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Abstract

The genetic modification of cell cultures and their transplantation into the brain is an effective ex vivo gene
therapy. This transfer of genes via the genetic engineering of viruses or plasmids and subsequent transfec-
tion into cells that will express transgenes in the central nervous system (CNS) may allow specific treatment
in epileptogenic foci while sparing healthy brain tissue, and minimize the side effects of antiepileptic drug
treatment. Prime modification candidates are neuropeptide Y (NPY) and galanin, which are important
modulators of neuronal excitability. These neurotransmitters exhibit an inhibitory effect on neuronal activ-
ity and provide anticonvulsant effects in animal models. Galanin also exhibits neuroprotective properties.
Other modification candidates are adenosine, which acts as an endogenous anticonvulsant, and the glial
cell line-derived neurotrophic factor (GDNF), which exerts neuroprotective and anticonvulsive actions.
Recombinant adeno-associated viral vectors can release any of these agents because of their neuronal tro-
pism, lack of toxicity, and stable persistence in neurons. This chapter provides an overview of gene therapy
methods, and reviews several studies that used neural and non-neuronal cell transplants as a basis for
expanding our understanding of discases that affect the CNS and possible therapeutic alternatives.
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1 Introduction

Gene therapy is a therapeutic strategy to replace a defective gene
with its functional counterpart and restore the operation of a spe-
cific cell population. Gene therapy uses nucleic acids tactically,
instead of drugs, to correct the pathological state of cells via modi-
fication of their genome [1]. Therefore, molecular knowledge of
the disease is essential to hit specific targets [2]. Depending on the
target cell, two types of gene therapy exist: the first genetically
modifies germ cells (i.e., those that are involved in the formation
of eggs and sperm), so that this information will be transmitted to
offspring. Another type is the somatic gene therapy where the
genetic endowment is introduced in non-germ or somatic cells, so
genetic modification is not transmitted to offspring [ 3]. Gene ther-
apy can be performed in vivo or ex vivo. In vivo gene therapy
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introduces the genetic material directly into the cells of the organ-
ism without prior manipulation in vitro. Its disadvantages are a
lower level of control on gene transter and difficulties in achieving
a high degree of tissue specificity. Ex vivo gene therapy removes
target cells from the patient, and these cells are isolated and grown
in culture medium for transfection. Effectively transfected cells
reproduce in culture and are replaced in the patient.

Recent efforts attempted to develop techniques to insert target
genes for the treatment of central nervous system (CNS) disorders.
The results in animal models treated with gene therapy have cre-
ated new possibilities in the treatment of multifactorial diseases,
such as epilepsy, which led to a rapid development in the manipula-
tion of gene expression in brain cells [4].

Epilepsy is the third most common neurological disease world-
wide. It is a CNS disease that is characterized by spontaneous and
recurring seizures. Antiepileptic drugs (AEDs) are the first treat-
ment choice, but these drugs are effective in only 60-70% of the
individuals [5-7]. Patients who continue to suffer seizures despite
more than two changes in their drug regimen are considered for
surgical resection of the epileptic focus. However, this option is
invasive, it is associated with dysfunctional effects, and only 10 % of
this population are acceptable candidates for surgical treatment
[8]. The death of GABAergic interneurons and plastic changes in
the hippocampus have been reported in temporal lobe epilepsy
[9]. This cell loss alters the levels of neurotransmitters, in this case
dopamine and y-aminobutyric acid (GABA). Cell therapy for epi-
lepsy proposes the use of replacement cells or ex vivo gene therapy
transplantation to administer a substance of interest to the dam-
aged CNS [10]. The objectives of gene therapy in epilepsy are to
obtain a sustained anticonvulsant effect (as an antiepileptogenic
drug that blocks disease progression, avoids epileptic focus propa-
gation [8], and restores neurotransmitter levels) and the possible
integration of transplanted cells into damaged circuits to restore
the functions that are lost during the disease progression [11].

2 Gene Therapy Methods

2.1 Ex Vivo Gene
Transfer

As discussed already, two main methods are used in gene therapy:
ex vivo, which involves the removal of tissue cells, in vitro modifica-
tion using a retroviral vector, and the replacement into the body. In
vivo gene therapy consists of the manipulation of the corrective gene
within the patient rather than the replication of cultured cells [12].

The first step in ex vivo gene transfer is obtaining tissue cells from
the target organ. Tissue cells are disrupted and seeded in appropri-
ate cell culture conditions in vitro. Cells are transfected with a
therapeutic gene using a suitable vector, which should be selected
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for its ability to stably and persistently express the exogenous gene.
Selected cells are amplified and collected for reimplantation in the
organism. Allogeneic cell lines may also be used in cases where the
organ or tissue of interest cannot be easily removed or provide cells
for in vitro proliferation. The ex vivo method is the most used
technique because rejection is minimal [12].

In Vivo Gene This method is based on the systematic management of the genetic

Transfer construct of interest. DNA may be administered directly, but the use
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of a vector that facilitates the process of gene transfer and allows
entry and intracellular localization, resulting in a functional gene, is
a more common method. A noninvasive procedure is also important
for the use of specific vectors that allow gene delivery to target cells
in a specific organ or tissue. This method is used in cells that are dif-
ficult to extract and implant, such as CNS cells [13] (Fig. 1).

Introduction A transgene, which is also called a genetic construct, is defined as a set
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expression. The transgene exerts the therapeutic function for gene
therapy. Most research on this topic was performed in animal models,
but there are clinical trials in humans [14].
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1 General model for gene transfer microinjection or misting mediated by different types of vectors. Viral

methods: adenovirus, retrovirus, adeno-associated virus, herpes virus; nonviral methods: DNA-liposomes,
naked DNA
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2.4 Direct Methods
of Transfection

2.4.1  Chemical Systems

2.4.2 Physical Systems

2.4.3 Direct Methods
Mediated by Vectors

Calcium phosphate transfection. This technique was first used in the
1960s with good transfection efficiencys; it is based on the precipi-
tation of exogenous DNA, with the resulting DNA-Ca?* precipi-
tate entering the cell via endocytosis. Transfection efficiency
reaches 10% of the cells, but it is generally transient. This tech-
nique does not cause toxicity in cells, but the transgene expression
is low. It is used only in cell cultures and ex vivo applications.

