependent
increase of eGFP expression, reaching maximum values around
65% with INþ vectors at MOI 10 (Figures 4a and b). Transduction
efficiency was lower with IN� vectors compared with INþ
vectors, not only regarding the percentage of cells transduced but
also the eGFP expression level observed. It is possible that this
reduction in transduction efficiency was related to enhanced
toxicity. Morphologically, IN� vectors caused some cell shrinkage
and round morphology at MOI 5 (data not shown) and significant
cell detachment and cell death at MOI 10 (observed under phase
microscopy; Figure 4c). IN� vectors showed a trend to reduced
MTT viability with increasing dose (Figure 4d). Polybrene
(8mg ml� 1) was highly toxic to microglial cells, and thus no
increase in transduction efficiency could be achieved by this
method. When mixed glial cultures were transduced, oligo-
dendrocytes (identified with adenomatous polyposis coli (APC)
co-staining) were also found to express eGFP (data not shown).

Transduction of postnatal organotypic cultures and embryonic
explants of rat spinal cord
To study transduction efficiency in a culture in which motor
neurons, interneurons, astrocytes, microglia and oligodendrocytes
are present in a tridimensional architecture, we prepared
organotypic cultures from postnatal (P8) rat spinal cord and
exposed them to the IN� or INþ lentiviral vectors. Organotypic
cultures preserve interactions between neurons and glia; thus,
they offer the advantages of an in vitro system resembling the
in vivo environment. Motor neurons in the organotypic spinal cord
sections were identified by SMI-32 immunostaining, their mor-
phology and size (425 mm) and their localization in the ventral
horn, as previously described.23 MAP-2-immunopositive cells
smaller than 25 mm were counted as interneurons. Astrocytes
and microglia were identified on the basis of glial fibrillary acidic
protein (GFAP) and IBA-1 immunoreactivity, respectively
(Figure 5a). We studied the co-localization of SMI-32, MAP-2,
GFAP and IBA-1 with eGFP to study the transduction efficiency of
IN� and INþ lentiviral vectors (Figure 5a). Motor neurons and
astrocytes were transduced with high efficiency (c. 90%), while
microglia and interneurons were less efficiently transduced
(c. 65%; Figures 5a and b). No difference in transduction efficiency
was observed between IN� and INþ vectors for any of these cell
types. The viability of motor neurons was studied in these
organotypic cultures after exposure to IN� or INþ lentiviral
vectors. Motor neurons were identified following the same criteria
as above, and cell counts were referred to control cultures. Motor
neuron viability was slightly reduced in vector-treated samples,
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but no significant differences between the groups were found
(Figure 5c).

When embryonic (E15) rat spinal cord explants are placed on
plates covered with polyornithine and laminin some cells migrate
outside the cord, allowing the identification of isolated motor

neurons in co-culture with astrocytes, microglia and oligoden-
drocytes. Motor neurons were identified on the basis of SMI-32
immunoreactivity and morphology,24 while astrocytes, microglia
and oligodendroglia were identified on the basis of their
immunoreactivity for GFAP, IBA-1 and GalC, respectively. All
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these cell types were efficiently transduced by the lentiviral
vectors, regardless of their integration proficiency (Figures 5d and e).
Motor neurons and microglia were very efficiently transduced
(490% of total cells were positive for eGFP). Astrocytes and
oligodendrocytes were transduced with about 60% efficiency
(Figures 5d and e). No evidence of toxicity was observed.

In vivo transduction
To compare their transduction efficiency in vivo, IN� and INþ
VSV-G-pseudotyped lentiviral vectors were injected into the
ventral horn of the cervical spinal cord of adult rats. In all, 2, 4
and 8 weeks later, eGFP production was assessed by immuno-
fluorescence (Figure 6a). The spinal cord was efficiently trans-
duced by both IN� and INþ vectors; however, it is important to
note that in spite of finely controlled experimental procedures,
variations occurred in relation to transduction efficiency and
location of gene marking, even between animals of the same
group (see Discussion). The overall eGFP production in white and
gray matter was measured at 2 and 8 weeks post-injection by
semi-quantitative densitometrical analysis of fluorescence in anti-
eGFP-stained sections, and no significant differences were

observed between vectors or time points (Figure 6b). The same
was true for the quantification of the total area of eGFP
immunofluorescence (Figure 6b), the percentages of transduced
neurons (20–30% according to double staining for NeuN and
eGFP; Figure 6c) and motor neurons (20–40%, double staining for
ChAT and eGFP; Figures 6c and d). Regarding glial cell types, very
few microglial cells were transduced, as observed with double
staining for eGFP and IBA-1 (Figure 6d). Astrocytes were the main
glial cell type transduced, as evidenced by double staining with
eGFP and GFAP (Figure 6d). Of note, APC-positive oligodendro-
cytes were also transduced at moderate efficiency (Figure 6d).
Rabies pseudotyped IN� and INþ lentiviral vectors were also
evaluated for their transduction efficiency following direct
intraparenchymal injection in the rat cervical spinal cord. They
mediated similar levels of transduction as the VSV-G-pseudotyped
vectors and exhibited strong neuronal tropism (data not shown).

