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Gene therapy of pain: emerging strategies and future directions
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Abstract

Gene therapy to alleviate pain could appear surprising and perhaps not appropriate when opioids and other active molecules are
available. However, the possibility of introducing a therapeutic protein into some targeted structures, where it would be continuously
synthesised and exert its biological effect in the near vicinity of, or inside the cells, might avoid some drawbacks of AclassicalB drugs.
Moreover, the gene-transfer techniques might improve present therapies or lead to novel ones. The recent significant and constant
advances in vector systems design suggest that these techniques will be available in the near future for safe application in humans. The
first experimental protocols attempting the transfer of opioid precursors genes, leading to their overexpression at the spinal level,
demonstrated the feasibility and the potential interest of these approaches. Indeed, overproduction of opioid peptides in primary sensory
neurones or spinal cord induced antihyperalgesic effects in various animal models of persistent pain. However, numerous other molecules
involved in pain processing or associated with chronic pain have been identified and the gene-based techniques might be particularly
adapted for the evaluation of the possible therapeutic interest of these new potential targets. q 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Although frequently used, the term «gene therapy»
remains somewhat confusing. This term was first associ-
ated with the idea of treating inherited diseases by replace-
ment or repair of genes directly in the genome of patients.
However, this application of gene therapy still seems far
away. Indeed, the first experimental data concerning in situ
repair of genes with punctual mutations have been only

Žrecently published Kren et al., 1998; Ye et al., 1998;
.Bandyopadhyay et al., 1999 .

On the other hand, gene therapy techniques that consist
of the introduction and in situ expression of foreign genes
Ž .or part of them in the organism, and their use as source
of therapeutic proteins, represent a rapidly growing field of

Žgene-based therapeutic strategies Martuza et al., 1991;
Boviatis et al., 1994a; Isner et al., 1996; Kessler et al.,
1996; During and Ashenden, 1998; Audouy et al., 1999;

.Snyder et al., 1999 . It is noteworthy that these approaches
may concern both inherited and acquired diseases in which
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the therapeutic protein delivery might improve, or repre-
sent a new possibility of, treatment.

In spite of strong medical interest and an increasing
number of scientific reports published in this field, the
results of clinical trials evaluating these strategies have
been rather disappointing. Three major problems explain,

Ž .at least partly, this limited success: i whatever the vector
Ž .system used, gene transfer efficacy was relatively poor; ii

in general, the expression of transgenes was only transient,
due to the extinction of transgene or promoter activity and

Ž .preferential elimination of transduced cells; iii some vec-
tor systems had an intrinsic toxicity, inducing limited to
violent immune reactions.

Although we are still far removed from an ideal «shut-
tle» system, enabling targeted transgene transfer, long-term
Ž .if possible inducible expression, and safe use, real
progress has been made with the construction of new

Žgenerations of vectors Howard et al., 1998; Jacobs et al.,
.1999; Simonato et al., 2000; Sundaresan et al., 2000 .

Thus, the fast evolution of gene therapy techniques makes
these approaches more «accessible» and «acceptable» not

Ž .only for «hard» or otherwise incurable pathologies but
also for some chronic affections such as inflammation and
pain. In this review article, we focus on this relatively
novel therapeutic concept for the treatment of chronic pain,

0014-2999r01r$ - see front matter q 2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S0014-2999 01 01304-8



( )M. Pohl, J. BrazrEuropean Journal of Pharmacology 429 2001 39–4840

the relevant data obtained to date, and some potentially
interesting future targets.

2. Vectorisation systems

The experimental evaluation of gene therapy ap-
proaches in animal models of various pathophysiological
affections rapidly revealed the need for different vector
systems, reflecting both the diversity of target tissues or
cells and the number of proteins of potential therapeutic
interest. The most widely used techniques allowing DNA
delivery into the host are either virus-derived vector sys-
tems or non-viral transfer methods. The latter approaches

Ž .use ex vivo transfected iso- or xeno-genic cells or vari-
ous immortalised, in vitro transduced cell lines, which are
then transplanted into the target host tissue where they

Žfunction as biological ApumpsB Dai et al., 1992; Doughty
.et al., 1997; for review, see Taylor, 1997 . Although

potentially interesting, the modified-cell grafts present sev-
eral drawbacks, including the possibility of graft rejection,
the risk of tumorigenesis, the unstability of transgene
expression, the lack of cell specificity and the need for
surgical procedures. Experimental strategies for cell lines