These techniques involve the injection of DNA into the cell
nucleus. This direct introduction of DNA avoids cytoplasmic and
lysosomal degradation. Injection is performed using a microma-
nipulator and an inverted microscope for visualization. Cells with
inserted genetic material that survive exhibit high expression effi-
ciency. This technique requires isolated cells, and it is often used
ex vivo. The germline gene therapy method injects DNA into
embryos, and it is performed in vivo.

Microingection (electroporation). A gene construct is intro-
duced into the cells by an electric shock that causes the formation
of pores in their membranes through which the transgenes enter.
It is especially suitable for cells with high proliferation rate.
However, many cells die as a consequence of the electric shock.
Another disadvantage of this technique is that it cannot be used in
many cell types.

Naked DNA. It consists in the introduction, usually by intra-
muscular injection, of DNA in a saline solution or serum to achieve
the expression of a transgene. Expression has been observed in
thymus, skin, heart muscle, and skeletal muscle. The mechanism of
naked DNA uptake is not fully understood but it is postulated to
involve the nuclear pore complex. This technique has a low per-
centage of transfected cells, no integration of the transfected mate-
rial into the genome once injected, and no replication in the
genome. This is a system used for performing gene therapy in vivo
[12, 15].

A wide array of vectors has been used to deliver genes into the
nervous system. Several researchers use nonviral vectors composed
of naked DNA. These vectors exhibit several problems (Table 1)
related to delivery, short-term expression, and immune reactivity
against the vector. Viruses may be delivered locally, and many, but
not all, are transported to the cell body by axons via retrograde
transport mechanisms afetr the infection of nerve terminals. This
retrograde transport is particularly attractive for neuropathic pain
therapies, as described in the following sections. Though different
efficiencies are obtained depending on the type and strain of virus,
the herpes simplex virus (HSV) is a highly efficient vehicle for the
delivery of exogenous genetic material in humans. Retrograde
transport provides means of targeting specific nodes after intrader-
mal infection or other routes of administration.
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Nonviral Vectors

Viral Vectors

The ability of liposomes (structures surrounded by a lipid mem-
brane to resemble eukaryotic cells) to deliver DNA into cells has
been known since 1965, but it was not until 1980 that suitable
transfection efficiency was achieved.

Cationic liposomes are artificial vesicles prepared with cationic
lipids which are particularly adequate to interact with negatively
charged DNA. Many lipids are used to form these liposomes, and
different lipid mixtures are being tested. These liposomes are rec-
ommended for in vitro transfections. Among the advantages of
liposomes we can mention the protection of the transgene from
degradation until it reaches the nucleus, the unlimited DNA size,
the possibility of targeting specific receptors in tissues (e.g., the
lipid layer), low immunogenicity, and the ability to transfect non-
dividing cells. The disadvantages include low transfection effi-
ciency, transient expression, some cellular toxicity, possible
inhibition by serum components, and the inability for gene therapy
in neurological disorders [13].

This methodology began in 1968, when it was discovered that
viruses were capable of infecting mammalian cells. The develop-
ment of packaging cells in 1989, protein composition that is
required for functionality is removed from the viral genome,
marked an important stage in this methodology, and reduced the
degree of virus pathogenicity. Numerous genes and sequences are
removed to allow the virus to capture the exogenous DNA. These
viral vectors may be used in vivo and ex vivo, and several viruses are
used for gene therapy (Table 1, Fig. 2).

Retroviruses. These RNA viruses integrate a relatively large
amount (up to 8 kb) of therapeutic genes, but packaging cells are
needed to create these vectors. Virus DNA is transferred into the
packaging cells using the calcium phosphate technique. A second
transduction is performed in which the gene construct of interest
is introduced, and the virus is injected into the host; subsequently,
it integrates its DNA into the genome to express the inserted gene.
No immune response is produced because the host does not
express virus proteins. This technique exhibits a high efficiency
transduction and expression, and it is a well-studied system.
However, this method only infects host cells that are dividing, viral
concentrations are low, and integration into the genome is ran-
dom. Vectors based on more complex genomes are called lentivi-
ruses. Lentiviruses deliver durable transgene expression but require
integration. Axonal transport of these vectors is inefficient, and
standard retroviruses require cell division for gene delivery.
Lentiviruses are integrated into nondividing cells, and they may be
pseudotyped with rabies G protein to enhance retrograde delivery
[16, 17]. However, these viruses may disrupt normal genes, includ-
ing tumor suppressor functions, or activate oncogenes [18, 19].



Gene Therapy in Epilepsy 187

VECTOR ELEMENTS

Therapeutic gene Nuclear
Direction of directionalization
transcription @

s [ ENE
f ‘\ Function of

homologous

Appropriate regulatory recombination ina
elements specified location

<— Surface ligand binding
element and fusogenic
Elimination of . I.I_I_I—m . capacity
g | {
functions y \

Complementary
resistance

Fig. 2 Diagram of an ideal gene therapy vector. A vector should possess a number of properties to be used for
therapy in an efficient manner. It is also important that the vector does not cause an immune response or other
deleterious responses [63]

Vectors that stably persist as episomes are preferred for peripheral
nerve applications.

Adenoviruses. Adenoviruses are a family of DNA viruses that
cause different infections in humans, mainly in the respiratory
tract. Approximately 7.5 kb of exogenous DNA may be inserted
into these viruses. Serotype 5 is generally used in gene therapy, but
42 difterent serotypes infect humans. Integration of the virus
genetic material into the host is needed for replication. The trans-
gene is introduced into the genome of the cell, but cellular division
of infected cells is not required for replication. The advantage of an
adenovirus vector is the high efficiency of transduction and expres-
sion of the introduced gene construct, although the expression is
transient (a few weeks). Periodic treatments are required, which is
a disadvantage because adenoviruses produce cellular and inflam-
matory immune responses [15].