The lumbar region of the spinal cord is of particular relevance to
spinal muscular atrophy because of the degeneration of a motor
neurons observed at this location in the disease. We assessed
transduction efficiency of IN� and INþ VSV-G-pseudotyped
lentiviral vectors encoding eGFP in both rats and mice following
direct injection in the lumbar spinal cord (Figure 7). No significant

Figure 2. Transduction of DRG neuron cultures: (a) Representative images showing cultured DRG neurons 8 days after transduction with VSV-
G-pseudotyped IN� and INþ vectors (MOI 10). Neurons were labeled using antibodies against the pan-neuronal marker bIII tubulin (red) and
transduced cells were identified by eGFP (green) fluorescence. (b) Quantification of percentage of eGFP-expressing neurons (top panel) and
eGFP fluorescence intensity (bottom panel) revealed no significant differences between the two vector forms. (c) Representative images
showing DRG neurons 8 days after transduction with rabies-G pseudotyped IN� and INþ vectors (MOI 10). (d) Quantification of percentage
of eGFP-positive neurons (top left panel) and eGFP fluorescence intensity (bottom left panel) revealed no differences between IN� and INþ
forms of rabies G pseudotyped vectors. No evidence of significant toxicity due to rabies-G pseudotyped vector transduction was observed in a
trypan blue exclusion assay (right panel). (e) IN� vectors are able to drive robust RNAi in cultured DRG neurons. Representative images reveal
a strong reduction in TRPV1 immunoreactivity (red) in cells transduced with IN� vectors expressing an shRNA targeting the TRPV1 mRNA
(bottom) compared with cells transduced with control vectors (middle) and untreated cells (top). (f ) Quantification of the number of TRPV1-
immunoreactive DRG neurons shows 475% knockdown by three different TRPV1 shRNA sequences compared with control vectors and
untreated cells (*Po0.05 when compared with control vector H1 or non-treated cells). Scale bars: 100 mm.

Figure 3. Transduction of cultured astrocytes. (a, b) Astroglial cultures were exposed to the indicated doses of IN� or INþ lentiviral vectors
and 3 days later analyzed for eGFP production. A dose-dependent increase in transduction was observed with both IN� and INþ vectors,
with no significant difference in transduction efficiency between vectors. (c) Cell viability was assessed by MTT assay. Only the highest dose of
IN� vector showed a significant reduction in cell viability. Scale bar: 100 mm.
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differences were observed regardless of vector integration
proficiency. Similarly to what we observed in the cervical region,
neurons (c. 20% in rat, c. 30% in mouse) and motor neurons
(c. 40% in rat, c. 55% in mouse) were efficiently transduced
(Figures 7b and c). Lower levels of transduction were noted in
astrocytes and oligodendrocytes (Figure 7d).

DISCUSSION
The use of IDLVs is a promising paradigm to overcome insertional
mutagenesis, particularly when tissues with low replication rates
such as the nervous system are targeted. Here, we show that the
in vitro and in vivo transduction efficiency of IDLVs and
integration-proficient lentiviral vectors is similar for several

Figure 4. Transduction of microglia in vitro. (a, b) Microglial cultures were exposed to the indicated doses of IN� or INþ lentiviral vectors and
3 days later analyzed for eGFP production. A dose-dependent increase in transduction was observed with both IN� and INþ vectors, with no
significant difference between the vectors. (c) Cell viability assessment by phase-contrast microscopy. (d) Viability assessment by MTT assay.
IN� vectors caused some cell shrinkage and a non-significant trend towards reduction in MTT viability with increasing vector dose. Scale
bars: 30 mm.
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neuronal types and most glial cells from the spinal cord. More
importantly, this work shows that both phenotypic and functional
effects induced by integrating lentiviral vectors can be replicated
with similar efficiency using IDLVs. The main difference was
observed in purified microglial cells, where IDLVs were more toxic
and less efficient (particularly regarding the expression level of
eGFP) than integrating lentiviral vectors. This difference was not
observed in microglia of organotypic cultures and embryonic
explants, where transduction was efficient, or in vivo, where
microglial transduction was rare.