Ž .desimmortalization Bergehella et al., 1999 or the use of
novel cell lines such as multipotent neural progenitor cells
Ž .Taylor, 1997; Liu et al., 1999; Weissman, 2000 will
certainly improve the transfer capacity and safety of these
methods. Another non-viral system enabling DNA intro-
duction into the host cells is the use of plasmid DNA
coated with cationic lipids or complexed with polymers
ŽAbdallah et al., 1995; Hope et al., 1998; Lemkine and

.Demeneix, 2001 . Although these non-viral vectors are
safe, versatile and easy to handle, their in vivo efficiency

Ž .is low Remy et al., 1995 and their performances are
frequently variable, depending on DNA and cationic com-

Žpounds preparations Fabre and Martres, personal commu-
.nication .

In spite of the Aa prioriB pathogenic character of viruses,
the viral-derived vectors take advantage of their natural
capacity to penetrate the cells and to deliver their genome
Ž .including the transgene into the host cell nucleus. Thus,
these vectors now represent the most effective tools for the

introduction of foreign genes, and their efficient expression
in various cell types. To date, the most widely used viral
vectors derive either from adenoviruses, adeno-associated

Ž . Ž .viruses AAV , Herpes simplex viruses HSV or retro-
viruses. The biological characteristics of these viruses,
summarised in Table 1, suggest that different viral vectors
would be particularly adapted for each kind of gene-trans-
fer design, depending on the target cell type, the organ or

Žtissue accessibility, the transgene size, the desired or
.undesired integration of the foreign gene into the host cell

genome . . . . Although current forms of virus-derived vec-
tors are not yet optimal for both highly efficient and truly
safe gene introduction and expression in humans, their
experimental use in animals provides strong bases for their
therapeutic potential. New generations of viral vectors
have been engineered in which genes governing viral
replication, or responsible for the host immune reaction,

Žhave been inactivated Boviatis et al., 1994b; Howard et
.al., 1998; Nabel, 1999 . AAV vectors appear especially

promising for an efficient and safe gene transfer into the
Žcentral and peripheral nervous systems Bueler, 1999; Guy

.et al., 1999; Lein et al., 2000 . These vectors, as well as
lentivirus vectors, deriving from the human immunodefi-
ciency virus, have also been shown to transduce mouse

Žand human sensory neurones, at least in vitro Fleming et
.al., 2001 . However, in human dorsal root ganglia cell

cultures, both vectors could transfect with similar effi-
ciency neurones, Schwann cells or fibroblast-like cells.
Hybrid vectors, such as HSVrAAV amplicon systems,
have been developed and their capacity to drive long-term
transgene expression in the central and peripheral nervous

Ž .system has been demonstrated Jacobs et al., 1999 .
Numerous biological characteristics of Herpes simplex

Ž .type 1 HSV-1 viruses make HSV-1-derived vectors par-
ticularly suitable for the introduction and long-term expres-
sion of genes into neurones. These highly neurotropic
viruses infect efficiently post-mitotic nerve cells, in which
they can establish a latent state of infection. Latency is
characterised by the long-term persistence of viral genome
in an episomal chromatin structure, which does not disturb
host cell function. During latency, viral protein synthesis is
not detected and a unique transcriptionally active unit
leads to the synthesis of two stable nuclear RNAs, called

Table 1
Main characteristics of viruses used for the construction of viral-derived vectors

Adenovirus Adeno-associated virus Retrovirus Herpes virus
aMLV Lentivirus

Viral genome double strand DNA simple strand DNA diploid RNAqstrand double strand DNA
Integration into the host genome no yes yes yes no
Possible insert size ;7.5 kb ;4.5 kb ;5 kb ;5 kb ;35 kb
Non-dividing cell infection yes yes no yes yes
Viral protein expression yes no no yesrno latency–no

Ž . Ž . Ž . Ž .Transgene expression transient days–weeks persistent month persistent month–years transient days–weeks

a MLVsmurine leukemia virus.
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Ž .Alatency associated transcriptsB LATs . The LATs, which
are not translated, are synthesised under the control of a
LAT promoter, particularly active in neuronal cells. The
HSV genome, that has been completely sequenced, is

