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The design of appropriate gene delivery systems is essential for the successful application of gene therapy
to clinical medicine. Cationic lipid-mediated delivery is a viable alternative to viral vector-mediated gene
delivery in applications where transient gene expression is desirable. However, cationic lipid-mediated
delivery of DNA to post-mitotic cells such as neurons is often reported to be of low efficiency, due to the
presumed inability of the DNA to translocate to the nucleus. Lipid-mediated delivery of RNA is an attrac-
tive alternative to non-viral DNA delivery in some clinical applications, because transit across the nuclear
membrane is not necessary. Here we report a comparative investigation of cationic lipid-mediated deliv-
ery of RNA versus DNA vectors encoding the reporter gene green fluorescent protein (GFP) in Chinese
Hamster Ovary (CHO) and NIH3T3 cells following chemical inhibition of proliferation, and in primary
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Transfection mixed neuronal cell cultures. Using optimized formulations and transfection procedures, we assess gene
RNA expression by flow cytometry to specifically address some of the advantages and disadvantages of lipid-
DNA mediated RNA and DNA gene transfer. Despite inhibition of cell proliferation, over 45% of CHO cells
SiRNA express GFP after lipid-mediated transfection with RNA vectors. Transfection efficiency of DNA encoding

Primary neurons

Post-mitoti GFP in proliferation-inhibited CHO cells was less than 5%. Detectable expression after RNA transfection
ost-mitotic

occurs at least 3 h earlier than after DNA transfection, but DNA transfection eventually produces a mean
level of per cell GFP expression (as assayed by flow cytometry) that is higher than after RNA transfection.
Transfection of proliferation-inhibited NIH3T3 cells and primary mixed neuronal cultures produced sim-
ilar results, with RNA encoded GFP expression in 2-4 times the number of cells as after DNA encoded GFP
expression. These results demonstrate the increased efficiency of RNA transfection relative to DNA trans-
fection in non-dividing cells. We used firefly luciferase encoded by RNA and DNA vectors to investigate the
time course of gene expression after delivery of RNA or DNA to primary neuronal cortical cells. Delivery
of mRNA resulted in rapid onset (within 1 h) of luciferase expression after transfection, a peak in expres-
sion 5-7 h after transfection, and a return to baseline within 12 h after transfection. After DNA delivery
significant luciferase activity did not appear until 7 h after transfection, but peak luciferase expression
was always at least one order of magnitude higher than after RNA delivery. The peak expression after
luciferase-expressing DNA delivery occurred 36-48 h after transfection and remained at a significant level
for at least one week before dropping to baseline. This observation is consistent with our in vivo delivery
results, which are shown as well. RNA delivery may therefore be more suitable for short-term transient
gene expression due to rapid onset, shorter duration of expression and greater efficiency, particularly in
non-dividing cells. Higher mean levels of expression per cell obtained following DNA delivery and the
longer duration of expression confirm a continuing role for DNA gene delivery in clinical applications
that require longer term transient gene expression.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction which require chronic levels of protein expression, such as inher-

ited enzyme deficiencies, or cancer, and for these diseases viral

Gene therapy has the potential to significantly advance clin-
ical medicine, although this potential is largely still unrealized.
Long-term expression after gene therapy is useful for diseases
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vectors may offer advantages. However, the risks and duration of
gene delivery must also be closely matched to the proposed clin-
ical application (Flotte, 2007). For some clinical applications only
short-term gene expression is required or warranted. Pre-operative
expression of neuroprotective gene sequences in the Central
Nervous System (CNS), as well as attenuation of cell death following
CNS trauma or stroke, are important potential clinical applications
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for transient gene expression. Clinical trials which use cationic
lipids for delivery have mainly involved applications requiring
brief expression of transgenes, such as therapies aimed at direct
or immunological killing of tumor cells. The recent discovery of
the critical roles that the small RNAs (siRNA, shRNA, microRNA)
play in transcription and expression is an entirely new arena for
short-term non-viral nucleic acids delivery.