Regarding cultured neuronal cells, a previous study showed no
difference in transduction efficiency when retinal ganglion
neurons were exposed to either IN� or INþ (class I integrase
mutation D66V) feline immunodeficiency virus lentiviral vectors.17

Similarly, no difference in transduction efficiency between IN� or
INþ lentiviral vectors was observed in the present work on DRG
or motor neuron cultures after in vitro exposure, regardless of the
protein (VSV-G or rabies-G) used for pseudotyping. VSV-G-
pseudotyped vectors were more efficient compared with rabies-G
vectors in DRG cultures. However, in the case of motor neuron
cultures, the maximal transduction efficiency observed with VSV-G-
or rabies-G-pseudotyped vectors was similar. Using VSV-G-
pseudotyped vectors on postnatal organotypic cultures or
embryonic explants from rat spinal cord, we observed extremely
high transduction of motor neurons (c. 90%), and efficient
transduction of interneurons in the former (c. 60%).

Of more relevance, our in vivo work shows that following direct
intraspinal injection of adult animals, interneurons or motor

Figure 5. Transduction in postnatal organotypic cultures and embryonic explants. (a) Transduction by lentiviral vectors in postnatal
organotypic cultures. Immunofluorescence for SMI-32, GFAP, IBA-1 and MAP-2 (red) and eGFP fluorescence (green) allowed the identification
of transduced motor neurons (MN), astroglia (Astro), microglia (Micro) and interneurons (InterN), respectively. (b) Transduction efficiency in
postnatal organotypic cultures. Percentages of SMI-32, GFAP, IBA-1 or MAP-2-positive cells co-localizing with eGFP. Bars represent the
mean±s.e.m. of three independent experiments, with at least seven fields scored per condition. (c) Percentage of viable motor neurons 2
weeks after exposure of organotypic cultures to lentiviral vectors. Bars represent the mean±s.e.m. of three independent experiments,
including at least 15 spinal cord slices. The percentage is referred to control (untreated) cultures. (d) Transduction by lentiviral vectors in
embryonic explants. Immunofluorescence for SMI-32, GFAP, IBA-1 and GALC (red) and eGFP fluorescence (green) allowed the identification of
transduced motor neurons (MN), astroglia (Astro), microglia (Micro) and oligodendrocytes (Oligo), respectively. (e) Transduction efficiency in
embryonic explants. Percentages of SMI-32, GFAP, IBA-1 or GALC-positive cells expressing eGFP are indicated. Bars represent the mean±s.e.m.
of three independent experiments, with at least seven fields scored per condition. Scale bar in (a, d): 50mm.
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neurons from rat (cervical and lumbar) and mouse (lumbar) spinal
cord were transduced with similar frequencies regardless of vector
integration proficiency. In agreement with previous reports,
neurons were preferentially transduced with both VSV-G- and

rabies-G-pseudotyped vectors.1–4 Transduction of motor neurons
in the mouse lumbar spinal cord was particularly efficient,
reaching close to 60% around the injection site. It is important
to note that we observed variation in both the location of gene

Figure 6. Transduction in rat cervical spinal cord. (a) VSV-G-pseudotyped IN� (top row) and INþ vectors (bottom row) expressing an eGFP
reporter were injected into the ventral horn of the cervical enlargement of the rat spinal cord. Animals were sacrificed at 2, 4 and 8 weeks
post-injection and eGFP immunostaining is shown. Scale bars: 500 mm. (b) Densitometric analysis of fluorescence in anti-eGFP-stained sections
(left panel) and quantification of the area of eGFP immunoreactivity (right panel) did not reveal significant differences between vector forms
or time points. (c) Percentages of transduced neurons (left panel) and motor neurons (right panel), determined using cell-type specific markers
(NeuN as pan-neuronal and ChAT for motor neurons). (d) VSV-G-pseudotyped IN� vectors transduced a variety of cell types. Representative
images show co-staining of eGFP and ChAT (motor neurons, top left panel), GFAP (astrocytes, top right panel), APC (oligodendrocytes, bottom
left panel) and IBA-1 (microglia and macrophages, bottom right panel) 2 weeks post-injection. Scale bar: 100 mm.
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marking and the efficiency of transduction, even between animals
of the same group injected with the same vector stock. The use of
brain atlases and coordinates is routine for stereotactic injections
in the brain,25,26 particularly for small midbrain structures.
However, similar resources are not available for spinal cord
injections. As was the case in this study, most researchers estimate
the position of the injection target site by using landmarks such as
the dorsal root entry zone (if visible) or the dorsal blood vessel.
Our aim was to target motor neurons located in laminae VIII and IX
of the ventral horn; however, in some cases our subsequent
analysis showed gene marking shifted medially towards the
bordering white matter. Given the limited diffusion of the vector
away from the injection site, this is likely to reflect the accuracy of