Ž .relatively large ;152 kb , and consists of at least 72
genes. Nearly half of them are non-essential genes that can
be deleted and replaced by exogenous DNA sequences,
thus allowing the introduction of inserts of about 30–40
kb. After penetration into the host cell, HSV can be
transported both retro- and anterogradely. Numerous

ŽHSV-derived vectors have been developed Levatte et al.,
.1998; Simonato et al., 2000; Sundaresan et al., 2000 both

for solving some problems including lytic viral replication,
immune response induction, and for ensuring high-rate and
long-term transgene expression. These vectors have been
extensively studied for the transfer of potentially therapeu-

Žtic genes into the central Kaplitt et al., 1994; Carlezon et
.al., 1997; Yamada et al., 1999 and peripheral nervous

Ž .systems Antunes Bras et al., 1998; Levatte et al., 1998 ,
Žor into different types of non-neuronal tissues Fraefel et

.al., 1997; Akkaraju et al., 1999; D’Angelica et al., 1999
and also in suicide-gene approaches in cancer therapy
Ž .Boviatis et al., 1994a,b . Beside these applications, HSV
derived vectors are particularly adapted for gene introduc-
tion into primary sensory nerves. Indeed, these neurones
are the natural targets of HSV infection and, after several
cycles of replication in epithelial cells, viral particles pene-
trate into the nerve terminals and are then retrogradely
transported, sometimes over long distances, to the cell
bodies of sensory neurones. Peripheral inoculation of

ŽHSV-derived vectors, either on abraded skin Lokensgard
.et al., 1994; Antunes Bras et al., 1998 or scarified cornea

Ž .Shimeld et al., 1995 , allows the introduction of the
transgene and its expression in sensory ganglia neurones

Žwithout the need for direct sometimes not easily achiev-
.able delivery of vectors.

Together, these characteristics have led several labora-
tories, including ours, to develop recombinant HSV vec-
tors for the experimental study of the modulation of gene
expression in primary sensory neurones, associated with
chronic pain, inflammation or nerve plasticity.

3. First experimental data in gene therapy of pain

At a first glance, the idea of gene therapy for pain may
appear somewhat surprising. Why introduce foreign genes
or some part of them into sensory neurones or other tissues
when opioids and other active molecules are available?
However, the notion of protein as a therapeutic drug is
really tempting. The transgene-derived protein that would

Žbe synthesised either continuously or preferably in an
. Ž .inducible manner in a closely targeted structure or organ ,

would act in the near vicinity of, or inside, the cells,
circumventing some problems related to the half-life of
classical drugs. Moreover, the need for high doses of some

drugs to achieve biological activity, possibly resulting in
undesirable side effects, would be eliminated.

There have been numerous attempts to alleviate pain
using cellular therapy approaches in both experimental
animal models and clinical trials. An antinociceptive agent

ŽAcocktailB were thus supplied through autologous Hama
.and Sagen, 1994; Pappas et al., 1997 , heterologous

Ž .Buchser et al., 1996 , or immortalized chromaffin cells
Ž .grafts Eaton, 2000 . Various engineered clonal cell lines

that synthesise and secrete potentially antinociceptive
Žmolecules have also been experimented with for review,

.see Eaton, 2000 . This technique of exogenous protein
delivery, however, remains relatively unspecific and does
not allow real targeting of host tissue or cells.

More recently, two different strategies have been used
for direct gene transfer of opioid peptide precursors into
dorsal root ganglia neurones or the spinal cord.

In our laboratory, we chose to introduce the rat
Ž .proenkephalin A pEnkA gene into rat dorsal root ganglia
Ž .sensory neurones Antunes Bras et al., 1998 . The pEnkA

coding sequence was placed under the control of a modi-
fied HSV latency promoter, consisting of a fusion between
the region upstream from the HSV Lat core promoter and
elements of Moloney murine leukemia virus long terminal

Ž .repeat LTR . This binary promoter has been previously
shown to drive long-term expression of the ß-galactosidase

Žgene in mouse dorsal root ganglia Lokensgard et al.,
.1994 . The Lat-LTR-pEnkA transcriptional unit was intro-

duced into the glycoprotein C locus of the HSV genome
using homologous recombination. The recombinant vectors

Ž .synthesising pEnkA derived peptide HSVLatEnk1 were
inoculated on the slightly scarified footpad surface of rat
hind limbs. Three weeks after their infection, i.e. during
the latent phase of infection, HSVLatEnk1-inoculated ani-

