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The potential now exists in many experimental systems to transfer a
cloned, modified gene back into the genome of the host organism. In the ideal
situation, the cloned gene is returned to its homologous location in the genome
and becomes inserted at the target locus. This process is a controlled means
for the repair of DNA damage and ensures accurate chromosome disjunction
during meiosis. The paradigm for thinking about the mechanism of this pro-
cess has emerged primarily from two sources: (1) The principles of reaction
mechanics have come from detailed biochemical analyses of the RecA protein
purified from Escherichia coli; and (2) the principles of information transfer
have been derived from genetic studies carried out in bacteriophage and fungi.
A compelling picture of the process of homologous pairing and DNA strand
exchange has been influential in directing investigators interested in gene tar-
geting experiments.

The ability to find and pair homologous DNA molecules enables accu-
rate gene targeting and is the central phenomenon underlying genetic recombina-
tion. Biochemically, the overall process can be thought of as a series of steps
in a reaction pathway whereby DNA molecules are brought into homologous
register, the four-stranded Holliday structure intermediate is formed, hetero-
duplex DNA is extended, and DNA strands are exchanged. Not much is known
about the biochemical pathway leading to homologous recombination in eukary-
otes. Nevertheless, in Saccharomyces cerevisiae, a great deal of information
has accumulated about the genetic control of recombination and the molecu-
lar events leading to integration of plasmid DNA into homologous sequences
within the genome during transformation. Substantial insight into the mecha-
nism of recombination between plasmid DNA and the genome has come from
studies using nonreplicating plasmids containing a cloned gene homologous
to an endogenous genomic sequence. Transformation of S. cerevisiae at high
frequency takes place when the plasmid DNA is cut within the cloned DNA
sequence. Almost invariably, transformants contain plasmid DNA integrated
into the yeast genome at the homologous site. Autonomously replicating plas-
mids containing gaps of several hundred nucleotide residues within the cloned
gene also transform at high efficiency and are repaired by recombination using
chromosomal information as a template.
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What has emerged from these studies on transformation of S. cerevisiae
is a body of observations that has helped shape strategies for gene targeting in
higher organisms. Unfortunately, the limited biochemical data available from
yeast, and the often confusing and sometimes contradictory results from the
genetic studies, have not provided a thorough mechanistic foundation for experi-
mentation. It is not completely clear from the transformation studies carried
out that information on the genetic control of plasmid integration will be gener-
ally applicable to high eukaryotic systems under study by investigators inter-
ested in gene targeting. The significance of the functionally independent, yet
structurally redundant, RecA-like Rad51, Rad55, Rad57, and Dmc1 genes in
S. cerevisiae is not clear. The virtual absence of the illegitimate integration
events during plasmid transformation commonly observed in many other eukary-
otic systems raises certain caveats about the generality of the recombination
system in yeast. Nevertheless, structural homologs of rad51 and/or rad52 have
been identified in several higher eukaryotes, providing some indication that
fundamentally similar biological principles underlie the mechanism of homolo-
gous recombination from bacteria to higher animals and plants, as well as that
rules of gene targeting learned from transformation analysis of lower eukary-
otes will be widely applicable.

With respect to gene targeting in higher eukaryotes, the tantalizing car-
rot of gene replacement as gene therapy remains dangling. Though noble
approaches are underway to incorporate this methodology in molecular medi-
cine venues, it is unlikely that gene therapies will become elements of com-
mon practice in the near term. Hence, what we are left with is a powerful
process and extension technique in which gene targeting protocols can be used
to achieve equally important goals. That is what Gene Targeting Protocols is
about—the use of gene targeting techniques to create experimental systems
that help us understand biological processes at a genetic level.

We have requested chapter contributions from members of the scientific
community who are at the forefront of those dealing with and/or overcoming
many of the barriers caused by the low frequency of homologous recombina-
tion. Clearly, more techniques are under study than those represented here,
but we have striven to present a wide range of approaches that may be intrigu-
ing and, we hope, useful to the reader.

One of the most important features of gene targeting is the delivery of
the construct into the nucleus of the cell. Whereas viral vectors are naturally
occurring delivery vehicles, naked DNA is taken up quite poorly by mamma-
lian cells. To overcome this problem, a number of strategies have been
employed, one of which is the use of cationic lipids. The field of liposome
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delivery is rapidly expanding and the literature is often misleading and con-
fusing. In addition, the choice of a particular liposome transfer vehicle for
delivery into a particular cell type is viewed as crucial. In the chapter by Natasha
Caplen, the variety of liposomes available to investigators and the criteria for
choosing one to fit the experimental purpose is discussed in detail. Caplen
surveys commercially available liposomes and outlines the advantages and
disadvantages of each.

Along the same lines, Barbara Demeneix and colleagues discuss the use
of polyethylenimine (PEI) as a gene transfer vehicle. One of the most appeal-
ing aspects of PEI is its nontoxicity in vivo. Details regarding the impor-
tance of determining the optimal ratio of PEI to DNA are outlined and a specific
case study using brain cells is provided. In contrast, Xi Zhao discusses a rela-
tively new approach to gene delivery using electronic pulse delivery (EPD).
The EPD system differs from traditional electroporation in the use of selected
pulse waves and the ultralow current. This technique provides a transfer effi-
ciency of over 80% with a viability index of EPD-treated cells approaching
90%. It may be the most efficient physical delivery protocol currently in use.
In the chapter by Greg May and colleagues, electroporation conditions for
transfer of oligonucleotides into plant cells are outlined. Though the focus of
many gene transfer protocols is mammalian cells, the capacity to alter plant
genomes is of utmost importance.