the injection, and is likely to have had a negative impact on the
number of transduced somata (and hence caused an
underestimation of potential transduction efficiency). These
results underscore the need for better specificity to target
isolated laminae, given that populations of spinal neurons with
distinct functional properties are often distributed in a highly
restricted manner. One potential solution to this problem is to use
motorized stereotaxic frames to precisely set the position of
the micropipette. Differences in the extent or volume of the
transduced area are most likely to be due to problems with the
micropipette, specifically clogging or backflow along the needle
tract.27 The glass micropipettes used for the vector injections in
this study were first ‘pulled’ using a standard pipette puller. The

Figure 7. Transduction in rat and mice lumbar spinal cord. (a) IN� and INþ vectors efficiently express eGFP in adult rat lumbar spinal cord.
Significant eGFP expression was observed at 4 weeks post-injection. (b) Transduction efficiency of IN� and INþ vectors in adult rat and
mouse lumbar neurons (NeuNþ cells) and motor neurons (ChATþ cells). Both vector types rendered similar percentages of NeuN–eGFP and
ChAT–eGFP co-localization. (c) IN� lentivectors efficiently transduce neurons and motor neurons. Representative images of co-localization of
NeuN immunoreactivity and eGFP fluorescence or ChAT immunoreactivity and eGFP fluorescence are shown. (d) IN� vector transduction of
astrocytes (GFAPþ cells) and oligodendrocytes (APCþ cells). Scale bars: (a): 500 mm; (c, d): 100 mm.
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tips were then clipped using a pair of forceps to give a bore small
enough to minimize tissue damage but wide enough to prevent
clogging. The latter step was carried out by hand and is subject to
human error. These factors should be taken into account for the
delivery of lentiviral vectors and other therapeutics in different
experimental or therapeutic paradigms.

Cultured astrocytes were transduced with extremely high
efficiency (around 50% at MOI 1, 490% at MOI 10) by IN� and
INþ VSV-G vectors. Although no significant difference was noted
in the percentage of transduced cells, the intensity of eGFP fluores-
cence was somewhat lower with the former. Cultured astrocytes
have a high proliferation rate, and it has been reported that
expression levels from IDLVs are lower than those from integrating
lentiviral vectors in dividing cells (see ref.16 for a review). Lower eGFP
production per cell from IN� vectors in this culture system is
therefore not unexpected. Transduction of astrocytes in organotypic
cultures was extremely efficient (c. 90%), while it was efficient but
somewhat lower in embryonic explants (c. 60%), again regardless
of vector integration proficiency. In contrast to this highly efficient
transduction in culture systems, in vivo vector injections showed
that astrocytes were transduced at comparatively low levels with
respect to neurons, even though they were the glial lineage most
frequently transduced, and again no vector integration-related
differences were observed. Oligodendrocytes were transduced
at intermediate levels (c. 50%) in embryonic explants, and some
transduction was noted in mixed glial cell cultures and after direct
cord injections in vivo, irrespective of vector integration.

The one system in which differential efficiency of IN� and INþ
vectors was noted is purified microglia. In these cultured cells IN�
vectors led to somewhat reduced percentages of transduction,
but also to particularly low production of eGFP in transduced cells.
A more pronounced trend to reduced microglial viability was also
observed with IN� vectors. A number of factors may contribute
to explaining the disparity. It is possible that the absence of vpr in
the third-generation lentivector system used in the current study
is particularly deleterious for IDLV transduction of purified
microglia. Together with matrix protein and central polypurine
tract, vpr and integrase participate in HIV nuclear import.28–32

Deletion of the vpr gene causes a 50% reduction of lentiviral
vector delivery to macrophages,1,2 suggesting the existence of
specific requirements or barriers in differentiated macrophages
regarding lentiviral vector transduction. Albeit the D64V integrase
mutation used here is expected to affect only catalytic activity and
not nuclear import, in the absence of vpr it may have a differential
effect on microglia transduction. It is also possible that, in
common with other proliferating cells, expression from IDLVs in
the slowly dividing purified microglia is not as efficient as that
from INþ vectors.16 In sharp contrast with purified microglia, no
difference was observed in transduction efficiency between IDLVs
and integrating lentivectors for microglia in postnatal organotypic
cultures (c. 60%) and embryonic explants (c. 90%), where no
obvious toxicity was noted. The difference in toxicity of IN� and
INþ vectors on isolated microglial cells versus microglia in
organotypic cultures could be explained by the enhanced
trophic support for microglial cells in the latter system, as for
instance astrocytes secrete granulocyte-macrophage colony-
stimulating factor.33 Of more importance, few microglial cells
were transduced in vivo. We observed some microglial reactivity
along the needle tract following lentiviral injection into the spinal
cord, but no difference related to vector integration potential.
Similar observations have been made after injection of lentiviral
vector into the rat striatum and cortex.4,34