Adenoviral vectors do not require integration and undergo ret-
rograde transport, but these vectors recruit inflammatory cells
because of viral gene expression [20, 21], and they do not persist
for a long term in sensory neurons. The immunogenicity of adeno-
viral vectors has relegated their exploitation to vaccine develop-
ment and use as oncolytic vectors for cancer treatment.
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2.5 Genetic Repair
Using Oligonucleotides

Adeno-associated virus (AAV). AAVs are DNA-containing par-
voviruses that require coinfection with an adenovirus to multiply.
AAVs are vectors that combine the advantages of retroviral and
adenoviral infection, and they can integrate small exogenous DNA
(only 5 kb). The primary advantages are that AAVs integrate their
DNA into the cell during replication, and transduction (which is
highly effective) is stable in the target cell. AAVs also infect divid-
ing and nondividing cells, which is highly important for gene ther-
apy in vivo. AAVs vectors are not involved in any human disease,
and the risk of an immune response to the production of viral pro-
teins is minimized. AAVs were efficiently transduced into nerve
tissue, retrogradely transported efficiently at least in mice [22-24],
achieving long-term transgenes expression. As stated before, one
limitation of these vectors is the payload capacity (3—4 kb), and
only single moderate-sized genes are generally accommodated.
Therefore, virus doses that are required to achieve effective trans-
duction are very high compared to other vectors. Further, AAVs
vectors do not adequately target specific cell types for infection,
especially neurons. Antibodies readily neutralize AAV, and repeat
dosing is generally not possible. High vector dosing in the periph-
ery and the loading of genomes into cells may induce DNA dam-
age responses that lead to inflammation [25, 26]. The disadvantages
of AAV have limited the study of this type of vectors, which are not
as well studied as retroviruses and adenoviruses [27].

Herpesvirus (HSV). HSVs are DNA viruses that can be used to
target neurons. The advantage of HSVs is their DNA size, which
allows the insertion of various therapeutic genes with regulatory
regions. One disadvantage is the need to remove sequences that
encode the lytic virus proteins, which kill infected cells.

Some characteristics of the ideal vector for gene therapy include
the incorporation and regulated expression of one or more genes
for clinical application during an appropriate time, specificity in
gene transfer, to be unrecognizable to the immune system, absence
of a stable inflammatory response, and easy obtention [12]. The
vector designed from HSV allows the insertion of approximately
20 kb, and exhibits a strong neuronal tropism. This vector spreads
through the nervous system, which allows a wide distribution of
the transfected gene [28]. However, the main limitations are HSV
cytotoxicity and its ability to induce cellular immune responses
[29]. The HSV-1 variant is used. This vector deletes genes that are
involved in viral replication, which reduces neurotoxicity [30]. A
specific promoter for tyrosine hydroxylase is also used, which
increases the specificity of neuronal transfection [31].

Oligonucleotides are short sequences of nucleic acids that bind to
specific sequences of DNA (triplex-forming DNA) or RNA (RNA-
DNA heteroduplex formation). These sequences are complemen-
tary to specific sequences of a given messenger RNA (sense
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sequence) and form a double-stranded sense-antisense heterodu-
plex that blocks the translation of the genetic message into the pro-
tein. This strategy is used to repair genes that are altered by a
well-known point mutation. There are selectively activated cellular
mechanisms of DNA repair at the site of the mutation. Specific oli-
gonucleotides are designed adjacent to genomic sequences at the
mutation site, and the oligonucleotide carries, on one end, an agent
that is capable of damaging the DNA by forming a covalent bond
with the nucleotide responsible for the mutation. Selective nucleo-
tide mutation triggers cellular DNA repair processes, which leads to
structural and functional gene correction [1].

3 Route of Administration to the Brain

The genetic modification of cell cultures and transplantation into
the brain is an effective ex vivo gene therapy. The transfer of genes
via genetic engineering of viruses or plasmids and subsequent trans-
fection into cells expresses transgenes in the CNS [32]. The first
treatment emerged from adenosine deaminase deficiency. Gene
therapy via the intracerebral delivery of a combination of genes was
the best option for the treatment of certain CNS disorders, since
the blood-brain barrier hindered the access to the CNS [32].
Intranasal administration is a viable option for the expression of
transgenes in neural cells. This method achieved CP10PK HSV
gene transfection in hippocampal neurons using this same virus as
vehicle. However, the level of transgene expression was limited
because this route of administration is not the most suitable for
therapies that require transfection in specific areas of the brain,
unless the vectors are developed with promoters [33]. Stereotactic
surgery is a more efficient technique for the delivery of therapeutic
genes into specific brain areas because high levels of transgene
expression are achieved after the injection of a viral vector [34].
This approach is the most common gene delivery method to the
brain, having the lowest population of antigen-presenting cells and
lymphatic system in the CNS [15]. However, damage to the blood-
brain barrier permits penetration of active lymphocytes and immune
response cells, and this transfer technique must be redefined. Other
factors should be considered when gene delivery is successful, such
as the level and stability of transgene expression and the ability to
regulate the expression of the transgene [35]. Lentiviral vectors are
used in gene therapy because of their ability to integrate up to a
9 kb chromosome of the host and to transfect most brain cell types,
which facilitates the expression of transgenes [15, 35].

Primate and human immunodeficiency viruses (HIVs) belong
to the lentivirus family. Therefore, it is important to consider extreme
biosecurity measures compared to other viral vectors, to prevent
recombination events that could generate a virus capable of replication.
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Biosecurity measures include the elimination of virulence genes in
packaging plasmids, the introduction of genes involved in capsid
assembly using separate plasmids to reduce the possibility of recom-
bination, and the induction of vector auto-inactivation to suppress
viral transcriptional activity [27].

The use of recombinant adenovirus (rAAV) vectors for the
delivery of transgenes in the brain does not produce toxicity. These
vectors also elicit a low immune response and exhibit efficient cell
transduction in the brain in animal models. These adenovirus sero-
types were isolated from humans and primates, and some of the
rAAVs that were cloned and packaged into recombinant vectors
exhibited tropism for neuronal types and various brain areas [36].
Injection of high concentrations of viral particles to the brain pro-
moted transgene expression and dissemination, and achieved effec-
tive cell transduction [37]. The combined use of rAAV2 vectors
and stereotactic surgery achieved transfection in selective foci, such
as the hilum or hippocampal CA1 areas [38]. Several rAAV sero-
types were characterized recently, and these vectors primarily
exhibited neuronal tropism. Therefore, it is important to continue
the development of vectors that are more efficient and exhibit
more tropism for glial cells, including improved expression cas-
settes, greater storage capacity, and the characterization of specific
promoters for greater expression in certain cell types. Several pro-
moters were used to restrict rAAV expression in melanin-
concentrating neurons in the hypothalamus. However, promoters
have not been isolated yet, and expression is restricted to neuronal
subclasses in the hippocampus, such as hilar GABAergic neurons
or principal neurons in the dentate gyrus. This limitation is a par-
ticularly difficult challenge for rAAV vectors because of the pro-
moter activity contained within the inverted terminal repeats [39].
The development of treatments for each neurological disorder is
important to optimize the efficiency of the systems for gene
delivery.