Since many of the protocols outlined above discuss the virtues and draw-
backs of the transfer vehicle, it is also imperative to understand the cell itself.
Clearly, the state of the cell in terms of metabolism and cell cycle position
upon becoming manipulated affects the efficiency of transfer. Nancy Smyth
Templeton discusses the various parameters that affect vector uptake. In addi-
tion, she discusses the design of the DNA vector itself in a protocol aimed at
gene targeting in mammalian cells.  What has become apparent is that the
amount of vector introduced relative to the cell culture conditions is critical in
improving gene targeting frequency. The method of transfer for this protocol
is electroporation, which complements the May chapter on plant cell
electroporation. The chapter contributed by David Strayer outlines an impor-
tant use of the viral vector SV40. Strayer’s group has developed an efficient
delivery system to assess cellular uptake and extended expression of marker
genes after integration. The use of this vector is novel and will likely over-
come significant delivery problems.

The next group of chapters outlines a series of protocols commonly used
for gene targeting.  Among the most successful is Cre-lox, developed by Brian
Sauer and colleagues. In his chapter, he outlines the strategy for creat-
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ing cell lines that express specific transgenes using the Cre recombinase. This
system has been widely used because of its remarkable versatility. Perhaps
the most important aspect of Cre-lox is its reversibility. A transgene can be
inserted, expressed, studied for cellular effects, and then removed. Kaarin
Goncz and Dieter Gruenert outline a similar approach in which small frag-
ments of DNA are used to alter the genome by site-directed insertion. Such a
technique enables gene replacement strategies that can lead to molecular therapy
or improve knockout events. The simplicity of the vector itself is a key feature
in using this approach to disrupt mammalian cells.

Several viral-based systems are also described, including the use of a
modified adenoviral vector by Ichizo Kobayashi and colleagues to create a
cell line that is amenable to high levels of homologous recombination events.
This work pulls together several aspects of this volume including cell culture
manipulation and vector design. The adenoviral vectors can allow for nearly
100% of the cells to acquire the transfer without influencing viability. In the
same vein, Jude Samulski and colleagues provide a protocol for using adeno-
associated virus (AAV) to introduce transgenes at a specific site in chromo-
some 19. The objective of this strategy is somewhat different from the others
reported herein, since the site of integration is determined by the viral vector,
not by the transgene. AAV has a predilection for integrating at a specific site
on chromosome 19, and if one wishes to introduce a transgene permanently
into the chromosome for inheritable expression, this technique is optimal.
Richard Bartlett and Jesica McCue provide an excellent background on AAV
biology, detailing targeted integration and studies of rAAV-based gene therapy
vectors. They also provide an introduction to the studies using an AAV-based
plasmid vector to express human insulin in skeletal muscle of diabetic animals.

Two chapters in Gene Targeting Protocols take a fundamentally differ-
ent approach to gene targeting. The first by Sun Song and Wayne Marasco
utilizes a fusion protein, attached to a plasmid, to deliver the vector to a target,
in this case a virus. Although many protocols are aimed at targeting host chro-
mosomal genes, the field of gene targeting also includes virus targeting. These
authors outline a protocol that can deliver a therapeutic gene to a specific cell
in animals. The target cell may be one that has been infected with a virus and
the expression of the gene once transferred into the correct cell may have a
therapeutic effect. The chapter by Jovan Mirkovitch and colleagues provides
an interesting system for overcoming a serious barrier to therapeutic gene tar-
geting. This problem is centered on the regulation of transgene expression. In
many cases, the chromatin structure covering the transgene heavily influences
its expression and may subvert even heroic efforts used to introduce the gene



into the chromosome. To avert this problem, these authors have designed an
episomal-based Epstein-Barr viral vector that can modulate the chromatin
assembly process. This contribution impacts the choices of integrative vec-
tors and enables evaluation of gene therapy expression cassettes prior to intro-
duction into mammalian cells.

The final section of Gene Targeting Protocols centers on the use of oli-
gonucleotides in gene targeting. These types of molecules have been used in
the antisense field for many years to block gene expression at the mRNA level.
In most cases, the mechanism of inhibition involves the hybridization of the
oligo with the complementary mRNA sequence and subsequent destruction of
the hybrid by cellular enzymes. Clinical applications have received mixed reviews,
but no one disputes the controlled environment in which synthetic molecules
can be produced. The authors of these chapters are developing new strategies
for the use of oligonucleotides in gene targeting. In all cases, the objective is
to alter or manipulate the gene at the genomic level, in other words, within the
coding region. Karen Vasquez and John Wilson employ specialized oligo-
nucleotides capable of forming a third strand of the helix to block gene expres-
sion, while Howard Gamper and colleagues use modified single-stranded oligos
to introduce an adduct at a specific site. Peter Kipp and colleagues use a novel
chimeric RNA/DNA oligonucleotide to introduce a specific base mutation
in the tobacco genome to render the target cells resistant to herbicide. Ryszard
Kole and colleagues have developed an interesting strategy for altering the
splice sites in pre-mRNA. Such changes are then translated into mRNA mol-
ecules that code for different proteins. The field of targeted gene manipulation
by oligonucleotides is quite new and among all the areas of scientific endeavor,
is likely to be one that revolutionizes the entire field. Even with such a prom-
ising future, the current targets are single bases only and larger conversions
are likely to require futuristic designs.

In the past ten years, a number of genetic protocols aimed at improving
the frequency of gene targeting have been developed. Some of them have been
significantly limited in their applications, whereas others are still being evalu-
ated. The scientific community is necessarily skeptical at the advent of new
techniques until their validity can be irrevocably established. Clearly, politics
often plays a role in the acceptance of new techniques, but even such opinions
are ultimately rewritten by the accumulation of careful and rigorous scientific
experimentation.

The authors who contributed to this volume, in our opinion, comprise a
group of the most innovative and dedicated workers in the field. The majority of
techniques presented here are described by the lab from which they origi-
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nated. It is likely that many, if not all, of these protocols will become common-
place in future molecular genetics research. I wish to thank all of the authors for
their contributions and their patience. I am indebted to Paul Dolgert from
Humana Press and John Walker from the University of Hertfordshire for their
continued support throughout this endeavor. Finally, I wish to thank my admin-
istrative assistant, Tony Rice, for his efforts on this project. He played a cru-
cial role in organizing this volume and without his dedication it is unlikely
this book would have been completed.