.mals presented with: i a ;7-fold increased number of
pEnkA mRNA expressing neurones and a ;24-fold higher

.levels of pEnkA mRNA in L4-6 dorsal root ganglia; ii a
w 5 x;160% and ;40% increase of Met enkephalin-like

material concentrations in dorsal root ganglia and the
dorsal part of the lumbar spinal cord, respectively, as
compared with the values in both sham- and ß-galacto-

Ž .sidase encoding recombinant vector HSVLatß-gal -in-
Ž .fected rats Fig. 1 . Overexpressed pEnkA was apparently

completely processed, as shown by both reverse phase
high performance liquid chromatography analysis and im-

w 5 xmunohistochemical detection of Met enkephalin-like ma-
terial in cell bodies and processes of sensory neurones

w 5 xusing anti- Met enkephalin monoclonal antibodies
Ž .Antunes Bras et al., 2001 . The transgene-derived pep-

Ž w 5 xtides as well as endogenous Met enkephalin-like mate-
.rial were preferentially, but not exclusively, transported

into the peripheral processes of primary afferent neurones.
w 5 xThe Met enkephalin-like material accumulated in vesicu-

lar profiles and reached a releasable compartment in nerve
terminals on both the central and peripheral sides, as the
electrical stimulation of either the dorsal roots or the
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w 5 x ŽFig. 1. Concentrations of Met enkephalin-like material in lumbar L4–
.L6 dorsal root ganglia and in the dorsal half of the lumbar spinal cord of

control rats and HSVLatß-gal- or HSVLatEnk1-infected animals.
w 5 x Ž .Met enkephalin-like material levels in pg or ngrmg protein are the
means"S.E.M. of five independent determinations. )P-0.05 as com-
pared with respective values from control rats or HSVLatß-gal-infected
animals.

w 5 xsciatic nerve led to Met enkephalin-like material release
Ž . w 5 xFig. 2 . Interestingly, although Met enkephalin-like ma-
terial could be co-localised with substance P-like material
or calcitonin gene-related peptide-like material in sensory

w 5 xneurones, the Met enkephalin-like material-containing
vesicular profiles seen all along the sciatic nerve sensory
fibres were distinct from those endowed with substance
P-like material or calcitonin gene-related peptide-like ma-
terial. These results suggest that the release of overpro-

w 5 xduced Met enkephalin-like material might occur inde-
pendently of that of other neuropeptides. In spite of this
apparently functional enkephalinergic supply, the basal
nociceptive response evoked by noxious thermal stimula-
tion did not differ in pEnkA-overexpressing rats compared
to their controls.

Ž .Wilson et al. 1999 achieved human pEnkA transfer
into the mouse dorsal root ganglia using a similar ap-
proach. These authors introduced the pEnkA encoding
sequence under the control of the human cytomegalovirus
promoter into the viral thymidine kinase gene, thereby
preventing replication of the recombinant vectors in ner-

Ž .Fig. 2. Effects of electrical stimulation of the sciatic nerve A or L4–L5
Ž . w 5 xdorsal roots B on of Met enkephalin-like material outflow in periph-

Ž .eral or spinal cord tissues. A A microdialysis probe was inserted into
the interstitial space of hind paw plantar tissues in anaesthetised control
and HSVLatEnk1-infected rats, and continuously perfused with a Ringer’s

Ž . Žsolution. After a 90-min washout period fractions 1–3 , two fractions 4,
. w 5 x5 , corresponding to the basal of Met enkephalin-like material outflow,

were collected and the ipsilateral sciatic nerve was electrically stimulated
Ž .5 mA, 1 ms, 0.7 Hz—15 min during the collection of fractions 6–7.
w 5 x ŽMet enkephalin-like material content of each collected fraction mean"

.S.E.M. is expressed as percentage of the mean content of fractions 4–5
w 5 xcorresponding to the basal of Met enkephalin-like material outflow in

Ž . ŽHSVLatEnk1-infected rats 100%, dashed line . In control rats open
. w 5 xbars , Met enkephalin-like material was detected only during the collec-