Cationic lipid-mediated gene transfer is particularly suited for
transient gene expression, both in basic research and in selected
clinical applications. The delivery of nucleic acids by means of a
non-viral cationic lipid may provide a more favorable risk/benefit
analysis than viral vectors. Cationic lipid-mediated transfection
also has other advantages over viral vectors, most notably safety,
low immunogenicity, ease of preparation, and the ability to trans-
fect vectors of nearly unlimited size (Li and Huang, 2006; Gao
et al., 2007). Cationic lipids are commonly comprised of a polar
headgroup and non-polar symmetric or dissymmetric carbon based
tail. Appropriately structured cationic lipids condense and protect
nucleic acids from degradation in the extracellular environment
(Luo and Saltzman, 2000). Negatively charged nucleic acids con-
dense and self-assemble into heterogeneous complexes of lipids
and nucleic acids when mixed with cationic lipids (Felgner et al.,
1995). The structure and size of these complexes affect transfec-
tion efficacy and vary with temperature, concentration, charge
ratio, buffer, time, and lipid composition. Numerous laboratories
(Felgner et al., 1987; Byk and Scherman, 2000), including our own
(Niedzinski et al., 2002), have investigated the limiting parameters
of cationic lipid-mediated transfection with the goal of improving
transfection efficiency. While cationic lipid-mediated transfections
work well with many types of cells (Felgner et al., 1987; Li and
Huang, 2006; Gao et al., 2007), the transfection of primary cell
lines remains a problem (Wangerek et al., 2001). There are four
general barriers to lipid-mediated DNA transfection: (1) transport
of the nucleic acid/lipid complex in the extracellular environment;
(2) association and uptake of the nucleic acid/lipid complex by the
target cell (Bally et al., 1999); (3) intracellular DNA release from
the nucleic acid/lipid complex (Girao da Cruz et al., 2001); and (4)
translocation of DNA to the nucleus (Mortimer et al., 1999). The pri-
mary barrier to DNA transfections in post-mitotic cells is assumed
to be DNA translocation to the nucleus (Zabner et al., 1995).

Although adenovirus (Ad), some adeno-associated virus (AAV)
serotypes (Taymans et al., 2007), or Herpes Simplex Virus (HSV)
are effective in the CNS (Krisky et al., 1998), viral vectors have a
long lag time before significant expression, in addition to the draw-
backs previously discussed. Neuronal cells are regarded as difficult
to transfect with non-viral techniques though, and this transfec-
tion difficulty is generally attributed to markedly reduced or absent
mitotic activity in the post-mitotic neuronal cells (Wangerek et al.,
2001).In proliferating cells, nuclear translocation is mainly passive,
occurring during mitosis as the nuclear membrane breaks-down
(Nicolau and Sene, 1982; Wilke et al., 1996; Bally et al., 1999).
Some nuclear translocation does still occur in non-proliferating
cells, which is probably the result of passive movement through
the nuclear pore complex (NPC) (Wilson et al., 1995; Mattaj and
Englmeier, 1998). To improve the efficiency of lipid-mediated
DNA transfer some investigators have used nuclear localization
sequences (NLS) (Aronsohn and Hughes, 1998; Melchior and
Gerace, 1998) to target the NPC and thus to facilitate DNA entry
into the nucleus.

As others have suggested, we propose that using RNA instead
of DNA eliminates the necessity for nuclear translocation and thus
has the potential to greatly improve transfection of post-mitotic
cells. Lipid-mediated RNA and DNA delivery to proliferating cells
(Malone et al., 1989) as well as intramuscular injection of naked
RNA and DNA have been previously described (Wolff et al., 1990). In
this study, the first to make a comparative analysis of cationic lipid-

mediated RNA versus DNA gene delivery in proliferation-inhibited
cells and primary mixed neuronal cultures, we explicitly test the
hypothesis that RNA vector delivery is more efficient than DNA vec-
tor delivery. Our studies show that RNA is 2-5 times more efficient
based on the percentage of cells transfected, as measured by flow
cytometry.

2. Materials and methods

As a brief overview of our experiments, we first conducted
repeated luciferase mRNA and DNA transfections in NIH3T3 and
CHO cells, analyzing luciferase expression at multiple time points
to determine the time of peak luciferase expression in vitro. We
then repeated these experiments by transfecting CHO and NIH3T3
cells using GFP mRNA and DNA vectors so that transfections could
be quantitatively analyzed for transfection efficacy, percentage of
cells transfected, intensity, and toxicity using flow cytometry. We
proliferation-inhibited dividing cells, transfected primary neuronal
cells, and finally used these same methods to deliver and express
in the CNS of the rat.

2.1. Non-neuronal cell maintenance

CHO cells (ATCC, Rockville, MD) were cultured in 75 cm? cell
culture flasks with HAMS F12 media (Life Technologies, Gaithers-
burg, MD) containing 10% bovine calf serum at 37°C in a 5% CO,
environment. NIH3T3 cells (ATCC) are cultured in 75 cm? cell cul-
ture flasks with DMEM media (Life Technologies) containing 10%
bovine calf serum at 37°C in a 5% CO, environment. Both CHO and
NIH3T3 cells were split 48 h prior to transfection and plated at 60%
confluence.