Eric B. Kmiec
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Optimizing Polyethylenimine-Based Gene
Transfer into Mammalian Brain for Analysis
of Promoter Regulation and Protein Function

Barbara A. Demeneix, Mohamed Ghorbel, and Daniel Goula

1. Introduction
The efficient and safe introduction of genes into the central nervous system

(CNS) is a difficult, yet much sought after objective. Two broad classes of
aims can be distinguished. On the one hand, there is therapy in which the ulti-
mate target will be the modification of an endogenous gene by homologous
recombination or the remedial addition of a gene coding for a deficient protein.
On the other hand, there are analytical approaches in which the aim may be
either to determine the physiological relevance of a given protein by blocking
or by bolstering its expression, or to dissect the regulatory mechanisms imping-
ing on promoter function in an integrated setting. Furthermore, analysis of pro-
moter regulation will be a prerequisite for creating constructs with optimized
regulatory sequences for expressing therapeutic proteins in physiologically
appropriate conditions. Microinjection of different permutations of a specific
promoter into defined brain regions is a rapid and inexpensive method for
assessing function and for mapping transcriptional regulatory elements. Indeed,
using somatic gene transfer can provide results that otherwise could only be
obtained by labor-intensive germinal transgenosis, an approach that also requires
a great deal of organizational prowess and expense for maintenance of the
numerous lines created.

Gene transfer into the CNS can be based on cell grafting or direct delivery.
For direct delivery, a variety of viral or nonviral methods are available. In
mammalian systems, reports have appeared that describe the use of adeno-
viruses, lentiviruses, herpesvirus, and adeno-associated virus derived vectors.
In amphibians, vaccinia virus has also been applied. However, besides their
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inherent safety problems in therapeutic settings, viral constructs are laborious
to construct and verify. Moreover, their production in large quantities is often
problematic. For these reasons, many groups have turned to synthetic, or
nonviral, vectors to achieve gene transfer in the CNS. Two principal classes of
synthetic vectors have been tested in the intact CNS: cationic lipids and cat-
ionic polymers. Here we describe the use of a cationic polymer, polyethylenimine
(PEI). Indeed, of all the synthetic vectors so far tested in the mammalian CNS,
low-molecular-weight PEIs (see Note 1) provide the most efficient gene delivery.

One of the most important features of PEI is its lack of toxicity in vivo. In
the CNS the lesions inevitably created by microinjection into the brain tissue
are no different following injection of carrier or injection of PEI/DNA com-
plexes in carrier. This lack of toxicity with PEI is no doubt related to its high
efficiency, which allows the use of very low amounts of DNA (in the nano-
gram range). The high efficiency of PEI is in turn related to its capacity for
protonation (1). In PEI, one in three atoms is an amino nitrogen that can be
protonated, which makes PEI the cationic polymer having the highest charge
density potential available. Moreover, the overall protonation level of PEI
increases from 20 to 45% between pH 7 and 5 (2).

PEI can be used for delivering plasmid DNA or oligonuclotides (see Note 2)
to brains of adult and newborn mice (3,4)) and rats (5). Moreover, it can be
used in the CNS for intrathecal (4,5) or intraventricular delivery (6), the latter
route being one that could be particularly useful for delivery of therapeutic
proteins, such as nerve growth factors. Work ongoing in the laboratory is show-
ing that the method can be used for up and down modulation of protein produc-
tion in defined brains regions and for analysis of neuron-specific promoter
regulation (7,8; see Note 3).

When starting a gene transfer protocol in vivo, it is always preferable,
whether one’s aim is promoter analysis or production of protein, to optimize
delivery by examining the quantitative aspects of transgene expression in the
region targeted with luciferase, and then the spatial aspects with a β-galactosi-
dase (β-gal) construct. Indeed, the authors have found that the optimal ratio of
PEI amine to DNA phosphate can vary according to species and brain region
targeted (see Note 4). Such preliminary work will also enable one to test which
promoter will perform best in a given cell population/developmental stage. For
these reasons, the authors detail methods for extracting and assaying firefly
luciferase (from Photinus pyralis) in the brain, this luciferase being the best
reporter gene available for setting up gene transfer protocols. It is three orders
of magnitude more sensitive than β-gal (see Note 5), and the fact that it can be
quantified with precision is an overriding factor for choosing it for optimiza-
tion of PEI:DNA ratios, amounts of DNA to be used, time-course evaluation,
and promoter analysis. Other reporter genes, such as chloramphenicol acetyl
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transferase (CAT) and β-gal can be quantitifed, but each has its drawbacks
compared to luciferase. The chief problem with colorimetric quantification of
β-gal expression in the CNS is excessive interference from endogenous enzy-
matic activity. Suppliers of kits for such methodology (such as Promega) rec-
ommend heat inactivation of endogenous enzymes. However, for the authors,
such precautions have proven ineffective, and the extremely high background
found throughout the mouse brain precludes precise quantification of expres-
sion of transgenes encoding β-gal. Similarly, when using histochemical proce-
dures, it is vital to use appropriate fixation conditions to avoid interference
from endogenous activity that can be high, particularly in the hippocampus.
CAT is a good alternative for quantification, but, whichever method is chosen
(usually enzyme-linked immunosorbent assay or the method of Seed and Sheen
[9]), assay time is longer and the methodology laborious. Thus, the authors
recommend starting off with luciferase, thereby determining, first, optimal
PEI:DNA ratios, then kinetics and dose–response curves can be established
(Fig. 1). Such experiments will also reveal the inherent variability of transfer
efficiency in the target examined, and determine the need or not for normaliza-
tion in experiments involving promoter regulation with luciferase.