Ž .tion of fractions 6–7 and 11. In HSVLatEnk1-infected rats grey bars ,
w 5 xmicrodialysate- Met enkephalin-like material was measurable under rest-

ing conditions, and stimulation of the sciatic nerve resulted in a ;3-fold
w 5 x Ž .increase in Met enkephalin-like material levels P-0.05, ns6 com-

Ž .pared to control rats. B At the spinal level, spontaneous in vitro outflow
w 5 xof Met enkephalin-like material was measurable in HSVLatEnk1-in-

Ž . Ž .fected rats grey bars but not in control animals open bars . In the latter
Žanimals, electrical stimulation of L4–L5 dorsal roots 5 mA, 2 ms, 1 Hz

. w 5 x—10 min rendered of Met enkephalin-like material levels measurable
in fractions 7–8 collected during stimulation. In HSVLatEnk1-infected

w 5 xrats stimulation of dorsal roots resulted in a ;70% increase in Met en-
kephalin-like material concentrations in fractions 7–8, over baseline in

Ž . w 5 xfractions 1–6 100%, dashed line of Met enkephalin-like material
Ž .content of each fraction mean"S.E.M. is expressed as percentage of

this baseline value in HSVLatEnk1-infected rats.
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vous tissue. The baseline latencies of foot withdrawal
responses evoked by noxious heat were similar in both
infected pEnkA-overproducing animals and the controls.
Only previous sensitisation of sensory afferents by topical
application of dimethyl sulfoxide or capsaicin revealed the
antihyperalgesic effect of pEnkA overexpression in pri-

Žmary sensory neurones. Although intrathecal naloxone 1
.mgrkg administration was effective to reverse the antihy-

peralgesia associated with pEnkA overexpression, very
Ž .high doses 50 mgrkg were necessary to partially reverse

this effect when the opioid receptor antagonist was deliv-
ered systemically. The authors concluded that viral intro-
duction of pEnkA into nociceptive primary afferents al-
tered the responsiveness of both C and AE fibres to stimuli
which would normally produce hyperalgesia by acting,
particularly, at the spinal level. They also suggested that

Ž .the basal release of the transgene-derived peptide s should
be minimal and that only high-level or persistent stimula-
tion of sensory nerves should evoke peptide release. In line
with this hypothesis, we used subcutaneous microdialysis
in the hind paw plantar area of pEnkA-overexpressing rats,

w 5 xand we showed that only very low levels of Met en-
kephalin-like material could be detected under resting con-
ditions but that electrical stimulation of the sciatic nerve

w 5 xresulted in a ;5-fold increase of microdialysate Met en-
Ž .kephalin-like material levels Fig. 2 .

Another strategy to introduce and overexpress an opioid
Ž .peptide was explored by Finegold et al. 1999 . An artifi-

Ž .cial fusion gene, previously used by Beutler et al. 1995
to drive ß-endorphin production and secretion in primary
fibroblasts, was introduced into an adenovirus-derived vec-
tor under the cytomegalovirus promoter. Recombinant vec-
tors were delivered in rats by intrathecal infusion. Under
these conditions, recombinant vectors did not penetrate and
infect the spinal cord neurones but remained restricted to
pia mater cells. One week after recombinant vector infu-
sion, ß-endorphin concentrations in cerebrospinal fluid
Ž .CSF increased about 4-fold as compared with control
animals. However, probably because of the promoter used,
ß-endorphin secretion into the CSF was found to fall

Ž .rapidly i.e. 15 days later to control levels. As in the other
studies, the ß-endorphin overproduction and secretion into
the CSF did not alter the baseline nociceptive sensitivity of
animals to radiant thermal stimulus. However, inflamma-
tion of the hind paw induced by subcutaneous carrageenan
injection revealed the antihyperalgesic potency of overpro-
duced ß-endorphin. The increases in paw withdrawal laten-
cies observed in recombinant vector-injected rats, com-
pared to latencies in control animals, were attenuated after
i.p. administration of naloxone, suggesting a specific, opi-
oid receptor-mediated effect.

Together these data clearly demonstrate the feasibility
of such approaches and suggest that exogenous supplying

Žof various opioid peptides at the spinal level via primary
.sensory neurones or using the AparacrineB route has no

antinociceptive effect but an antihyperalgesic effect only

seen after the induction of persistent pain. This observation
is interesting because the therapeutic approaches based on
gene transfer would be particularly adaptable to chronic
pain states. In addition, plastic changes in the neuronal
systems involved in the transmission of pain or its control,
particularly at the spinal level, associated with chronic
inflammatory and neuropathic pain, are well documented
Ž .for a review, see Millan, 1998 . There is now accumulat-
ing data concerning the alteration of the expression of
genes encoding neuropeptides, receptors or ion channels.