Both IN� and INþ lentiviral vectors showed some toxicity
towards cultured cells at increased vector doses, particularly for
microglia but also for cultured astrocytes and motor neurons.
Several proteins of HIV-1 like tat and gp120 have been shown to
be toxic to cells of the CNS,35 but those proteins are not included
in the third-generation lentiviral vector system used in the current

study. Injection of a chimeric HIV-1 env-gag fusion protein
(consisting of 81 aa from gp41-env and 190 aa from p24-gag)
increased excitotoxic damage to the CNS,36 implying that gag
could play a role in neurotoxicity. The lentiviral vector
concentration protocol used in the current study includes high-
speed centrifugation, which leads to the presence of other
possibly immunoreactive molecules in the final vector stock, for
instance serum components.37 Further experiments will be
required to determine whether the vector itself and/or other
contaminants are responsible for the observed toxicity, but at
least in the case of cultured microglia the increased toxic effect of
IDLVs points to some vector involvement. The causes of this
increased toxicity were not investigated here, but it could be
hypothesized that elevated levels of episomal vector DNA from
IDLVs may somehow lead to reduced viability. We have observed
increased expression of some interferon-inducible genes and
reduced viability in postnatal cerebellar granule neurons
transduced with high IDLV doses, and also at low doses if the
vectors encoded shRNA, but standard integrating lentivectors
were not tested in that study so it is unclear whether the effect is
specific to IDLVs.38

We have shown using cultured cells, organotypic systems and
in vivo injections that a marker gene can be very efficiently
expressed from IDLVs in the spinal cord. However, proficiency for
induction of a biological effect after the overexpression or down-
regulation of a selected gene is a key feature that has to be
demonstrated for experimental or therapeutic purposes. Here, we
have shown two functional effects mediated by IN� vectors as
efficiently as INþ lentiviral vectors: (i) trophic support for cultured
motor neurons provided by transgenic Gdnf overexpression and
(ii) down-regulation of Trpv1 expression in DRG neurons through
shRNAs. These data indicate that IDLVs are able to mediate
functional effects in nervous system cells of relevance to human
disease, as efficiently as standard integrating vectors. Given the
highly reduced risk of insertional mutagenesis of IDLVs, our
findings are likely to have important implications for lentiviral
gene therapy in the spinal cord.

MATERIALS AND METHODS
Plasmids
The lentiviral plasmid encoding eGFP was pRRLsin_PPT_CMV_GFPpre, a kind
gift from Luigi Naldini (Milan, Italy).31,39 This self-inactivating lentiviral
construct contains a CMV promoter driving eGFP expression, followed by
the Woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE). pcDNA 3 plasmids encoding rat Gdnf precursor (pGdnf, GenBank
NM_019139.1) and mature Gdnf (mGdnf, including a Met residue followed
by Ser-78 to the end of Gdnf encoded by above GenBank sequence) were
a kind gift of Rosario Osta (Zaragoza, Spain). The lentiviral transfer plasmids
encoding pGdnf and mGdnf were produced by subcloning of the
corresponding cDNA into pRRLsc_CMV_eIeGFP_W, using BamHI and
NheI/BamHI, respectively. This lentiviral construct contains a CMV
promoter driving transgene expression, followed by an internal
ribosomal entry site-eGFP cassette and the WPRE.