However, β-gal remains one of the best markers for following spatial aspects
of expression. Green fluorescent protein (GFP) is equally sensitive, but the
fluorescent imaging, although esthetically pleasing, is not as satisfactory as
standard light microscopy for anatomical detail. For this reason, the authors
provide the methodology for β-gal relevation in whole brains. Indeed, his-
tochemical analysis of β-gal expression on whole brains allows for rapid assess-
ment of transfer efficiency and transgene distribution in small-sized samples
(newborn mouse brains or regions of adult brains). The authors also provide a
methodology for revealing β-gal expression on histological sections, a step
that obviously permits more precise anatomical analysis, which is essential for
determining brain regions and morphology of transfected neurons and glial
cells. Furthermore, it is on such sections (prepared by vibratome or cryostat
sectioning) that double labeling by immunocytochemistry can be performed to
identify the cells expressing the transgenes. For instance, to identify neurons,
one can use a neurofilament (NF) antibody or a Neuronal Nuclear Antigen
(NeuN) antibody, and to identify astrocytes an antibody against glial acid fibril-
lary protein (GFAP) can be employed. Above all, one must remember that if
one obtains just a few cells labeled with β-gal (a very insensitive method when
dealing with transient expression in vivo), this level of efficiency will be more
than sufficient to allow one either to proceed with promoter analysis using
luciferase or to study the biological effects of a given gene of interest. Finally,
the authors also suggest a very sensitive immunoautoradiographic method for
measuring variation in expression of genes of interest at low levels (see Note 5).
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2. Materials
2.1. PEI and DNA Preparation

1. PEI: Branched 25 kDa PEI is available from Aldrich (St. Quentin Fallavier,
France) in anhydrous form. Linear 22 kDa PEI is available from Euromedex
(Souffleweyersheim, France) at concentrations of 5 mM and 0.1 M. Both prepa-
rations should be stored at 4°C, having adjusted the pH to ≤4.0.

2. Plasmids: For setting up in vivo gene transfer with PEI, one can use commer-
cially available plasmids, e.g., pCMV-luciferase from Promega; pCMV(nls)-Lac-Z
from Clontech (Montigny-le-Bretonneux, France). For CAT, the most efficient
construct the authors have tested is pcis-CMV-CAT, provided by R. Debs (10).

3. Endotoxin-free plasmid DNA (see Note 6), prepared as in Subheading 3.1., step 2.
4. Appropriate restriction enzymes for verifying plasmids.
5. Agarose gels: 0.8% in 1X Tris Acetate EDTA (TAE) or Tris Borate EDTA

(TBE) (11).
6. Spectrophotometer for measurements of DNA concentrations (OD260) and purity

of DNA (OD260/OD280 >1.8).

Fig. 1. Flow chart for optimizing PEI-based gene delivery into the intact CNS. The
authors recommend setting up this method with a luciferase reporter gene under a
CMV promoter.

Figure 1
Flow Chart for Optimizing PEI Transfection In Vivo

Step 1 Preparation of endotoxin-free plasmid and verification of the plas-
mid quality.

Step 2 Gel analysis of compaction with PEI.
Step 3 Establishment of optimal PEI/DNA ratios by microinjection and/

or stereotaxic delivery of a luciferase construct.
Use volumes of 0.5–5 µL (according to site of injection, intrath-

ecal or intraventricular).
The authors suggest testing N:P ratios from 2 to 10. Express

plasmid for 24 to 48 h in these intitial tests.
Step 4 Time course (1 d to 3 wk).

Dose–response (DNA concentration) test concentrations from 100
to 500 ng/µL.

Step 5 Spatial distribution.
Different possibilities exist for assessing spatial distribution:
a. β-galactosidase histochemisry on whole brains or sections or
immunocytochemistry.
b. immunoradiography.

Step 6 Expression gene of interest, if not used in step 5.
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2.2. Condensation of DNA with PEI

1. Filtered (0.22 µm) 5% glucose solution.
2. Autoclaved 0.9% NaCl solution.
3. DNA resuspended in water at a final concentration of <0.5 µg/µL.
4. PEI solutions diluted extremporaneously to 0.1 M.
5. Sterile polypropylene tubes (1.5-mL).
6. Vortex.
7. Electrophoresis equipment for checking complexation (not required each time,

but only for the first round of experiments).

2.4. Microinjections and Animal Care

1. Animals: adult and newborn OF-1 mice or Sprague-Dawley rats, both supplied
by Iffa Credo (L’Arbresle, France).

2. Stereotaxic apparatus from David Kopf (Phymed, Paris, France). Stereotaxic coor-
dinates for mice are determined according to Lehmann (12).

3. Micromanipulator (Narishige, supplied by OSI, Maurepas, France) and micro-
capillaries (ext diam 1 mm, OSI). Capillaries are pulled to ext diam of 10–15 µm.

4. Capillary puller (Narishige).
5. Hamilton syringe (10 µL) with a 21-gage needle (ext diam of 460 µm; supplied

by OSI).
6. Ice to anesthetize newborn mice (10 min on ice).
7. Sodium pentobarbital (Sanofi, France) diluted to 10% to anesthetize adult ani-

mals (70 mg/kg weight, ip).
8. Recovery chamber. Animals should be kept under an infra red lamp or a specially

constructed heated cage until fully recovered from anesthesia and surgery.

2.5. Reporter Gene Revelation

2.5.1. Luciferase Activity in Brain Homogenates

1. Microdissection tools for dissecting out brain areas.
2. Ultra-Turrax (OSI) equipped with a small plunger to homogenize tissue samples

directly in polyethylene tube.
3. Refrigerated benchtop centrifuge for Eppendorf tubes to pellet cell debris after

homogenization, in order to recuperate supernatant for luciferase assay.
4. Luciferase assay kit from Promega. This system is based on the oxidation of

luciferin by luciferase, in the presence of ATP and O2, with photon production.
5. Luminometer (model ILA-911 from Tropix, Bedford, MA) to quantify light emitted.