2.2. Primary cell isolation and cultures

Primary neuronal cells were dissected from the cortex of day
17 Sprague-Dawley rat fetuses as previously described (McKinney
et al.,, 1996). Briefly, fetal rat brains were removed and placed
in ice cold sterile PBS where cortex was dissected and cleared
of meninges. Cortical sections were transferred to a 60 mm Petri
dish containing 4 ml PBS and minced into pieces of approximately
1mm3 in size, then transferred into a 15ml sterile tube, sup-
plemented with 4ml neural basal medium containing 0.5 mM
L-glutamine, 1x B27, and 50 ng/ml neural growth factor, supple-
mented with 0.25% trypsin—-EDTA and 20 .l DNase I, and shaken for
30min at 37 °C. The resultant suspension was mechanically forced
through the small orifice of a Pasteur pipette tube to eliminate
residual clumps of brain tissue, and then filtered through 40 pm
nylon net to obtain single cell suspensions. Cells were spun down
and resuspended in neural basal medium as above. 1 x 108 cells
per ml were seeded onto poly-L-lysine pre-coated 24-well tissue
culture dishes. Cells were cultured in a 5% CO, incubator at 37°C,
and maintained in culture for two weeks prior to transfection to
allow the development of the correspondent mature phenotype of
human cortical neurons. Every 3-4 days one half of the medium was
replaced with medium containing fresh neural growth factor. Cul-
tures of cortical neuron prepared in this fashion usually contained
less than 10% glial cells (McKinney et al., 1996).

2.3. Inhibition of proliferation

We tested our hypothesis that proliferation was necessary for
efficient transfection of non-viral DNA vectors, but not for mRNA
vectors. In one half of the cell cultures we used roscovitine to inhibit
cell proliferation, and compared the intensity and fraction of GFP-
positive cells at the two time points of peak expression for mRNA
and DNA in both CHO and NIH3T3 cells, respectively. CHO and
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NIH3T3 cells were treated with 15 M roscovitine (Sigma) diluted
in serum free media 24 h prior to transfection. This concentration
was determined after a series of experiments to examine cell via-
bility. We reproducibly measured approximately 67% of the cells in
GOG1, 33% in S-phase, and less than 1% in G2M after inhibition of
proliferation (data not shown).

2.4. Nucleic acid delivery vectors

2.4.1. eGFP and luciferase DNA vectors

The blank pND expression vector (gift of Gary Rhodes, Ph.D.,
University of California, Davis) contains the human CMV imme-
diate early promoter (HCMV IE1) and CMV IE1 intron, and
a Multiple Cloning Site (MCS), followed by the RNA termina-
tor/polyadenylation site derived from bovine growth hormone
(BGH) in a pUC19 replicon (Chapman et al., 1991). eGFP and
luciferase coding sequences were inserted into the multiple cloning
site to form the eGFP DNA Vector (pND.eGFP) and luciferase DNA
vector (pND.Luc). DNA vectors for GFP and luciferase were identical
except for coding sequence of the reporter.

2.4.2. eGFP and luciferase mRNA transcripts

We constructed and compared three different mRNA vectors
and found similar results for each. Plasmid pT70Omega.lucA50 (gift
from Robert Malone, Ph.D., University of California, Davis) was used
for initial experiments to optimize conditions for lipoplex formula-
tion and delivery. The [3-globin luciferase plasmid, which contains
[B-globin stabilizing elements, was also used for time course experi-
ments in primary neuronal cells (gift of Jon Wolf, M.D., University of
Wisconsin). Plasmid pTEVAS50 (gift from K. Kariko, Ph.D., University
of Pennsylvania) was also used for proliferation inhibition experi-
ments in CHO and NIH3T3 cells as well as in primary neuronal cell
cultures.

pT70megaA50 (Gallie vector) contains a T7 promoter driven
encoding sequence stabilized by the Omega 5’ untranslated tran-
scriptional enhancer region (UTR) and 3’ poly-adenylated tail from
Tobacco Mosaic Virus (TMV) (Gallie and Walbot, 1990; Wells et
al,, 1998). 5 and 3’ Untranslated Regions (UTRs) have been shown
to improve intracellular mRNA stability and lead to translational
enhancements in eukaryotic as well as prokaryotic cells (Gallie and
Walbot, 1990; Wells et al., 1998). Luciferase and eGFP sequences
were subcloned into the Gallie TMV vectors. 3-globin enhanced
Green Fluorescent Protein (eGFP) vector was formed by subcloning
eGFP into the -globin vector using Ncol and Xbal restriction
enzymes. [3-globin eGFP and Gallie TMV vectors were linearized
with restriction enzyme Dra I after elimination of RNases by pro-
teinase K treatment and phenol/chloroform extraction. TEV vectors
were linearized with Ndel after similar treatment. After precip-
itation in ethanol, linearized DNA templates were transcribed in
vitro using the T7 mMessage mMachine transcription kit (Ambion,
Austin, TX). As described in the Results Section, all three RNA vec-
tors gave very similar time courses and levels of expression.