4 Gene Therapy Strategies for Epilepsy

Although a large part of the epilepsies are of genetic origin, genetic
targets are not the best candidates for gene therapy. A single mutant
gene rarely causes the disease since epilepsy is the result of the
inheritance of two or more susceptibility genes [40]. In these cases,
the pathology often affects a large part of the brain, which would
require widespread gene transfer. These features pose two big
obstacles for gene therapy. The first obstacle is the need to transfer
multiple genes into diseased cells, and most viral vectors (with the
notable exception of HSV) have a small genome that hosts only
one gene at a time. The second obstacle is the need for widespread
expression of the therapeutic gene(s): currently available gene
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therapy methods mostly provide localized effects. These reasons
suggest that focal epilepsies, particularly temporal lobe epilepsy, are
better candidates for gene therapy. In these cases, seizures often
originate in a restricted brain area, which allows local delivery of
the vector using stereotaxic surgery. Epilepsy caused by focal
lesions often has an identifiable cause from a damaging insult (e.g.,
head trauma, status epilepticus (SE), stroke, brain infection), which
sets a cascade of neurobiological events in motion. The develop-
ment and extension of tissue that is capable of generating sponta-
neous seizures would result in the development of an epileptic
condition and /or the progression of the epilepsy.

Epileptogenesis (i.e., the transformation of a normal brain into
an epileptic brain) in humans and animals is associated with pro-
gressive pathological abnormalities, such as cell death (the most
prominent is a loss of neurons in the hippocampus termed “hip-
pocampal sclerosis”), axonal and dendritic plasticity, neurogenesis,
neuroinflammation, and alterations in ion channels and synaptic
properties. The physiopathology of epilepsy is well studied in ani-
mal models and surgically resected tissue, and several candidate
genes have been identified as potential therapeutic targets [41].
Gene therapy allows specific targeting of the epileptogenic region,
which spares the surrounding healthy tissue and minimizes the side
effects of antiepileptic drug treatment.

Research on gene therapy for epilepsy was conducted essentially in
several types of models, primarily chemical convulsant (pilocarpine
or kainate) evoked SE and electrical stimulation (electrical kin-
dling). SE models induce an epileptogenic insult that is followed by
a latency period during which the animals are apparently well, fol-
lowed by spontaneous recurrent seizures (SRSs), i.e., epilepsy. This
situation closely mimics the situation in humans with acquired
structural epilepsies [42]. SE models allow the exploration of inter-
ventions at different levels: antiepileptogenic (prevention of devel-
opment of epilepsy in subjects who are at risk after an epileptogenic
insult), antiseizure (reduction of frequency and/or severity of sei-
zures), disease-modifying (alteration of the natural history of the
disease) and repair of the affected regions, where cells may be modi-
fied to produce inhibitory neurotransmitters, such as GABA.
Increased GABA levels in the epileptogenic area are favorable on
physiological behaviors because they reduce neuronal excitability and
the occurrence of seizures. Loscher et al. [43] observed these effects
following the transplantation of fetal GABAergic neurons in the sub-
stantia nigra, which transiently decreased seizures in the kindling
model in rats [41, 43]. This observation led to the development of
the transfection of glutamate decarboxylase (GAD) in in vitro and
in vivo models to increase GABA levels (Table 2). Ruppert et al. [44]
used a retroviral expression system to obtain complementary DNA
(cDNA) and induce the expression of different GAD isoforms in rat
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Table 2
Gene therapy used in epilepsy models

Animal model  Gene therapy Description Reference
Tetanus toxin ~ Optogenetic strategy Overexpress the light-activated Walker et al. (2013)
into the In vi chloride-pump, halorhodopsin, in [64], Tennesen
motor cortex VO pyramidal cells etal. (2009) [65]
Ex vivo
Kainate-induced Expression of Silencing of ADK expression using ~ Young et al. (2014)
seizures microRNA an alternative RNA interference- [66]

targeting adenosine  mediated mechanism in astrocytes
kinase (miR-ADK)

In vivo
Kainate-induced AAV-GS and Overexpression of glutamine Young et al. (2014)
seizures AAV-EAAT2. synthetase (GS) or excitatory [66]
. amino acid transporter 2 (EAAT?2)
In vivo
Synthesis of GABA
Limbic kindling GABAergic cell Reduced the incidence of severe Gernert et al. (2002)
transfer (GAD 65 limbic motor seizures, by granule [46]
and GAD 67) cell stimulation
Expression of GAD 65 and 67
Transient increased GABA levels
Kindling AAV-mediated Influence NMDA receptor function Haberman et al.
delivery of an both in vitro and in vivo (2002) [51]
antisense RNA
specific to
NMDARI
Pilocarpine- Replication-defective  Attenuated the ongoing cell loss, Simonato and
induced status ~ HSV-1 vector favored the proliferation of early Zucchini (2010)
expressing FGF-2 progenitors, and led to the [56], Simonato
and BDNF production of cells that entered etal. (2000) [57]
the neuronal lineage of
differentiation

Kainic-induced NSCs expanded from Reduced frequency, duration and Waldau et al. (2010)

epilepsy El14 MGE severity of seizures 3 months after [67]
graft
Kindled seizures AAV Reduced the generalization of Noe et al. (2007) [68]

seizures from their site of onset,
delayed acquisition of fully kindled
seizures, and afforded
neuroprotection

Vector-derived NPY

AAV adeno-associated virus vectors, NMDARI1 N-methyl-d-aspartic acid receptor 1, RNA ribonucleic acid, NSC
neural stem cell, MGE medial ganglionic eminence
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fibroblasts. These experiments increased enzymatic synthesis and
GABA activity, which was released into the surrounding medium by
the modified cells. These results demonstrated that the expression of
GAD from cDNA was effective for the synthesis of GABA in trans-
planted cells although not in cells of neuronal origin [44 ]. Sacchettoni
etal. [45] used Moloney murine leukemia virus expressing the GAD-
67 enzyme under the control of the GFAP promoter as a replication-
defective vector. The clones were transfected into fibroblast cell lines
and astrocytes and both expressed functional enzymes. However,
only fibroblasts produced GABA in the extracellular medium. Gernert
et al. [46] transplanted immortalized cortical neurons with geneti-
cally modified GAD-65 into the piriform cortex of rats with amyg-
dala kindling. The GABA-producing cells implanted in potential
brain targets enhanced the seizure threshold and augmented the
latency to the first generalized convulsion during the kindling process
[46]. Liu et al. [47] used vectors derived from human foamy virus
(HEV) to transtect the cDNA of a specific GAD isoform into primary
cultures of hippocampal neurons, which may have a potential thera-
peutic value in the treatment of neurological diseases. Another study
investigated kainic acid-induced seizures (5 mg/kg, stage V in Racine
scale) in rats that previously received transplants of a cell line trans-
tected with human ¢cDNA encoding GAD67 (M213-20 CL4) into
the substantia nigra. The results demonstrated that the group trans-
planted with M213-20 CL4 cells required a higher dose of kainic
acid to induce seizure activity, whereas the latency to convulsion
increased, and the behavioral manifestation was reduced compared to
rats with untransfected cell transplantation [48].