The lentiviral shRNA expression plasmid was generated by cloning the
PCR-amplified human H1 promoter from pSUPER_gfp_neo into
pRRLsin_PPT_CMV_GFPpre using EcoRI and Acc65I, downstream of WPRE.
The PCR primers added two unique restriction sites (MluI and XmaI)
downstream of the H1 promoter. The different shRNA sequences were
then cloned using the MluI and XmaI restriction sites. Three different Trpv1
shRNAs named TRPsh1, TRPsh2 and TRPsh3 were designed. TRPsh1 and
TRPsh2 were selected using the Dharmacon siDESIGN center algorithm
(OligoEngine, Seattle, USA); TRPsh3 was designed by Gillian McFeat (Pfizer,
Havant, UK) using BD Clontech’s RNAi designer (Mountain View, CA, USA).
Each shRNA consisted of 19-mer sense and antisense components, separated
by a non-complementary spacer sequence (TTCAAGAGA) predicted to form
a hairpin. The antisense sequence was immediately followed by a run of
five thymidines that comprise the RNA pol III termination signal. The
antisense sequences, designed to target different parts of rat Trpv1
(GenBank NM_031982), were as follows: TRPsh1-TCTTTGAACTCGCTGTCAG;
TRPsh2-TAGTAGAGCATGTTGGTCC; and TRPsh3-GATGGTGTCATTCTGCCCA.
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Lentiviral vector production
Third-generation self-inactivating HIV-1-based vectors were produced by
transient co-transfection of four plasmids in 293T cells as we have
previously described.22 The transfer plasmids (containing the cassette to
be incorporated in the virus particles) were based on the SIN-18 pRRL
backbone, which incorporates minimal HIV elements and produces self-
inactivating (SIN) vectors through 30-LTR truncation.39 The packaging
plasmids were pRSV-rev and pMDLg/pRRE (integration-proficient, INþ ;40)
or pMDLg/pRREintD64V (integration-deficient, IN� ;22). Vectors were
pseudotyped with either a standard vesicular stomatitis virus G
glycoprotein (VSV-G; plasmid pMD2.G) or rabies virus envelope
glycoprotein (plasmid pHCMV.rabiesG;41). Vectors were concentrated by
ultracentrifugation and titrated using standard methods.22

Cell cultures
Culture media and sera were purchased from Invitrogen (San Diego, CA,
USA) and all other reagents were from Sigma-Aldrich (St Louis, MO, USA)
unless otherwise stated. We cultured HeLa and HEK293T cells in DMEM
with standard supplements.

Spinal motor neuron cultures were produced from E14–15 Wistar rat
embryos as described.42 This method uses several steps for motor neuron
purification including dissection, OPTIPREP cushion centrifugation and
immunopanning with p75LNTR antibodies, rendering essentially pure
cultures. Motor neurons were plated at a density of 2220 cells cm� 2 on
laminin/polyornithine covered wells in Neurobasal medium supplemented
with B27 (Invitrogen), 2% horse serum, 0.5 mM L-glutamine, 25 mM 2-
mercaptoethanol, 25mM L-glutamate, and 1 ng ml� 1 BDNF, and after 2 h
the vectors were added and the cultures were incubated for 3 days. For the
Gdnf overexpression experiments, a similar protocol was performed but,
after 3 days in culture, half of the medium was changed three times to
remove BDNF, and the neurons were incubated for 3 additional days in the
same medium without L-glutamate or BDNF. Motor neurons with
refringent soma and neurites longer than four soma diameters were
considered viable.

Primary spinal cord mixed glial cultures and highly enriched astrocyte or
microglial cultures were prepared from 1 to 2-day-old Wistar rat pups (both
sexes) according to the procedures of Saneto and De Vellis.43 Astrocyte
cultures were obtained by the shaking method43 combined with
incubation with cytosine arabinoside as described.44 The 80% confluent
cultures used for the experiments were highly enriched in GFAP-
immunoreactive cells (95% purity) with only 0.5–1% of the culture
positive for the CD11b microglial marker. Microglia from the top of the
mixed glial cultures were obtained using the shaking method43 followed
by 30 min incubation in a bacteriological Petri dish to eliminate non-
attaching oligodendrocytes. Microglia from below the astrocyte monolayer
of mixed glial cultures were obtained using the method of mild
trypsinization.45 Both types of microglia were combined and the cultures
obtained showed 98% CD11b-positive cells. Microglial cultures were
maintained in a 1:1 mixture of fresh and mixed glial culture-preconditioned
DMEM supplemented with 10% FBS, 100 IU ml� 1 penicillin and
100mg ml� 1 streptomycin. Microglia and astrocyte viability were
measured using the spectrophotometric 3-[4,5-dimethylthiazol-2-yl]-2,5-
dephenyl tetra-zolium bromide (MTT) assay by incubating cultures for 2 h
at 37 1C with 5% CO2 and 0.5 mg ml� 1 MTT. Cells were then lysed in
dimethylsulfoxide and MTT product (colored formazan) was measured by
absorbance at 570 nm. For transduction experiments, microglial cells or
astrocytes were plated at a density of 27 777 cells cm� 2; lentivectors were
added 24 h later, and the cultures were incubated for 3 additional days.