2.4.3. Formulation of DNA or RNA with lipid to form lipoplexes

MLRI and similar cationic lipids were described previously
by Balasubramaniam et al. (1996), Bennett et al. (1995, 1996)
and Felgner et al. (1994). Briefly, MLRI was prepared by adding
chloroform to dry MLRI (dissymmetric Myristoyl (14:0) and Lau-
royl (12:1) Rosenthal Inhibitor-substituted compound formed
from the tetraalkylammonium glycerol-based DORI) and mixed
50:50 with L-dioleoyl phosphatidyl-ethanolamine (DOPE) in chlo-
roform. The TransFast™ Transfection Reagent is comprised of the
synthetic cationic lipid (+)-N,N{bis (2-hydroxyehyl)}-N-methyl-
N-{2,3-di(tetradecanolyloxy)propyl} ammonium iodide and the
neutral lipid, DOPE (Promega, WI). Liposome reagents specifically
designed for transfection applications often incorporate synthetic

cationic lipids, such as the neutral lipid DOPE or cholesterol,
to improve efficacy. DOPE has been demonstrated to enhance
the gene transfer ability of certain cationic lipids (Felgner et al.,
1994). Following the manufacturer’s instructions Transfast was
rehydrated in water and stored overnight. After individual opti-
mization and simultaneous comparison of several commercially
available cationic lipids, the lipids MLRI and TransFast™ Trans-
fection Reagent (Promega, Madison, WI) were chosen for their
efficiency and low cytotoxicity.

2.4.4. Lipid formulation for cell transfection

Times for maximal luciferase expression were determined first
in luciferase vector lipoplex transfections by varying charge ratio,
dose, formulation time, concentration, and temperature (Fujii et
al.,, 2002). These results were then compared and confirmed using
GFP vectors by flow cytometry (below) to determine the maximum
percentage of cells expressing GFP, which could be different than
the time of maximal luciferase expression in cell lysates. Trans-
fection formulations of GFP encoding RNA and DNA vectors were
optimized using flow cytometry to obtain the maximum percent-
age of GFP expressing cells. Optimized GFP-encoding mRNA and
DNA vectors were delivered to CHO cells and were analyzed at
times that overlapped the times of the peaks found after luciferase
transfection using FASCcan or Caliper flow cytometry (Becton Dick-
inson) and Cell Quest software (Becton Dickinson) to determine
the peak of fractional expression. We then repeated these exper-
iments at the peak fractional expression for the GFP-expressing
RNA and DNA vector lipoplexes, 7 and 24 h respectively. Cells
were transfected with 1wg of either DNA or mRNA. Although
1 g each of DNA and RNA are not equal numbers of nucleic acid
copies, lipid nucleic acid complexes are formulated based on an
equal lipid to nucleic acid charge ratio. The lipid/nucleic acid com-
plex (lipoplex) is formed by the addition of 1 g of nucleic acid
(mRNA or DNA) to serum free media, vortexing, and then adding
lipid to produce a 3:1 charge ratio. For in vitro experiments plas-
mid DNA and MLRI were added to OptiMem solution. The final
solution, in 200 pl, is vortexed and incubated for 1h at room tem-
perature (RT) prior to aspiration of growth media from the cells
and application of transfection formulation to the cells. After 1h
of incubation the cells are supplemented with 1ml of growth
media. Cells were harvested for flow cytometry analysis 24 h after
GFP DNA vector lipoplex transfections and 7 h after RNA transfec-
tions.

2.4.5. Lipid formulation for in vivo transfection

Mixtures for in vivo experiments contained only DNA solution
and lipid, without OptiMem, in order to minimize injected volume.
Mixtures were incubated at 37 °C for 45-60 min prior to transfec-
tionin vitro and for 30 min prior to delivery in vivo. In vivo delivery to
the rat CSF required approximately 15 min after the needle local-
ization into the lateral ventricle or cisterna magna, resulting in a
total effective incubation time of 45-60 min.

2.4.6. Flow cytometry analysis

mRNA and DNA GFP transfections in CHO and NIH3T3 cells were
compared at the time corresponding to the time of maximal fraction
of cells expressing GFP. We compared the intensity and fraction of
GFP-positive primary neuronal cells, which are non-proliferative,
after transfection with the same GFP mRNA and DNA vectors. Due to
the difficulty of isolating and preparing primary neuronal cells, and
of flow analysis of neurons, only a limited number of flow cytometry
measurements were made with neuronal cells.