2.5.2. β-Galactosidase Revelation

2.5.2.1. DETECTION WITH X-GAL SUBSTRATE

1. X-gal (Eurogentec, Seraing, Belgium) sold in powder form. Both the powder and
stock solution (40 mg/mL), prepared in dimethyl sulfoxide (DMSO) must be kept
at –20°C.
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2. Phosphate-buffered saline (PBS) 0.1 M.
3. EGTA.
4. Paraformaldehyde (PFA, Sigma, St. Quentin Fallavier, France). Prepare a stock

solution of 20% in PBS, and store at –20°C.
5. MgCl2, 1 M.
6. Tween-20 (Sigma).
7. Heparin (10 U/L in 0.9% NaCl) for perfusion.
8. Peristaltic pump (Polylabo, Strasbourg, France) for perfusion of animals and fixa-

tion of tissues by perfusion.
9. Vibratome (Leica, Rueil-Malmaison, France) to section the tissues (20–40 µm

thickness).
10. DMSO (Sigma) to make stock solutions of X-gal.
11. Small paintbrush to transfer tissue sections from one solution to another. Obtain

from any art equipment supplier.
12. 25-mL sterile plastic vials (size no. 2) to collect sections
13. Potassium ferricyanide and potassium ferrocyanide (Sigma): Prepare 0.2 M stock

solutions of each.
14. Alcohol series for dehydration (baths: 70, 95, 100% of ethanol).
15. Xylene, benzyl benzoate, and benzyl alcohol (all from Sigma) for delipidation of

whole newborn brains or small blocks of tissue from adult brains.
16. Appropriate sized cover slips and glycerol (glycerol/PBS, 1V/3V) for mounting

slides.
17. Plastic gloves. Benzyl benzoate and benzyl alcohol are irritants.
18. Glassware for delipidation solutions.

2.5.2.2. β-GALACTOSIDASE DETECTION USING F-DG
(FLUORESCEIN-DI-β-GALACTOSIDE) AS SUBSTRATE

1. FDG (Molecular Probes, Leiden, The Netherlands): fluorescent substrate for β-gal.
2. PBS, 0.1 M.
3. DMSO (Sigma).
4. Small paint brush (see Subheading 2.5.2.1.).
5. Vibratome (Leica) for the same purpose as stated in Subheading 2.5.2.1.
6. Epifluorescence microscope equipped with activation/emission filters for

fluorescein.

2.5.3. Double Immunocytochemical Revelation of β-Galactosidase
and Neuron or glial Markers on Floating Sections

1. PBS, PBS–gelatin (0.2%).
2. Triton-X100 (Sigma).
3. Vibratome sections (40 µm).
4. Cromallun (Sigma).
5. Gelatinized slides prepared by dipping in a cromallun–gelatin solution (0.05/0.5%

in distilled water) and dried overnight at 37°C.
6. Blocking solution: PBS–gelatin (0.2%).
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7. Primary antibodies against β-gal and cell-specific markers (NF, NeuN, and
GFAP) (Cappel, Organon Tetrika, Westchester, PA; Sigma; Dako, Glostrup,
Denmark, respectively). To label neurons, NF can be replaced by NeuN antibody
from Chemicon, Temecula, CA).

8. Coupling dye for labeling primary cell-marker antibodies (cy3.5; Fluorolink-
AbTM). Labeling of the antibodies is carried out according to the manufacturer’s
instructions (Amersham, Les Ulis, France). The authors label the cell-specific
antibodies (NF, NeuN, or GFAP), and use an antirabbit antibody coupled to fluo-
rescein to reveal the β-gal immunoreactivity.

9. Mounting media: Vectashield (Biosys, Compiégne, France), or glycerol/PBS
(1V/3V).

10. Fluorescent microscope (Olympus) equipped for visualizing fluorescein and
Texas red emissions.

11. Small paintbrushes (see Subheading 2.5.2.1.)

2.5.4. CAT Assay
1. [14C]chloramphenicol (Amersham CFA, 57 mCi/mmol). Aliquots stoked at –20°C.
2. Butyryl-CoA 10 mM (Sigma B1508, 100 mg). Aliquots stocked at –80°C.
3. Tris-HCl buffer, 250 mM, pH 7.5.
4. 2,6,10,14-tetramethylpentadecane/xylene (TMPD, 2:1; Aldrich).
5. Miniature polybrene vials for scintillation counter (Packard, Meriden, CT).

2.6. Immunoradiography
1. Appropriate primary polyclonal antibody raised in rabbit against gene of interest.
2. Cryostat (Leica)
3. Cryostat sections (15–20-µm thick) cut at –20°C.
4. Cromallun–gelatin coated slides (see Subheading 2.5.3.).
5. Desiccator.
6. PFA (as in Subheading 2.5.2.).
7. PBS.
8. Bovine serum albumin (BSA; Sigma).
9. Normal goat serum (Sigma).

10. Donkey antirabbit [35S]IgG (200–2000 Ci/mmol, 100 µCi/mL). Amersham,
Buckinghamshire, UK.

11. β-max films (Amersham).
12. Computerized image analysis system (Biocom, Les Ulis, France).

3. Methods
3.1. PEI and DNA Preparation

1. The stock solution (0.1 M) of PEI provided by Euromedex (22 kDa) is used as
supplied. The 25 kDa obtained from Aldrich is prepared as follows: Weigh 4.5 mg
of the solution, mix with 800 µL sterile water, thus obtaining a 0.1 M solution.
Adjust the pH to ≤4.0 with 0.1 N HCl and the volume to 1 mL. Solutions are kept
as aliquots at 4°C or at –20°C for long-term storage (>1 mo).