In this context, it would be particularly interesting,
using targeted gene transfer, to attempt the Anormalisa-
tionB of some gene expression and to study its potential
effects. Among animal models of chronic inflammatory
pain, rats with adjuvant-induced polyarthritis have been
studied extensively. We previously showed that, in these
animals, pEnkA mRNA were almost undetectable in lum-

Žbar dorsal root ganglia which contain cell bodies of
sensory neurones innervating the hind limbs, which are

.particularly affected by the disease , whereas about 2–3%
of dorsal root ganglia neurones synthesise pEnkA mRNA

Ž .in healthy rats Pohl et al., 1997 . In addition, it has also
w 5 xbeen reported that Met enkephalin-like materiel levels

were markedly reduced in nerve terminals innervating the
Žsynovial tissues of hind paw joints in polyarthritic rats El

.Hassan et al., 1998 . Using an approach similar to that of
Ž .our previous studies see above , we tried to introduce and

overproduce rat pEnkA gene in dorsal root ganglia sensory
neurones in these animals. The resulting biochemical data
were comparable to those obtained following recombinant
vector infection of normal rats, but HSVLatEnk inocula-
tion of polyarthritic rats resulted in an antihyperalgesic
effect against thermal noxious stimulus, which lasted for at
least 8 weeks after infection. However, an acute painful
stimulus does not actually reflect the dimension of persis-
tent, spontaneous pain. This is particularly true in pol-
yarthritic rats in which the most prominent behavioural
change is a marked reduction of locomotion, due to intense
inflammatory pain and alterations of joints. We thus ex-
plored in an open field the spontaneous horizontal and
vertical mobility of these animals in order to assess as

Žaccurately as possible their Afunctional disabilityB Larsen
.and Arnt, 1985; Cain et al., 1997; Lindner et al., 1999 .

Compared to untreated polyarthritic rats, there was an
impressive improvement of the locomotor activity of
HSVLatEnk-infected polyarthritic rats, who recovered up

Ž .to nearly 70% of the activity of healthy rats Fig. 3 . Thus,
our results confirmed the data obtained with normal ani-
mals and, more importantly, suggest the actual therapeutic
potency of overproduced pEnkA-derived opioid peptides
in sensory neurones of chronically suffering rats.

The gene transfer techniques that we have mentioned so
far consist of the transfer and synthesis of precursors of
biologically active peptides. However, another possible
application of the viral vector-mediated transfer of DNA
sequences is, on the contrary, the introduction into the cell
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Fig. 3. HSVLatEnk-infected polyarthritic rats exhibited improved sponta-
neous locomotor activity. Horizontal locomotor activity was measured in
a red-lighted open-field, video-monitored and assessed every minute
during a 7-min period. Long-term improvement of functional ability in
HSVLatEnk-infected polyarthritic rats was evaluated by comparing the

Ž . Ž .locomotor activity of normal healthy rats ns5 and both control ns8
Ž .and HSVLatEnk-infected ns10 polyarthritic rats 3, 5 and 8 weeks

after infection. ))P-0.01; )))P-0.001 for control versus HSV-
Ž .LatEnk-infected ns10 rats: two-tailed unpaired t-test.

body of a DNA sequence in antisense orientation in order
to reduce the synthesis of the targeted gene. Compared
with the widely used techniques of antisense oligonucleo-
tides injection, the viral vector delivery of an antisense
molecule has the advantage of continuous and perhaps
better targeted production. The possible limitation of the
delivery of AnaturallyB synthesised antisense RNA is their
increased sensitivity to enzymatic degradation compared to
that of oligonucleotides modified by the introduction of

Ždifferent chemical groups phosphotriesters, phopshoro-
.thiates, methylphosphonates, . . . that have been shown to

improve their stability. However, abundant data support
the efficacy of the in situ synthesis of antisense RNA
whose biological effect probably takes place mainly in the

Žnucleus, affecting gene expression prior to translation for
.a review, see Helene and Toulme, 1991 . These techniques´ ` ´

might be relevant for the AcorrectionB of the increased
synthesis of numerous proteins whose genes are overex-
pressed in chronic pain states.