CHO, NIH3T3 and primary neuronal cells were trypsinized and
washed twice in Dulbecco’s phosphate buffered saline with Ca2*
(DPBS) and re-suspended in DPBS. Cells were harvested and ana-
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lyzed at the time point corresponding to the maximum percentage
of cells expressing GFP, 7 h for mRNA transfection and 24 h for DNA
transfections. GFP fluorescence was measured using a dual channel
FACScan or multi-channel Caliber flow cytometer (Becton Dickin-
son, San Jose, CA) equipped with a single 488 nm argon laser. GFP
fluorescence was measured with a 530 nm band pass filter. Data
was analyzed with CellQuest software (Becton Dickinson). 10,000
events were collected per sample. All experiments were conducted
at least three times for CHO and NIH3T3 cells, and twice for primary
neuronal cells.

2.4.7. Cell toxicity analysis

CHO and NIH3T3 cells were trypsinized and washed twice
in Dulbecco’s phosphate buffered saline with Ca2* (DPBS), re-
suspended, and incubated for 30 min in annexin V conjugated with
biotin (CalTag, Burlingame, CA) in DPBS. After a DPBS wash, the
cells were re-suspended for 30 min in streptavidin conjugated with
a Tri-Color fluorophore (CalTag, Burlingame, CA) in DPBS. The cells
were analyzed using a dual channel FACScan as described above.
Tri-Color fluorescence was measured with a 675 band pass fil-
ter.

2.4.8. Time course of luciferase expression in primary neurons
after mRNA versus DNA transfection

We first obtained in vitro time course measurements in NIH3T3
and CHO cells (results not shown) to plan for transfections of
the non-proliferating neuronal cells. At various time points after
transfection of primary cortical neurons, cells were lysed in
200 pl of lysis buffer. 20 .l of lysate was analyzed by luciferase
assay using an Enhanced Luciferase assay Kit (BD Bioscience).
Quantitative luminescence was measured using a Monolight
2010 (Analytical Luminescence Laboratory, now Becton Dickin-
son).
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2.4.9. Invivo luciferase-expressing mRNA vector delivery to rat
brain

Finally we repeated and confirmed the time course of expres-
sion in primary neuronal cell cultures using our mRNA and DNA
luciferase vectors. As an example of in vivo luciferase expres-
sion we show results in rat brain 7h after RNA delivery to the
lateral ventricle Fig. 8. To demonstrate the widespread distri-
bution, uptake and expression that is possible after non-viral,
cationic lipid-mediated gene delivery of mRNA vectors, we infused
an optimized formulation of luciferase-encoding mRNA tran-
script into the lateral ventricle of rat brain. Direct injections
were performed using standard techniques that we previously
reported (Hecker et al, 2001; Anderson et al., 2003). Under
an approved animal care protocol, adequately anesthetized ani-
mal subjects (250-300g Sprague-Dawley rats) were mounted
in the stereotaxic small animal surgery frame (Stoelting, Wood
Dale, IL). Using sterile techniques, previously optimized formula-
tions were delivered using coordinates of 0.9-1.0 mm posterior
and 1.5mm lateral of midline relative to bregma, at a depth
of approximately 3-3.5mm. After aspiration of CSF to verify
intraventricular canula placement, the transfection formula-
tion was infused over 40 min using a syringe infusion pump
(Model 101, Stoelting). Animals were closely monitored for signs
of discomfort, toxicity, or neurologic injury, and none were
observed.

2.4.10. Tissue preparation for reporter protein localization after
mRNA delivery

Seven hours after mRNA vector delivery, the animal subjects
were deeply anesthetized and perfused through the ascend-
ing aorta with saline, followed by 4% paraformaldehyde in
0.1 M, pH 7.4, sodium phosphate-buffered saline (PBS). The brain
was removed, dissected, post-fixed in paraformaldehyde fixative
overnight at 4°C, and was then placed in PBS containing 20%
glycerol at 4°C. After blocking, brains were cryosectioned in the
coronal plane following standard techniques, beginning approxi-
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Fig. 1. FACScan analysis of cationic lipid-mediated RNA and DNA GFP transfection in CHO cells. This figure is an example of the fraction of CHO cells transfected by RNA
versus DNA in the absence of any inhibition of proliferation. Top panels show representative flow cytometry for RNA (left) versus DNA (right) transfections.
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Fig. 2. FACScan analysis of cationic lipid-mediated RNA GFP transfection of proliferation-inhibited CHO and NIH3T3 cells. Results are presented at the time point at which the
maximum percentage of cells expresses GFP. Representative results show the percentage of GFP-expressing cells after RNA transfection at 7 h in roscovitine treated (+) and
untreated (—) CHO and NIH3T3 cells. In this figure, RNA transfections, the two panels of flow cytometry results on the left hand side are CHO cells, while the right two panels
are NIH3T3 cells. The CHO and NIH3T3 cells in the bottom two panels were treated with roscovitine to inhibit proliferation, while the top two panels show CHO and NIH3T3
cells in the absence of roscovitine. Each flow cytometry result shows Annexin V to detect early apoptosis on the vertical axis versus GFP on the horizontal axis. Fig. 3 shows
similar results for DNA GFP transfections in an identical presentation. Inhibition of proliferation has no effect on transfection with RNA on either cell type, but dramatically