28 Demeneix, Ghorbel, and Goula

2. For plasmid DNA preparation and purification, the authors recommand use of
Jetstar columns (Genomed, Research Triangle Park, NC, or Bad Oeynhausen,
Germany). The system is based on anion exchange columns. According to the
manufacturer’s instructions and solutions supplied, bacteria resulting from
maxiculture are lysed by alcali. Large membrane debris is eliminated using potas-
sium acetate and centrifugation. The resulting supernatant is loaded on columns,
and DNA is eluted with a solution containing ~2 M NaCl, then centrifuged after
isopropanol precipitation. The pellet is washed with 70% ethanol (–20°C), and is
resuspended in water or (TE) at high DNA concentration (≤5 µg/µL in TE). This
is to ensure that when diluting DNA to its working concentration (≤0.5 µg/µL in
5% glucose) the final TE concentration is not greater than 1 mM Tris/0.1 mM
EDTA (Standard TE/10). These plasmid preparations are endotoxin free (see
Note 6).

3. One microliter of each DNA preparation is diluted in 1 mL sterile water, and
analyzed at 260 nm and 280 nm. According to Sambrook (10), 1 U DO260 corre-
sponds to 50 µg/mL double-strand DNA.

4. Agarose gel electrophoresis is used to verify that the plasmid DNA is not dena-
tured, is free of RNA, and is mostly supercoiled. Restriction map analysis can be
used to check constructions at this point. To this end, native and digested plas-
mids are analyzed using 0.8% agarose gel electrophoresis in TAE, with bro-
mophenol blue and a DNA mol wt marker (11). The gel is observed on a UV
transilluminator (312 nm), and photographed with Sony video equipment from
OSI (Maurepas, France).

3.2. Condensation of DNA with PEI and Analysis

1. Plasmid DNA is diluted in sterile (0.22 µm filtered) 5% glucose to the chosen
concentration (usually 0.5–2 µg/µL). After vortexing, the appropriate amount of
a 0.1 M PEI solution is added, and the solution revortexed. The required amount
of PEI, according to DNA concentration and number of equivalents needed, is
calculated by taking into account that 1 µg DNA is 3 nmol phosphate and that
1 µL 0.1 M PEI is 100 nmol amine nitrogen. Therefore, to complex 10 µg DNA
(30 nmol phosphate) with an amine/phosphate (N:P) (see Note 4) ratio of 5 eq
PEI, one needs 150 nmol PEI (1.5 µL of a 0.1 M solution). To minimize pipeting
errors, it is best to dilute PEI to 50 or 10 mM, but this should be done extempora-
neously. Dilute DNA to 10 µg (final concentration 0.5 µg/µL) in 20 µL final 5%
glucose. Add the necessary volume of PEI to form the desired N:P ratio, and,
water qsp 20 µL.

2. When using a plasmid preparation for the first time, the authors recommend
analysis of complexes by agarose gel electrophoresis (Fig. 2), and comparing
their migration to that of naked DNA (plasmid alone, N:P ratio = 0) after adding
1–2 µL of bromophenol blue. This gives a gel retardation profile in which
DNA–PEI complexes formed at N:P <1 migrate similarly to naked DNA. At
N:P >6, complexes are so positively charged that they migrate to the negative
pole (see Note 4).
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3.3. Injections

1. Obviously, all the procedures described herein that involve animals and their
care must be conducted in conformity with appropriate institutional guidelines,
that are in accordance with national and international laws and policies.

2. Adult (1–2-mo-old) mice are anesthetized using sodium pentobarbital (Sanofi,
France) diluted to 10% in 0.9% NaCl. Animals are anesthetized by an ip injection
(70 mg/kg). Adult mice or rats are placed in the stereotaxic apparatus. An inci-
sion is made to expose the cranial skull and a hole is made with a 21-gage needle
at chosen stereotaxic coordinates. Between 0.5 and 5 µL of complexes in 5%
glucose are injected slowly (<5 min) with a Hamilton syringe adapted to a stereo-
taxic apparatus, small volumes are used for intrathecal injection and larger vol-
umes for intraventricular injection. The needle is left in place for 2 min
postinjection, to limit backflow from the injection site.

3. Newborn mice are anesthetized by hypothermia on ice, and 1 µL of the com-
plexes is injected with a microcapillary adapted to a micromanipulator. The head
of the anesthetized pup is held manually for direct microinjection. Again, injec-
tions should be as slow as possible, and the capillary is left in place for at least a
minute to limit backflow.

4. Animals are left in a recovery chamber until active. When optimizing PEI delivery,
newborns are returned to the dam for 24 h before sacrifice; adults are kept for 72 h
before sacrifice, because expression is usually maximal at these time points.

3.4. Sacrifice of Animals and Reporter Gene Detection

To quantify luciferase expression, animals are sacrified by decapitation after
anesthesia (Fig. 3). The dissected brains are separated into hemispheres, and

Fig. 2. Verification of DNA compaction by linear 22 kDa and branched 25 kDa PEI. A
pCMV-luc construct (1 µg) was mixed with PEI at various charge ratios, and DNA–PEI
complexes were electrophoresed in 0.8% agarose gel stained with ethidium bromide. The
position of wells and the direction of the electrophoretic migration are indicated on the right.
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homogenized using an Ultra-Turrax, in 2-mL Eppendorf tubes containing
200 µL (for the newborn) or 500 µL (for the adults) of luciferase lysis buffer.
Homogenates are centrifuged, and 20 µL of each supernatant mixed with 100
µL luciferase assay substrate and vortexed. The light emitted is quantified (in
Relative Light Units [RLU]), using a luminometer.