One target for inhibitory mechanisms is the GABA, receptor,
which is the main receptor subtype for the principal inhibitory
neurotransmitter. This receptor is a pentameric chloride-permeable
channel. The expression of GABA, alpha-1 subunits is decreased
and alpha-4 subunits expression is increased in the granule cells of
the hippocampus of epileptic rats, which generates receptors that
rapidly desensitize and favor the generation of seizures. Raol et al.
[49] used an AVV to achieve the expression of the GABRAI gene
(GABA receptor subunit alpha-1) under control of the GABRA4
promoter (GABA receptor subunit alpha-4). The vector was
injected into the dentate gyrus of rats, and SE was produced using
pilocarpine. The results revealed an increased expression of
GABRA1 mRNA and protein after 2 weeks of SE, and also a three-
fold increase during the interictal period and a decrease in the
number of rats that developed spontaneous seizures by 60 % during
the first 4 weeks after SE. These results demonstrate the impor-
tance of the composition of GABA receptor subunits for the devel-
opment of circuits and epilepsy, and the role of GABRA1 expression
in hippocampal inhibitory function [49]. The N-methyl-d-
aspartate (NMDA) receptor also provides a potential target for
gene therapy in focal seizures. During et al. [50] constructed an
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AAV to synthesize the NR1 subunit of the NMDA receptor. Gene
expression persisted for at least 5 months after AAV administra-
tion, and it was associated with a strong antiseizure activity and
neuroprotective effect in a mouse model of kainate-induced epi-
lepsy and stroke.

Haberman etal. [51] cloned a cDNA fragment (729 bp) of the
NMDARI gene (NMDA receptor) in an antisense orientation into
an AAV that contained a promoter regulated by tetracycline (AAV-
TTAK-NMDARI). The vector was used for the transfection of a
primary culture of cortical neurons. The decreased expression of
NMDA receptors significantly reduced the evoked currents [51].

Neuropeptides are important modulators of neuronal activity
in the mammalian CNS. Neuropeptide Y (NPY) is a widely distrib-
uted polypeptide in the CNS, and it has become a focus of atten-
tion in the epilepsy field because of the changes in the expression
of this protein and its receptors in brain regions that are involved
in seizure initiation and propagation. Hippocampal interneurons
and NPY-overexpressing axons are observed in patients with intrac-
table temporal lobe epilepsy. The expression of NPY Y2 receptors
on presynaptic neurons and pyramidal granular cells inhibits gluta-
mate release and the presence of seizures. Richichi et al. [52]
designed a rAAV vector to overexpress rat NPY in neurons and
obtained an increase of the expression of this protein in the hip-
pocampus, a reduction in kainic acid-induced seizures and an
increase in the latency of seizures.

Cholecystokinin (CCK) was first discovered in the gastrointes-
tinal tract, although it is one of the most abundant neuropeptides
in the CNS. This neuropeptide was identified as a central regulator
of neuronal circuits, and CCK and its receptors are implicated in
the neurobiology of feeding, memory, nociception, exploratory
behavior, and anticonvulsant activity. CCK is also associated with
neuropsychiatric disorders. Zhang et al. [53] evaluated the poten-
tial for CNS gene transfer using lipofectin-mediated plasmids
encoding CCK. Intracerebroventricular transfection was per-
formed in rats with audiogenic seizures, and a high analgesic
response to peripheral electrical stimulation was observed. Previous
studies demonstrated that low CCK levels may vary the neuro-
chemistry of audiogenic seizures in rats and underlie the high anal-
gesic responses pursuant to its anti-opioid properties. CCK
expression corrected the development of seizure susceptibility for
1 week. These results suggest that gene transfer mediated by lipo-
fectin may be useful in studies of brain function, modification of
behavior, and gene therapy for the CNS. This strategy may result
in the transient expression of a foreign gene with functional conse-
quences in the adult brain, but it has the advantage of not recom-
bining with the endogenous virus [54].

The endogenous neuropeptide galanin generally exerts an inhib-
itory action on the CNS by increasing potassium conductance or
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reducing calcium conductance, and the magnitude of this inhibition
is sufficient to suppress seizure activity in the hippocampus. Haberman
et al. [51] proposed a gene therapy for temporal lobe epilepsy using
the transfection of constructs with fibronectin and galanin adenovi-
rus (AAV-FIB-GAL). AAV-FIB-GAL vectors protected the hippo-
campal hilar neurons from kainic acid-induced cell death, but
unilateral secretion did not alter the course of electrographic seizures
after kainic acid administration [51]. Other authors achieved signifi-
cantly attenuated seizures induced by kainic acid using the same con-
structs (AAV-FIB-GAL) and prevented the electrographic seizure
activity, which abolished limbic seizure activity and the bilateral con-
stitutive secretion of galanin in the rat piriform cortex. These studies
demonstrated that the modulation of this gene influenced the behav-
ior of limbic seizure activity [55].

The flexibility to transfect exogenous genes achieving protein
expression for the treatment of disease, such as protein ICP10PK
of herpes simplex virus type 2 (HSV-2), is one advantage of gene
therapy. This protein inhibits caspase-dependent apoptosis and
protects against several neurotoxic stimuli, including viral infec-
tion, treatment with an inhibitor of protein kinase C, osmolar envi-
ronment disruption, loss of carrier in trophic growth, and
excitotoxicity. Notably, neurons that survived gene therapy retained
their synaptic function [55].

Laing et al. [33] demonstrated that gene transfection of
ICP10PK using HSV2 as a vehicle had antiapoptotic activity in rat
hippocampal cultures and mice with kainic acid-induced seizures.
This method may be used to target neurons that are inaccessible to
surgical techniques. ICP10PK-mediated protection is likely
involved in the inhibition of reactive oxygen species (ROS), astro-
gliosis, and microglial activation induced by kainic acid.