reduces the fraction of cells transfected with DNA vectors in both cell types in Fig. 3.

mately 6-7 mm anterior relative to bregma. Ten series of 30-p.m
serial sections were collected for each brain.

2.4.11. Diaminobenzidine immunohistochemistry
Diaminobenzidine (DAB) and secondary fluorescent immuno-
histochemistry protocols were optimized previously for expression
using multiple DNA and mRNA vectors (Hecker et al., 2001;
Anderson et al., 2003). Negative controls for these optimizations
included no primary antibody and no secondary antibody controls
on slide-mounted sections or in 24-well plates. To ensure identical,
simultaneous processing free-floating sections in 24-well plates
were stained using the ExtrAvidin® peroxidase system (Sigma,
St. Louis, MO). For comparison, experiments were also processed
using sections mounted on poly-L-lysine-coated microscope slides
(Columbia Diagnostics, Inc., Springfield, VA) and air-dried for a min-
imum of 2 h. H,0, (0.1% H,0, for 15 min) was used to eliminate
staining caused by endogenous peroxidase activity. Sections were
fixed in 4% paraformaldehyde and pre-treated with pretreated with
H,0, before washing in modified PBS. Sections were incubated
in blocking buffer (0.3% Triton X-100, 3% bovine serum albumin
(BSA), 10% normal goat serum (NGS), Ca*2 and Mg*2-free PBS)
for 2h at room temperature. Primary antibodies were appropri-
ately diluted in blocking buffer and sections were incubated at
4°C overnight. Sections were then washed and incubated with
the biotin-conjugated secondary antibody, which targets the pri-
mary antibody host species, for 1h at room temperature. Sections

were again washed and incubated with the tertiary horseradish
peroxidase-conjugated probe for 1 h at room temperature, washed
again, and incubated in 50mM Tris-HCl at pH 7.6 for 5min at
room temperature. For detection of target proteins sections are
incubated with 0.5 mg/ml DAB with 0.03% H,0, as the peroxidase
substrate. Following the optimization described above, the follow-
ing antibodies and dilutions were found to be optimal. Primary
antibodies: mouse monoclonal neuron specific nuclear protein
anti-NeuN (MAB377, 1:50; Chemicon, Temecula, CA); rabbit poly-
clonal antiluciferase antibody (CR2029R, 1:50; Cortex Biochem, San
Leandro, CA). The NeuN antibody was used for comparisons of the
number of neurons that can be identified in each section (data not
shown). We used a Nikon 600 microscope with camera mount for
photographic documentation of results. Film negatives or slides
were scanned into Photoshop 5.0 using a Photoshop plug-in and
Polaroid SprintScan slide scanner at a resolution of 2700 dpi. Pho-
tographs were printed using Photoshop 5.0 (Adobe, Seattle, WA)
on a Fuji Pictrography 3000 (Fuji Photo Film, ElImsford, NY) at 320
dpi. Later experiments were documented on a Nikon Eclipse TS100
Inverted microscope (Japan) with a high resolution digital camera
(SPOT, Diagnostic Instruments).

3. Results

Niedzinski et al. (2002) and Fujii et al. (2002) investigated
previously the limiting parameters of cationic lipid-mediated



S. Zou et al. / International Journal of Pharmaceutics 389 (2010) 232-243

<«
= 0.8%
™
e

>

Zal

4

= .