DRG neurons were obtained from terminally anaesthetized adult Wistar
rats (150–200 g). DRGs were removed from all spinal levels. Ganglia were
microdissected and then incubated in 0.125% collagenase (Sigma, Gillingham,
UK) for 2 h at 37 1C and 5% CO2 in a humidified incubator. Coverslips
pre-coated with 0.01% poly-L-Lysine (Sigma) were incubated for 2 h in
10mg ml� 1 Engelbreth-Holm Swarm (EHS) laminin (Sigma) in 24-well plates
(Nunc, Roskilde, Denmark). After collagenase treatment the ganglia were
washed briefly in F12 medium (Invitrogen, Paisley, UK). The ganglia were
dissociated mechanically in 500ml of F12 medium using a Gilson P1000 (the
tip of the pipette was cut in order to enlarge the bore). A cushion gradient
was made up by carefully mixing 1 ml of F12 medium and 1 ml of albumin
solution from bovine serum (Sigma) in a 15-ml Falcon. The dissociated cell
suspension was carefully placed on top of the cushion gradient and the tube
was centrifuged at 58 g in a microcentrifuge (PK110 ALC, Milano, Italy) for
8 min. The supernatant was removed and placed in a fresh tube while 100ml
of calcium- and magnesium-free Hank’s balanced salts solution (Invitrogen,

UK) containing 50mg ml� 1 DNase Type I (Sigma) and 250mg ml� 1 soybean
trypsin inhibitor Type II (Sigma) was used to re-suspend the pellet. Any
remaining cells in the supernatant were collected by centrifugation at 100
for 6 min on top of another cushion gradient. Purified DRG neuron
preparations were mixed with either INþ or IN� vector forms and then
resuspended in modified Bottenstein and Sato’s medium (1% N2-
supplement (Invitrogen, UK), 1% bovine albumin fraction V solution
(Sigma), 100 units ml� 1 penicillin and 100mg ml� 1 streptomycin (Invitro-
gen, UK), 10 ng ml� 1 NGF). The cells were seeded on coverslips pre-coated
with 0.01% poly-L-lysine and 10mg ml� 1 EHS laminin at a density of
1� 103 cells per well. Untreated neurons were used as a control. Neurons
were maintained in a humidified cabinet incubator at 5% CO2 and 37 1C. At
2, 4 and 8 days post-transduction, the cultures were washed with sterile
PBS (phosphate-buffered saline) and fixed for 15 min with freshly prepared
4% paraformaldehyde. Cells were permeabilized with 100% methanol for
1 min at � 20 1C.

Organotypic cultures and explants
Postnatal rat spinal cord organotypic cultures were prepared from lumbar
spinal cords of 8-day-old rat pups (P8), as previously described.23 Briefly,
lumbar spinal cords were collected under sterile conditions and transferred
to sterile Gey’s balanced salt solution, containing glucose (6.4 mg ml� 1).
They were transversely sectioned into 350mm slices with a McIIwain Tissue
Chopper (Gomshall, Surrey, UK). Sections were carefully placed on Millipore
Millicell-CM porous membranes (0.4 mm) (Millipore, Billerica, MA, USA) in
35-mm culture wells containing 1 ml of incubation media (50% MEM,
25 mM Hepes, 25% heat-inactivated horse serum, 2 mM glutamine and 25%
Hanks’ balanced salt solution (Invitrogen, Carlsbad, CA, USA)
supplemented with D-glucose (25.6 mg ml� 1); final pH 7.2). Cultures were
incubated at 37 1C in a 5% CO2/95% air humidified environment. Under
these conditions, cultures can be maintained up to 3 months with stable
motor neuron survival and preservation of synaptic morphology. Cultures
were let to stabilize for 1 week, after which 1.5ml (4.9� 10e7 eGFP
transducing units (TU) ml� 1) of lentiviral vector stock was added on top of
each explants, and medium was replaced every 3 days. After 15 days,
which was the optimum time for cell transduction in these cultures,
explants were fixed with 4% paraformaldehyde in phosphate buffer.

Embryonic explant cultures were prepared from E15–E16 fetuses
removed by cesarean section from pregnant Sprague-Dawley rats as
previously described.24 Lumbar spinal cords were dissected from each
embryo with forceps, transferred to ice-cold L15 medium and the
meninges and ganglia carefully removed. Cords were transversely
sectioned into 350mm slices. Sections were placed at a density of 20
sections per well on 35-mm wells pre-coated with poly-DL-ornithine
(30mg ml� 1) and L-laminin (2mg ml� 1), and containing 2 ml of MEM
supplemented with 5% heat-inactivated horse serum, 5% fetal bovine
serum, 2 mM glutamine, 0.6% glucose and 15mg ml� 1 gentamicin.
Explants were maintained at 37 1C under a humidified 5% CO2

atmosphere. Cells were let to migrate outside the cord for 10 days and
after this period of time, they were exposed to lentiviral vector (7� 10e5
eGFP TU ml� 1). Three days later, the medium was replaced. Tissue was
fixed with 4% paraformaldehyde in phosphate buffer 14 days post-
transduction.