Genetic interventions have attempted to prevent epilepsy after
an insult based on the hypothesis that impairment in the levels of
neurotrophic factors (NTFs), such as FGF-2 (fibroblast growth
factor-2) and BDNF (brain-derived neurotrophic factor), may be a
factor in epilepsy pathogenesis. FGF-2 and BDNF protect neurons
from damage. FGF-2 is a potent proliferation factor for neural
stem cells, and BDNF favors differentiation into neurons [56].

Simonato et al. [56, 57] used a replication-defective HSV-1 vec-
tor expressing FGF-2 and BDNF to test the hypothesis that local
supplementation of these NTFs would attenuate seizure-induced
damage and inhibit epileptogenesis. This vector was injected into
one damaged hippocampus 4 days after a chemically induced SE in
rats (i.e., during latency and after the establishment of damage).
These conditions are similar to a person who is in the latency period
after the occurrence of an epileptogenic insult and preceding the
onset of spontancous scizures [58]. Expression of the transgenes
was bilateral (because of the retrograde transport of the vector to the
contralateral hippocampus) and transient (approximately 2 weeks).
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4.2 Gene Therapy
in the Clinic

However, short-term expression is an advantage in these specific set-
tings because NTFs trigger plastic changes that remain detectable
when the vectors are no longer expressed, and their long-term
expression may be detrimental for brain function. Therefore, this
approach allowed modification of the microenvironment via the
generation of cells that were capable of constitutively, but transiently,
secreting FGF-2 and BDNEF. This treatment slightly attenuated the
ongoing cell loss, favored the proliferation of early progenitors, and
led to the production of cells that entered the neuronal lineage of
differentiation. All untreated animals displayed hippocampal sclero-
sis and spontaneous seizures 1 month after SE. These studies pro-
vide evidence that gene therapy is an option in epilepsy prevention
in at-risk patients. The disease-modifying effect was striking, and the
result may be interpreted as truly antiepileptogenic.

Injuries, such as head trauma, ischemia, tumors, and neuroinfec-
tions, also generate epilepsy. Brain areas damaged by stroke and sei-
zures express high levels of heat shock protein 72 kDa (HSP72). This
protein is a marker of stress, but its participation in the survival of
neurons after damage is controversial. Yenari et al. [32] found a neu-
roprotective effect by inducing the expression of the HSP72 protein
in areas damaged by stroke, inhibiting the development of seizures.
The vectors used for the transfection of an animal model of kainate-
induced focal cerebral ischemia were constructed from HSV.

The process used to develop new gene therapies relies upon experi-
mental validation in model systems. In the case of the epilepsies, the
establishment of models has itself been hindered by clinical and
genetic heterogeneity. In fact, due to the numerous ways in which
recurrent seizures arise and the different types of seizures that can
manifest, epilepsy may be considered as a group of diseases, each
one potentially requiring different models and strategies for devel-
opment of maximally effective treatment. Until now, antiepileptic
drugs have been devised primarily through seizure models in
rodents. On the other hand, preclinical results of Phase I to Phase
IIT clinical trials are highly encouraging and demonstrate that gene
therapy does not present a general increase in risk factors associated
with the technique compared to other surgical methods for other
neurological disorders, including Alzheimer’s, Parkinson’s, and
metabolic diseases [59]. Given the complexity of the pathophysiol-
ogy of epilepsy, patients with partial epilepsies selected for surgical
resection of the epileptogenic area are ideal candidates for gene
therapy: the pathology of their illness is focal; the optimal medical
treatment has failed to produce the desired results; and the success
of surgery in leading centers (>70% seizure-free at 1 year) supports
the idea that local and sustained release of an inhibitory molecule
might be sufficient to “silence” hyperactivity. In a certain way, tissue
resection represents the most extreme form of cellular “silencing,”
and gene therapy may provide a realistic alternative [60-62].
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Data from in vivo experiments using AAV vectors suggest that
this method of gene delivery is a more practicable approach to
progress to clinical trials. An early proof of principle study demon-
strated that gene transfer using AAV vectors in resected human
tissue slices resulted in an appreciable level of transduction of cells
in the epileptic tissue [61]. No clinical trial has been conducted
using this technology. However, the therapeutic approach in epi-
lepsy is directed to interrupt abnormal seizure activity rather than
reintroduce a cell population that was lost, which was often the
focus of gene therapy for neurodegenerative diseases, such as
Parkinson’s and Alzheimer’s diseases [59, 63—-65].

In summary, the experimental and clinical data from other
neurological diseases demonstrate the feasibility of gene therapy
for epilepsy [66—68]. The genetic modification of cell cultures and
transplantation into the brain is an effective ex vivo gene therapy.
This transfer of genes using the genetic engineering of viruses or
plasmids and subsequent transfection into cells achieves the
expression of transgenes in the CNS. Cell therapy and ex vivo gene
therapy have increased our knowledge of plasticity mechanisms
and the factors that promote cellular integration in the CNS. Basic
and clinical studies suggest that temporal lobe epilepsy, which is
clearly refractory to traditional pharmacological approaches, is an
ideal candidate for gene therapy, which will significantly impact
disease management in the coming decade. There is no doubt that
accurate verification of safety and scale-up studies are needed
before beginning studies in humans, but gene therapy experience
in humans with other diseases is encouraging [42].

This work was supported by the Council of Science and Technology,

Acknowledgments
grant number 248004.
References
1. Jorde LB, Carey JC, Bamshad MJ, White RL

2.

(1999) Genética médica. Harcourt, Madrid

Chuah MK, Collen D, Vandendriessche T
(2004) Preclinical and clinical gene therapy for
haemophilia. Haemophilia 10:119-125

. Lazo PA (1996) Terapia génica humana: ten-

dencias y problemas. Med Clin (Barc) 106:
469-476

. Ronchera-Oms CL, Gonzilez JM (2013)

Terapia génica. In: Gamundi Planas MC
(coord) Farmacia hospitalaria, vol 2. SEFH,
Madrid, pp 919-927

. Rogawski MA, Loscher W (2004) The neuro-

biology of antiepileptic drugs. Nat Rev

Neurosci 5:553-564

. Pitkdnen A, Sutula TP (2002) Is epilepsy a pro-

gressive disorder? Prospects for new therapeu-
tic approaches in temporal-lobe epilepsy.
Lancet Neurol 1:173-181

. Duncan JS, Sander JW, Sisodiya SM et al (2006)

Adult epilepsy. Lancet 367:1087-1100

. Foldvary N, Bingaman WE, Wyllie E (2001)

Surgical treatment of epilepsy. Neurol Clin
19:491-515



198

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Miguel A. Lopez-Garcia et al.