= :

Z
o 14%
Sk
=) I

103 104

CHO Roscovitine (-) at 24 hrs

104

0.3%

ANNEXIN V

3.9%

102 108 104
GFP
CHO Roscovitine (+) at 24 hrs

237

o

- 0.9%

103

ANNEXIN V
102

.16.7%

101

GFP

3T3 Roscovitine (-) at 24 hrs

- 0.5%

102 10%

ANNEXIN V

107

6%

0

Q
00 100 104

GFP

3T3 Roscovitine (+) at 24 hrs

Fig. 3. FACScan analysis of cationic lipid-mediated DNA GFP transfection of proliferation-inhibited CHO and NIH3T3 cells. Representative results show the percentage of
GFP-expressing CHO cells after DNA transfection 24 h in roscovitine treated (+) and untreated (—) CHO and NIH3T3 cells.

transfection with the goal of improving transfection efficiency. For
RNA vectors we found 6-7 h to be the peak using either luciferase
cell lysis analysis or GFP flow cytometry results. For DNA vectors
we found that the GFP peak in expression (24-36h) as a per-
centage of cells expressing GFP occurred slightly earlier than the
peak in luciferase expression and protein accumulation (36-48 h).
We chose to compare simultaneous RNA versus DNA transfections
using flow cytometry at 7 and 24 h, respectively, based on the peaks
we found in these time course experiments. We chose to analyze
DNA transfections at 24 h for two reasons. One, based on a com-
parison of the time courses of expression of luciferase cell lysis
analysis and GFP flow cytometry analysis for percentage of cells
transfected, 24 h is sufficient for a robust transfection. Two, when
we use roscovitine to inhibit cell proliferation, we found that the
cells would begin to escape cell cycle arrest over time and return
to asynchrony, and at 24 h we still have significant proliferation
arrest.

3.1. GFP RNA compared to DNA vector delivery in CHO cells

Results are presented at the time point for the maximum per-
centage of cells expressing GFP. Fig. 1 is an example of the fraction
of CHO cells transfected by RNA versus DNA in the absence of any
inhibition of proliferation. As shown in Fig. 1 GFP RNA vectors trans-
fected over 45% of CHO cells by 7 h, but only approximately 14%
were transfected with the GFP DNA vector by 24 h. The mean level
of expression per cell as measured by Cell Quest analysis of GFP
intensity was greater than 5 times higher in DNA transfected cells
relative to RNA transfected cells, despite the higher copy number

of RNA transcripts delivered (1 pg each of mRNA or DNA, respec-
tively). Examples of the fluorescent GFP-expressing cells are shown
under each panel.

3.1.1. GFP RNA and DNA vector delivery in proliferation-inhibited
CHO and NIH3T3 cells

Next, previously optimized GFP-encoding mRNA and DNA vec-
tors were delivered to roscovitine proliferation-inhibited CHO and
NIH3T3 cells and analyzed by flow cytometry. We reproducibly
measured approximately 67% of the cells in GOG1, 33% in S-phase,
and less than 1% in G2 M after inhibition of proliferation (data not
shown). Results are again presented at the time point at which
the maximum percentage of cells expresses GFP for each vector.
As shown in Figs. 2 and 3, in simultaneous transfections GFP RNA
vectors transfected approximately 50% of proliferation-inhibited
cells, regardless of whether proliferation was inhibited or not. But
only approximately 5% of proliferation-inhibited NIH3T3 cells were
transfected with a GFP DNA vector. In Fig. 2, RNA transfections, the
two panels of flow cytometry results on the left hand side are CHO
cells, while the right two panels are NIH3T3 cells. The CHO and
NIH3T3 cells in the bottom two panels were treated with roscov-
itine to inhibit proliferation, while the top two panels show CHO
and NIH3T3 cells in the absence of roscovitine. Each flow cytome-
try result shows Annexin V to detect early apoptosis on the vertical
axis versus GFP on the horizontal axis. Fig. 3 shows similar results
for DNA GFP transfections in an identical presentation. As can be
seenin Fig. 2, inhibition of proliferation has no effect on transfection
with RNA on either cell type, but dramatically reduces the fraction
of cells transfected with DNA vectors in both cell types in Fig. 3,
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Fig. 4. Time course of GFP expression in CHO cells with and without proliferation-
inhibition by roscovitine. This figure and Fig. 5 summarize the results of multiple
transfections of GFP DNA versus RNA vectors over time. The percent of GFP pos-
itive cells by flow cytometry was plotted versus time in hours. This figure shows
the peak in fraction of CHO cells expressing GFP after transfection, and the absence
of any effect from application of roscovitine using RNA, in contrast to the effect of
roscovitine with DNA transfection. Roscovitine has no effect on GFP RNA transfec-
tions, and the peak at 7 h using RNA vectors is clearly illustrated in this figure. DNA
transfections, in contrast, reach only 18% in the absence of roscovitine, and less than
5% with proliferation-inhibition roscovitine (+). The fraction of cells which express
GFP after GFP DNA transfection in the absence of treatment with roscovitine is still
increasing after 24 h, but is blocked at low level by roscovitine in the bottom panel.

from 15 to 17% to 4 to 6% in CHO and NIH3T3 cells, respectively.
The mean level of expression per cell, as measured by Cell Quest
analysis of GFP intensity, was greater than 4 times higher in DNA
transfected cells relative to RNA transfected cells.