Using this approach, we attempted to reduce the en-
Ž .hanced synthesis of calcitonin gene-related peptide CGRP

induced in dorsal root ganglia neurones by peripheral
Ž .inflammation Collin et al., 1993 . In the same viral back-

bone as used in studies on pEnkA overexpression, we
introduced, in antisense orientation, the complete sequence

Žof the exon 5 of the rat a-calcitonin-CGRP gene Amara et
.al., 1982 . The recombinant vectors expressing antisense

Ž .CGRP RNA HSVLatCGRP were inoculated into ratsAS

on the right hind-paw plantar surface as described above.
Profound inflammation was induced 2 weeks later by
subcutaneous injection of complete Freund’s adjuvant into
the right hind paw plantar surface. As expected, 5 days

later, the concentrations of CGRP-like material in the
ipsilateral lumbar dorsal root ganglia of both sham-and

ŽHSVLatß-gal-infected rats were significantly higher q;
.40% than in control animals. In contrast, in HSVLat-

CGRP -infected rats, the CGRP-like material levels wereAS

increased by only about 20% as compared to non-in-
flammed animals. However, this effect was transient be-
cause the reduction of the increased CGRP-like material
concentrations was no longer significant 12 days after
induction of inflammation. The hind paw volumes of
control and HSVLatCGRP -infected rats were measured,AS

before and after inflammation, using a plethysmometer. As
shown in Fig. 4, the paw volumes of infected and unin-
fected rats were similar. Two days after the induction of
inflammation, the paw volumes increased parallely in both
HSVLatCGRP -infected rats and control animals. How-AS

ever, whereas the hind paw volume of control rats was still
increasing until days 4–7 after the beginning of inflamma-
tion, in CGRP antisense RNA expressing rats, the paw
volume remained almost stable during the whole 16 days
observation period. The discrepancy between the biochem-
ical marker of antisense efficacy, i.e. decreased dorsal root
ganglia CGRP-like material levels, and biological efficacy
suggests that limited variations in endogenous neuropep-
tides levels might be sufficient to sustain a functional
effect. In fact, other authors using antisense RNA or
antisense oligonucleotides delivery reported similar data
Ž .see Helene and Toulme, 1991 . Nevertheless, our data´ ` ´
support the idea that down-regulation of gene expression
in sensory neurones might also be achieved using these
approaches and we are currently trying out different anti-

Fig. 4. Infection of rats with HSVLatCGRP limited the hind pawAS

volume increase induced by local Freund’s adjuvant injection. Inflamma-
Žtion was induced in right hind paws of control rats sham- and HSVLatß-

.gal-infected rats or HSVLatCGRP -infected animals by injection of 150AS

ml of complete Freund’s adjuvant. Paw volumes were then measured
Ževery 2 days using a Ugo Basile plethysmometer in both control sham-

.and HSVLatß-gal-infected animals; ns10 and HSVLatEnk-infected
Ž . )) )))ns10 . P-0.01; P-0.001 for control versus HSVLat-

Ž .CGRP -infected ns10 rats: two-tailed unpaired t-test.AS
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sense constructions with the aim of modulating the expres-
sion of some relevant genes.

4. Future directions and new targets

The first experimental assays of gene therapy of pain,
Ž .which have logically targeted the endogenous opioid

system by inducing the overexpression of opioid precur-
sors, seem promising. However, numerous other targets
which may be more relevant and more specific, have to be

Ž qexplored. Several of these have been identified Na
channels, Baker and Wood, 2001; cyclooxygenase
Dannhardt and Kiefer, 2001; NMDA receptors, Gordh et

. Ž .al., 1995; . . . , and drugs available or in development
allow already or will allow their use in AclassicalB thera-
peutic protocols. Other molecules have been identified
recently but their real therapeutic potential remains un-
clear, mainly because of the lack of pharmacological tools
Žion channels, Waldman et al., 1997; Fosset et al., 1999;
isoforms of protein kinase C, Malberg et al., 1997; Dina et
al., 2000; proteinase activated receptor 2, Steinhoff et al.,

.2000; . . . . Finally, some molecules, whose involvement
Žin pain was demonstrated only very recently osteopro-

.tegerin, Honore et al., 2000, for instance , will certainly be´
tried out in gene-based therapeutic procedures in the near
future.