β-galactosidase can be revealed by several means:

1. Histochemical X-gal revelation, whether on sections or carried out in toto,
requires intracardial perfusion of the anesthesized animals, using a peristaltic
pump. First, tissues are fixed by perfusing 2% PFA (in PBS), then fixation is
continued by leaving tissue blocks overnight in the same solution. Tissues are
then vibratome-sectioned, and sections incubated in a 0.8–1 mg/mL X-gal solu-
tion for 2–4 h (30°C). It is important to precede the fixation by perfusion with
saline containing 10 U of heparine, to help remove blood and blood cells from
the vessels. The fixative (2% PFA) can contain 1.25 mM EGTA and 2 mM MgCl2,
which improves the X-gal reaction. To make the reaction mixture, the stock solu-
tion of X-gal (40 mg/mL in DMSO) is diluted to 0.8–1 mg/mL PBS containing:
0.1% Tween-20, 4 mM potassium ferricyanide, 4 mM potassium ferrocyanide,
and 2 mM MgCl2.

2. Immunocytochemical revelation also requires fixed vibratome sections, mounted
on cromallun–gelatin-coated slides. Polyclonal anti-β-gal monoclonal anti-GFAP

Fig. 3. Correlation between luciferase and CAT activities following PEI-based in
vivo gene transfer in the newborn mouse brain. Plasmids (0.35 µg pCMV-luc and
0.15 µg pCMV-CAT in 2 µL 5% glucose) were complexed with PEI 22 kDa (4 Eq),
and injected into the lateral ventricle. After 18 h, mice were anesthetized, decapitated,
and brains removed for luciferase and CAT asssays.



PEI-Based In Vivo Gene Delivery 31

and monoclonal anti-NeuN antobodies are used in the authors’ experiments.
Monoclonal and polyclonal antibodies can be labeled using appropriate label-
ing kits from Amersham. The authors used cy3.5 (Fluorolinf-abTM), according
to the manufacturer’s instructions, to label monoclonal antibodies. Primary
antibodies are diluted to the concentrations recommended by each manufac-
turer, in 0.1 M PBS (containing 0.2% gelatin, 0.3% Triton X-100, and 3% nor-
mal goat serum). Anti β-gal is revealed using fluorescein coupled antirabbit
antibody. Sections are protected from light to avoid fading of the fluorescence,
and are mounted with glycerol/PBS (1V/3V) or Vectashield (Biosys) and
examined under a fluorescence microscope. Luciferase antibodies can also be
used to follow transgene expression in a double-labeling protocol. However,
there are currently some problems with obtaining good luciferase antibodies
for in vivo work (see Note 7 ).

3. Fluorescein-DI-β-Galactoside (FDG) is another substrate for β-gal. Hydrolysis of
FDG by β-gal results in the liberation of both a monogalactoside and fluorescein.
This second product is easily detectable, and theoretically makes this method very
sensitive. Its chief limitation for the authors is that it is not suitable for fixed tissues,
so that it is difficult to obtain good morphology in brain preparations. Moreover, on
unfixed tissue, as cells die, the fluorescein product diffuses out. Thus, the revela-
tion procedure must be very fast. Also, it is not possible to perform double staining
to identify cell types. This method, which has the theoretical advantage of higher
sensitivity than X-gal, is in fact rather limited for in vivo studies.

4. In toto X-gal revelation requires intracardial perfusion of the anesthetized ani-
mals, using a peristaltic pump. Fixation and postfixation are performed as for
vibratome sections, but organs are treated as whole mounts. Incubate tissues in a
0.8–1 mg/mL X-gal solution for 2–4 h (30°C), rinse in 0.1 M PBS (2 × 5'), and
transfer in series of ethyl alcohol under mild agitation: 70% (2 × 2 h), 95% (over-
night, and another bath of 1 h), 100% (2 × 2 h). Dehydration times can be adapted,
depending on the tissue size, to ensure thorough dehydration, one can leave the
tissue in the second 100% alcohol bath overnight. Put dehydrated tissues into
xylene (2 × 2 h in glass), then transfer them into benzyl benzoate/benzyl alcohol
(2V/1V) in a glass container until clarification.

N.B. Use gloves and glass containers at all steps involving benzyl benzoate
and benzyl alcohol. These agents are irritants and also dissolve plastic.

3.5. Use of CAT Activity to Normalize Luciferase Expression

1. Before using a co-injected, ubiquitously expressed gene (CMV-CAT) to normal-
ize for expression from a physiologically regulated transgene, it is appropriate to
validate this approach by quantifying the correlation between the expression of
two constitutively expressed genes co-injected into the same brain area. For this,
two plasmids (0.35 µg pCMV-luc and 0.15 µg pCMV-CAT in 2 µL 5% glucose)
are complexed with PEI 22 kDa (4 eq), and co-injected into the brain area tar-
geted. After 18 h, mice are anesthetized, decapitated, and brains removed for
luciferase and CAT assays.
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2. For CAT assay, transfer a 50-µL supernatant aliquot to a 1.5-mL polypropylene
tube, keep tube on ice before adding 40 µL 0.25 M Tris-HCl buffer, pH 7.5. Start
reaction by adding 10 µL mixed solution of butyryl-CoA (0.53 mM; Sigma) and
[14C]chloramphenicol (0.01 mM, 1.85 kBq per tube; Amersham). After 3–5 s of
vortexing, incubate 1 h at 37°C. Stop the reaction by adding 200 µL TMPD:xylene
solution (2:1). Vortex 20 s and place tube on ice. To separate products, centrifuge
5 min at 4°C (11,000g), remove 150 µL supernatant, and quantify products in a
scintillation counter (Wallac, Evry, France).

3. Assay luciferase on another sample of supernatant (see Subheading 3.4.1.).
4. Plot luciferase against CAT values from the same sample. Correlation should be

significant.

3.6. Immunoradiography

This protocol is adapted from ref. 13.

1. The cryostat sections are desiccated at 4°C, and frozen at –80°C until used. After
a 3-min fixation (4% PAF in PBS) at 4°C, sections are preincubated for 1 h in
PBS supplemented with 3% BSA and 1% goat serum, then incubated overnight
in an appropriate concentration of polyclonal primary antibody raised in rabbit.