Ben-Ari Y (2001) Cell death and synaptic reor-
ganizations produced by seizures. Epilepsia
42(Suppl 3):S5-S7

Gokhan S, Song Q, Mehler MF (1998)
Generation and regulation of developing

immortalized neural cell lines. Methods
16:345-358

Congjero-Goldberg C, Tornatore C, Abi-Saab
W etal (2000) Transduction of human GAD67
cDNA into immortalized striatal cell lines
using an Epstein-Barr virus-based plasmid vec-
tor increases GABA content. Exp Neurol
161:453-461

Orozco E, Gariglio P (1999) Genética y bio-
medicina molecular. Limusa, México D.F
Klug WS, Cummings MR (1999) Conceptos
de genética. Prentice Hall, Madrid

Lindvall O, Odin P (1994) Clinical application
of cell transplantation and neurotrophic factors
in CNS disorders. Curr Opin Neurobiol
4:752-757

Jakobsson ], Lundberg C (2006) Lentiviral
vectors for use in the central nervous system.
Mol Ther 13:484-493

Mazarakis ND, Azzouz M, Rohll JB et al
(2001) Rabies virus glycoprotein pseudotyping
of lentiviral vectors enables retrograde axonal
transport and access to the nervous system
after peripheral delivery. Hum Mol Genet
10:2109-2121

Wong LF, Azzouz M, Walmsley LE et al
(2004) Transduction patterns of pseudotyped
lentiviral vectors in the nervous system. Mol
Ther 9:101-111

Beard BC, Keyser KA, Trobridge GD et al
(2007) Unique integration profiles in a canine
model of long-term repopulating cells trans-
duced with gammaretrovirus, lentivirus, or
foamy virus. Hum Gene Ther 18:423-434
Derse D, Crise B, Li Y et al (2007) Human T-cell
leukemia virus type 1 integration target sites in
the human genome: comparison with those of
other retroviruses. J Virol 81:6731-6741

Yang Y, Li Q, Ertl H et al (1995) Cellular and
humoral immune responses to viral antigens
create barriers to lung-directed gene therapy

with recombinant adenoviruses. ] Virol
69:2004-2015

Varnavski AN, Calcedo R, Bove M et al (2005)
Evaluation of toxicity from high-dose systemic
administration of recombinant adenovirus vec-
tor in vector-naive and pre-immunized mice.
Gene Ther 12:427-436

Castle MJ, Perlson E, Holzbaur EL et al
(2014) Long-distance axonal transport of
AAV9 is driven by dynein and kinesin-2 and is
trafficked in a highly motile Rab7-positive
compartment. Mol Ther 22:554-566

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Towne C, Schneider BL, Kieran D et al (2010)
Efficient transduction of non-human primate
motor neurons after intramuscular delivery of
recombinant AAV serotype 6. Gene Ther
17:141-146

Zheng H, Qiao C, Wang CH et al (2010)
Efficient retrograde transport of adeno-
associated virus type 8 to spinal cord and dorsal
root ganglion after vector delivery in muscle.
Hum Gene Ther 21:87-97

Lovric J, Mano M, Zentilin L et al (2012)
Terminal differentiation of cardiac and skeletal
myocytes induces permissivity to AAV trans-
duction by relieving inhibition imposed by
DNA damage response proteins. Mol Ther
20:2087-2097

Rosas LE, Grieves JL, Zaraspe K et al (2012)
Patterns of scAAV vector insertion associated
with oncogenic events in a mouse model for
genotoxicity. Mol Ther 20:2098-2110

Zhao J, Lever AM (2007) Lentivirus-mediated
gene expression. Methods Mol Biol 366:
343-355

Hickey WF (2001) Basic principles of immu-
nological surveillance of the normal central
nervous system. Glia 36:118-124

Hacein-Bey-Abina S, Von Kalle C, Schmidt M
et al (2003) LMO2-associated clonal T cell
proliferation in two patients after gene therapy
for SCID-X1. Science 302:415-419

Berges BK, Wolfe JH, Fraser NW (2007)
Transduction of brain by herpes simplex virus
vectors. Mol Ther 15:20-29

McMenamin MM, Byrnes AP, Charlton HM
et al (1998) A gamma34.5 mutant of herpes
simplex 1 causes severe inflammation in the
brain. Neuroscience 83:1225-1237

Yenari MA, Fink SL, Sun GH et al (1998)
Gene therapy with HSP72 is neuroprotective
in rat models of stroke and epilepsy. Ann
Neurol 44:584-591

Laing JM, Gober MD, Golembewski EK et al
(2006) Intranasal administration of the
growth-compromised HSV-2 vector DeltaRR
prevents kainate-induced seizures and neuronal
loss in rats and mice. Mol Ther 13:870-881

Ruitenberg MJ, Eggers R, Boer GJ et al (2002)
Adeno-associated viral vectors as agents for
gene delivery: application in disorders and
trauma of the central nervous system. Methods
28:182-194

Barker RA, Widner H (2004) Immune prob-
lems in central nervous system cell therapy.
NeuroRx 1:472—481

Zufferey R, Nagy D, Mandel RJ et al (1997)
Multiply attenuated lentiviral vector achieves

efficient gene delivery in vivo. Nat Biotechnol
15:871-875



37.

38.

39.

40.

4]1.

42.

43.

44.

45.

46.

47.

48.

49.

Blesch A, Conner J, Pfeifer A et al (2005)
Regulated lentiviral NGF gene transfer con-
trols rescue of medial septal cholinergic neu-
rons. Mol Ther 11:916-925

Ralph GS, Radcliffe PA, Day DM et al (2005)
Silencing mutant SOD1 using RNAI protects
against neurodegeneration and extends sur-
vival in an ALS model. Nat Med 11:429-433

Broekman ML, Comer LA, Hyman BT et al
(2006) Adeno-associated virus vectors sero-
typed with AAVS capsid are more efficient than
AAV-1 or -2 serotypes for widespread gene
delivery to the neonatal mouse brain.
Neuroscience 138:501-510

Berkovic SF, Mulley JC, Scheffer IE et al
(2006) Human epilepsies: interaction of
genetic and acquired factors. Trends Neurosci
29:391-397