Although chronic pain should be considered as a real
disease state of the nervous system, the starting point of
persistent pain is, in most cases, related to specific patho-
physiological conditions. Thus, associated with gene ther-
apy of some of these affections, gene therapy of pain
might take place. Apart from the different gene-based
strategies for cancer treatment, representing almost 60% of

Ž .current clinical trials Kahn, 2000 , these therapeutic ap-
proaches are also being actively evaluated for the treat-

Žment of inflammatory diseases for review, see Hedley,
. Ž2000 , particularly rheumatoid arthritis for review, see

.Junker and Bohnlein, 1999 . Given the major role that¨
cytokines such as tumor necrosis factor-a and interleukin-1
are thought to play in local inflammation and joint destruc-
tion, inhibition of their biological activity using tumor
necrosis factor-a AdecoyB receptor or interleukin-1 natural
receptor antagonist might be of real benefit in the therapy
of arthritic diseases. The efficacy of these approaches has
been demonstrated in several clinical trials in patients with
advanced rheumatoid arthritis. Another possibility of cy-
tokine-based treatments is the delivery of anti-inflamma-
tory cytokines, including transforming growth factor-ß,
interleukin-4, interleukin-10 and interleukin-13.

However, due to the relatively short half-life of this
kind of drug and their possible harmful side-effects, exper-
iments were undertaken for the targeted and long-lasting
delivery of cytokines or their antagonists using gene trans-
fer techniques. Experimental data from animal models of
inflammation and arthritis clearly demonstrate the thera-

peutic potency of the introduction and overproduction of
Žlocal cytokine or cytokine-related proteins Ghivizzani et

.al., 1998; Lubberts et al., 2000; Woods et al., 2000 .
Ž .Interestingly, in mouse, Lubberts et al. 2000 have shown

that local interleukin-4 overexpression in knee reduces the
levels of synovial interleukin-17 and osteoprotegerin lig-
and and prevents bone erosion. On the other hand, osteo-
protegerin, the secreted soluble tumor necrosis factor re-
ceptor-related molecule that sequestres osteoprotegerin
ligand thereby blocking its biological activity, has recently
been shown to prevent bone destruction and pain be-

Žhaviour in an animal model of bone cancer Honore et al.,´
.2000 . These data suggest that targeted expression of the

osteoprotegerin gene would be particularly relevant for the
treatment of both bone erosion and pain in rheumatoid
arthritis and bone cancer. The potential therapeutic interest
of various other targets has been evaluated using viral
vector-mediated local expression. For instance, the transfer
of cDNAs encoding the cyclin-dependent kinase inhibitor
Ž .Nasu et al., 2000 , the natural inhibitors of metallopro-

Ž .teinases enzymes involved in cartilage destruction , the
angiogenesis inhibitors or the proteins involved in apopto-

Ž . Žsis FasL ligand . . . for review, see Junker and Bohnlein,¨
.1999 has been experimented with. Finally, numerous genes

or proteins, associated with inflammatory diseases, have
been identified in the last 5 years. Although the biological
functions of these molecules are not completely under-
stood, several patents have already been filled for their
potential use in novel, gene-based therapeutic strategies
Ž .Junker and Bohnlein, 1999 .¨

Taking into account the important number of identified
or possible future targets, gene therapy of pain might take
a place as a complementary and parallel form of treatment.
Indeed, as previously mentioned, DNA sequences of rela-
tively important size could be inserted in some viral

Ž .genomes namely in HSV-derived vectors , allowing con-
comitant transfer and expression of several genes. Thus,

Žassociation of antihyperalgesic molecules such as opioid
.peptide precursors with a AtherapeuticB transgene should

be explored in gene therapy clinical trials relevant to
various chronic painful pathologies.

5. Conclusion

In spite of their apparent complexity, gene therapy
approaches have, in some applications, numerous advan-
tages as compared with the AclassicalB treatments. How-
ever, it must be pointed out that, to date, most of the
available data have been obtained only in experimental
animal models or in very preliminary clinical trials. Gene
therapy of pain will be, or at least will long remain, a
complementary treatment. Nevertheless, the development
of safe vector systems as well as their application in well
selected pathophysiologies might provide real therapeutic
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benefit, lead to novel therapies and contribute to the
amelioration of life of patients suffering chronic pain.
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