2. After extensive washes in PBS, sections are incubated for 2 h at room tempera-
ture in donkey antirabbit [35S] IgG.

3. After abundant washing, sections are air dried and apposed to β-max film for 1–2 d.
4. Optical density is measured by computerized image analysis.

4. Notes
1. A number of PEIs with different mean mol wt are available commercially. For

example, preparations of branched PEI, synthetized to different degrees of poly-
merization, are available from Sigma or Aldrich (800, 50, or 25 kDa). Prepara-
tions of very low mol wt (0.7 and 2 kDa) are also available from Sigma, but do
not complex DNA efficiently. The authors have found that the branched 25 kDa
and linear 22 kDa (Euromedex) polymers work best in the CNS (1,6).

2. When using either the 22 and 25 kDa preparations to deliver oligonucleotides,
one should only use phosphodiesters, and not phosphorothioates. The authors
have found (as has E. Saison Behmoaras, CNRS/MNHN, Paris) that complexes of
PEI and phosphorothioates are of lower efficiency than PEI–phosphodiesters
complexes in vitro and in vivo.

3. A major area of discussion in the field at the moment is the physiological regula-
tion and relevance of transient transfection which relies on following transcrip-
tion from episomally located plasmids. However, the authors have found that,
despite lack of integration into the genome, remarkably tight, physiologically
appropriate regulation of cell-specific promoters can be optained in vivo. One
illustrative example is thyrotropin releasing hormone (TRH) promoter regulation
in the hypothalamus. The authors have microinjected complexes containing 1 µg
of construct containing 900 bp of the rat TRH promoter upstream of the luciferase-
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coding sequence, complexed with 22 kDa PEI into the hypothalamus of newborn
mice in different thyroid states. In hypothyroid animals, transcription is twice
that in normal, euthyroid animals, and, in hyperthyroid animals, transcription is
reduced to half that of the normal group (7). This transcriptional regulation faith-
fully reflects the negative feedback effect of circulating thyroid hormone on hypo-
thalamic TRH production. Another example of physiological regulation of
transgenes introduced by somatic gene transfer includes Krox-24 gene in the new-
born brain (8).

4. The authors have found that the optimal ratio of PEI amine:DNA phosphate (N:P
ratio) can vary according to species (and perhaps also to site of injection). In
mouse and Xenopus tadpole brains, the authors have consistently found that the
N:P ratio of 6 provides the best transfection conditions. In contrast, when inject-
ing PEI–DNA complexes into adult rat substantia nigra, the optimal ratio was 3
(5). It is important to note that increasing N:P ratio from 2 to 6 not only increases
the overall charge of complexes, but also decreases complex size, complexes
excluding ethidium bromide (BET) and becoming less visible in the gel. This
greater condensation has been confirmed by ζ-sizing (6).

5. When assessing efficiency of gene transfer, one must take into account the sensi-
tivity of the method used. Histochemical β-gal assay with X-gal is rather insensi-
tive. The authors find that it gives roughly the same image of transgene
distribution and number of cells labeled as an equivalent amount of GFP plas-
mid. It has been estimated that revealing a good GFP signal requires 105–106

molecules per cell to show up over background (14). For this reason, the authors
have also tried immunocytochemistry with a polyclonal antibody against β-gal
(Cappel), but this method is generally no more sensitive than histochemistry.
However, it is important to note that one can obtain very good, and statistically
significant, modulation of endogenous proteins with PEI-based gene transfer in
systems in which transferring an equivalent amount of β-gal reveals no apparent
transgene expression. This was the case for a recent series of experiments in
which the authors transfected plasmids expressing either sense or antisense sequences
of the dopamine transporter (DAT) into the rat substantia nigra (11). In condi-
tions in which no β-gal activity could be revealed (0.5 µg CMV-β-gal in 1 µL 5%
glucose), use of plasmid encoding DAT significantly increased DAT content.
This was shown by immunoautoradiography and by biological measurements of
dopamine uptake (11). For this reason, the authors recommend immunoauto-
radiography for following low levels of expression of genes of interest against
which good antibodies have been raised.

6. Even though the authors own (unpublished) results show that the presence of
small amounts (≤1 EU endotoxin/µg DNA) of endotoxins (also referred to as
lipopolysaccarides [LPS]) have no deleterious effects on short-term <4 d) expres-
sion in the CNS, there is no available data on the possible effects of their pres-
ence in the longer term. For this reason, the authors always use endotoxin-free
plasmid preparations. Jetstar columns (Genomed) are recommended. The
resulting DNA has ≤0.1 EU endotoxins/µg DNA. This value is not statistically
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different from the values found in plasmids prepared with Qiagen Endotoxin-
free columns.

If other methods of plasmid preparation are used, the authors recommend mea-
surement of endotoxin content by Limulus Amebocyte Lysate Assay (LAL, or
Coatest™ Endotoxin) manufactured by Charles River Endosafe, Charleston,
SC, and distributed in Europe by Chromogenix Mölndal, Sweden. If values are
≥4 EU/µg DNA, then endotoxins should be removed by chromatography through
Affi-prep™ Polymysin Matrix (Bio-Rad, Hercules, CA), according to the
manufacturer’s instructions and endotoxin content reverified. After chromatog-
raphy, values should be ≤0.05 EU/µg DNA.

7. To the authors’ knowledge, the only reasonable luciferase antibody currently avail-
able is that from Cortex Biochem (San Leandro, CA, distributed by Europa Bio-
chemistry in Europe). Variable results have been obtained with this polyclonal
antibody, according to batch number. Promega commercialized a polyclonal
antifirefly luciferase up until the end of 1997, but it has been withdrawn from circula-
tion because of titer problems. However, the authors have obtained reasonable results
with some batch numbers. Santa Cruz Biotechnology (Santa Cruz, CA) also produces a
luciferase antibody, but the authors have not yet tested this antibody in vivo.
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