In vivo injections and histology
Viral delivery into the adult rat cervical or lumbar spinal cord and mouse
lumbar spinal cord was carried out under provisions of the UK Animals
(Scientific Procedures) Act 1986 similarly to previously published.6 Under
ketamine and medetomidine anesthesia, the spinal cord in adult Wistar
rats or CD1 mice was exposed by hemi-laminectomy. In all, 2 ml of lentiviral
vector stock (IN� 4.74� 105 eGFP TU, INþ 3.64� 105 TU) per site was
infused unilaterally into three sites along the cervical or lumbar
enlargement at a rate of 0.2ml per minute via a finely drawn glass
micropipette connected to a microinfusion pump. Once microinjections
were completed, the animal was sutured up and Atipamezole was
administered to speed recovery from anesthesia. 2, 4 and 8 weeks post-
injection for rat cervical injection, or 1 month post-injection for rat and
mouse lumbar injection, randomly selected animals were terminally
anaesthetized by intraperitoneal injection of sodium pentobarbital and
transcardially perfused with 4% paraformaldehyde. Spinal cords and
attached DRGs were removed, post-fixed for 24 h at 4 1C and then
cryoprotected in 30% sucrose for 2–3 days at 4 1C. Cords were blocked and
frozen in OCT (BDH, London, UK). Twenty-micrometer coronal sections
were cut on a cryostat and mounted on superfrost slides (BDH).
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Immunohistochemistry
Standard protocols were used. Primary antibodies: mouse anti-b-(III)-
tubulin (Promega, Madison, WI, USA; Cat. G7121, 1:1000), goat anti-TRPV1
(Neuromics, Edina, MN, USA; Cat. GT15129, 1:1000), mouse anti-SMI-32
(Abcam plc, Cambridge, MA, USA; Cat. 73273, 1:1000), rabbit anti-MAP-2
(Chemicon, Billerica, MA, USA; Cat. AB5622, 1:1000), mouse anti-GalC
(Millipore MAB342, 1:500), goat anti-ChAT (Chemicon AB 144 P, 1:50),
mouse anti-NeuN (Chemicon MAB 377, 1:500), rabbit anti-GFAP (Dakopatts,
Glostrup, Denmark; Cat. Z-0334, 1:500), rabbit anti-IBA-1 (WAKO, Osaka,
Japan; Cat. 019-19741, 1:1000), mouse anti-APC (Calbiochem, Darmstadt,
Germany; Cat. OP80 Ab-7, 1:500), rabbit anti-eGFP (Invitrogen, A11122,
1:1000) and mouse anti-eGFP (UC Davis/NINDS NeuroLab Facility,
clone N86/38, 1:1000) were used in blocking solution (PBSþ 10% goat
serumþ 1% Triton X100).

eGFP densitometry and neuron cell counts
For estimates of in vitro transduction, six random fields of view per condi-
tion were captured using a Zeiss Axio Imager.Z1 fluorescent microscope
(Zeiss, Cambridge, UK). To quantify the level of native eGFP production,
fluorescence levels for each cell soma were measured as mean pixel
density (gray levels) using AxioVision 4.6 image analysis software (Zeiss).
In vivo eGFP fluorescence intensity was measured in eGFP immuno-
histochemistry-processed sections, using the mean intensity of three
sections per animal, with the mean gray value and the percentage of
immunoreactive area being obtained from 1500� 2250mm microphoto-
graphs using AxioVision 4.6 image analysis software (Zeiss). The
quantification of percentages of in vivo neuronal transduction was
performed in three coronal microphotographs per animal, processed for
double immunohistochemistry for GFP and NeuN or ChAT and showing
the entire ventral horn at the relevant level, analyzed at high magnification
for accurate cell-type identification.

Data analysis
All in vitro experiments were performed at least three times (different
primary cultures), each including duplicate or triplicate samples. The n for
the in vivo experiments is indicated in the corresponding figure legend. All
results are expressed as mean±standard error of the mean. One-way
analysis of variance followed by Tukey’s Multiple Comparison post hoc test
was used to determine significant differences (Po0.05) for normally
distributed samples. For samples with non-normal distribution, non-
parametric Kruskal–Wallis test was performed followed by Dunn’s multiple
comparison test to determine significant differences between groups
(Po0.05).
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