Vezzani A (2004) Gene therapy in epilepsy.
Epilepsy Curr 4:87-90

Simonato M, Bennett J, Boulis NM et al
(2013) Progress in gene therapy for neurologi-
cal disorders. Nat Rev Neurol 9:277-291
Loscher W, Ebert U, Lehmann H et al (1998)
Seizure suppression in kindling epilepsy by
grafts of fetal GABAergic neurons in rat sub-
stantia nigra. ] Neurosci Res 51:196-209

Ruppert C, Sandrasagra A, Anton B et al
(1993) Rat-1 fibroblasts engineered with
GADG65 and GAD67 ¢cDNAs in retroviral vec-
tors produce and release GABA. J Neurochem
61:768-771

Sacchettoni SA, Benchaibi M, Sindou M et al
(1998) Glutamate-modulated production of
GABA in immortalized astrocytes transduced
by a glutamic acid decarboxylase-expressing
retrovirus. Glia 22:86-93

Gernert M, Thompson KW, Loscher W et al
(2002)  Genetically engineered GABA-
producing cells demonstrate anticonvulsant
effects and long-term transgene expression
when transplanted into the central piriform
cortex of rats. Exp Neurol 176:183-192

Liu W, He X, Cao Z et al (2005) Efficient thera-
peutic gene expression in cultured rat hippo-
campal neurons mediated by human foamy virus
vectors: a potential for the treatment of neuro-
logical diseases. Intervirology 48:329-335
Castillo CG, Mendoza S, Freed WJ et al (2006)
Intranigral  transplants of immortalized
GABAergic cells decrease the expression of kai-
nic acid-induced seizures in the rat. Behav
Brain Res 171:109-115

Raol YH, Lund IV, Bandyopadhyay S et al
(2006) Enhancing GABA(A) receptor alpha 1
subunit levels in hippocampal dentate gyrus
inhibits epilepsy development in an animal

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

Gene Therapy in Epilepsy 199

model of temporal lobe epilepsy. J Neurosci
26:11342-11346

During MJ, Symes CW, Lawlor PA et al (2000)
An oral vaccine against NMDARI with efficacy
in experimental stroke and epilepsy. Science
287:1453-1460

Haberman R, Criswell H, Snowdy S et al
(2002) Therapeutic liabilities of in vivo viral
vector tropism: adeno-associated virus vectors,
NMDARI antisense, and focal seizure sensitiv-
ity. Mol Ther 6:495-500

Richichi C, Lin EJ, Stefanin D et al (2004)
Anticonvulsant and antiepileptogenic effects
mediated by adeno-associated virus vector neu-
ropeptide Y expression in the rat hippocampus.
J Neurosci 24:3051-3059

Zhang LX, Li XL, Smith MA et al (1997)
Lipofectin-facilitated transfer of cholecystoki-
nin gene corrects behavioral abnormalities of
rats with audiogenic seizures. Neuroscience
77:15-22

McCown TJ (2006) Adeno-associated virus-
mediated expression and constitutive secretion
of galanin suppresses limbic seizure activity
in vivo. Mol Ther 14:63-68

Golembewski EK, Wales SQ, Aurelian L et al
(2007) The HSV-2 protein ICP10PK prevents
neuronal apoptosis and loss of function in an
in vivo model of neurodegeneration associated
with glutamate excitotoxicity. Exp Neurol
203:381-393

Simonato M, Zucchini S (2010) Are the neu-
rotrophic factors a suitable therapeutic target
for the prevention of epileptogenesis? Epilepsia
51(Suppl 3):48-51

Simonato M, Tongiorgi E, Kokaia M (2006)
Angels and demons: neurotrophic factors and
epilepsy. Trends Pharmacol Sci 27:631-638

Paradiso B, Marconi P, Zucchini S et al (2009)
Localized delivery of fibroblast growth factor-2
and brain-derived neurotrophic factor reduces

spontaneous seizures in an epilepsy model.
Proc Natl Acad Sci U S A 106:7191-7196

Rowland NC, Kalia SK, Kalia LV et al (2016)
Merging DBS with viral vector or stem cell
implantation: “hybrid” stereotactic surgery as
an evolution in the surgical treatment of
Parkinson’s disease. Mol Ther Methods Clin
Dev 3:15051

Kasperaviciite D, Catarino CB, Heinzen EL
et al (2010) Common genetic variation and
susceptibility to partial epilepsies: a genome-
wide association study. Brain 133(Pt 7):
2136-2147

O’Connor WM, Davidson BL, Kaplitt MG
et al (1997) Adenovirus vector-mediated gene
transfer into human epileptogenic brain slices:



200

62.

63.

64.

65.

Miguel A. Lopez-Garcia et al.

prospects for gene therapy in epilepsy. Exp
Neurol 148:167-178

Simonato M (2014) Gene therapy for epilepsy.
Epilepsy Behav 38:125-130

Zorzano A (2003) Terapia génica en endocri-
nologifa: una aproximacion realista. Endocrinol
Nutr 50:244-249

Walker MC, Schorge S, Kullmann DM et al
(2013) Gene therapy in status epilepticus.
Epilepsia 54(Suppl 6):43-45

Tennesen J, Serensen AT, Deisseroth K et al
(2009) Optogenetic control of epileptiform activ-
ity. Proc Natl Acad Sci U S A 106:12162-12167

66.

67.

68.

Young D, Fong DM, Lawlor PA et al (2014)
Adenosine kinase, glutamine synthetase and
EAAT2 as gene therapy targets for temporal
lobe epilepsy. Gene Ther 21:1029-1040
Waldau B, Hattiangady B, Kuruba R et al
(2010) Medial ganglionic eminence-derived
neural stem cell grafts ease spontancous sei-
zures and restore GDNF expression in a rat
model of chronic temporal lobe epilepsy. Stem
Cells 28:1153-1164

Noe F, Nissinen J, Pitkinen A et al (2007)
Gene therapy in epilepsy: the focus on
NPY. Peptides 28(2):377-383



	Chapter 10: Gene Therapy in Epilepsy
	1 Introduction
	2 Gene Therapy Methods
	2.1 Ex Vivo Gene Transfer
	2.2 In Vivo Gene Transfer
	2.3 Introduction of the Transgene
	2.4 Direct Methods of Transfection
	2.4.1 Chemical Systems
	2.4.2 Physical Systems
	2.4.3 Direct Methods Mediated by Vectors
	Nonviral Vectors
	Viral Vectors


	2.5 Genetic Repair Using Oligonucleotides

	3 Route of Administration to the Brain
	4 Gene Therapy Strategies for Epilepsy
	4.1 Gene Therapy in Animal Models of Epilepsy
	4.2 Gene Therapy in the Clinic

	References