Figs. 4 and 5 summarize the results of multiple transfections of
GFP DNA versus RNA vectors over time. The percent of GFP positive
cells by flow cytometry was plotted versus time in hours. Results in
the top panel of Fig. 4 show the peak in RNA transfected CHO cells at
approximately 7 h, with over 50% transfection, in cells not treated
with roscovitine (—). A similar peak after RNA transfection is seen
in proliferation-inhibited cells roscovitine (+), also with approxi-
mately 50% transfected. The application of roscovitine has no effect
on the peak in fraction of cells expressing GFP after transfection
with RNA vectors in Fig. 4. This is in contrast to the effect of roscov-
itine with DNA transfections of CHO cells seen in Fig. 4. The fraction
of cells expressing GFP after GFP DNA transfection in the absence
of roscovitine (—) is still increasing at 24 h, but is blocked at a low
level by roscovitine (+), bottom panel. Roscovitine has no effect on
GFP RNA transfections, and the peak at 7 h using RNA vectors in
both the presence and absence of roscovitine is clearly illustrated
in Fig. 4. DNA transfections, in contrast, were much lower, reaching
only 18% in the absence of roscovitine (—), and less than 5% with
proliferation-inhibition roscovitine (+).

Th after transfection

@
(=}

O roscovitin (-)

[ roscovitin (+)

40 +—

20 +—

10 +—

Positive GFP cells by flow cytometry (%)
w
o

e

DNA/CHO

RNA/3T3 DNA/3T3 RNA/CHO

24h after transfection

— 60
3 O roscovitin (-)
g 50 H roscovitin (+)
E
o
£
>
o 40
2
2
-
8 30
2
°©
S T T
o 20 T
[ I | —I—l
Q
Q
2 104
=
2 i 2l
o
0 T

RNA/3T3 DNA/3T3 RNA/CHO DNA/CHO

Fig. 5. DNA versus RNA GFP transfections in CHO and NIH3T3 cells with
proliferation-inhibition. This figure illustrates the effects of proliferation-inhibition
with roscovitine in both CHO and NIH3T3 cells at 7 and 24 h. By 24 h the percent of
CHO or NIH3T3 cells positive for GFP is already decreasing after RNA transfection,
and is independent of roscovitine treatment. The fraction of cells expressing GFP
after GFP DNA transfection in the absence of roscovitine is still increasing at 24 h,
but is blocked at a low level by roscovitine.

Fig. 5 illustrates the effects of roscovitine in both CHO and
NIH3T3 cells at 7 and 24 h after RNA and DNA transfections, respec-
tively, the time points at which the maximum percentage of cells
express GFP. Representative results show the percentage of GFP-
expressing cells after RNA transfection at 7 h in roscovitine treated
(+) and untreated (—) CHO and NIH3T3 cells. At 7h RNA trans-
fects approximately 50% of CHO and NIH3T3 cells, independent
of roscovitine, but less than 5% of CHO or NIH3T3 cells were
transfected by DNA at 7h either with or without treatment by
roscovitine. In contrast, at 24 h, by which time DNA is near peak for
the fraction of cells that express GFP, approximately 18% of both
CHO and NIH3T3 cells are transfected in the absence of roscovitine,
but less than 5% were transfected in the presence of roscovitine. By
24 h the percent of CHO or NIH3T3 cells positive for GFP after RNA
transfection is already decreasing, and is independent of roscovi-
tine treatment. The fraction of cells expressing GFP after GFP DNA
transfection in the absence of roscovitine is still increasing at 24 h,
but is blocked at a low level by roscovitine.

3.1.2. GFP RNA and DNA vector delivery in primary mixed
neuronal cells

Next, previously optimized formulations of GFP-encoding RNA
and DNA vectors were delivered to primary neurons in culture and
were analyzed at 7 and 24 h, the time points of maximum per-
centage of cells expressing GFP respectively, by flow cytometry. As
shown by flow cytometry results in Fig. 6, by 7 h GFP RNA vectors
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Fig. 6. FACScan analysis of cationic lipid-mediated RNA and DNA transfection in primary mixed neuronal cells. Representative results show the percentage of GFP-expressing
cells 7h and 24 h post-transfection, the time point of maximum percentage of cells expressing GFP, for RNA and DNA, respectively. Flow cytometry results (top panels)
show that by 7h GFP RNA vectors transfected approximately 42% of primary neurons but only 0.3% GFP positive/Annexin negative (lower right quadrant) and 3.1% GFP
positive/Annexin positive (upper right quadrant) after transfection with the GFP DNA vector in simultaneous transfections (top right panel).

transfected approximately 42% of primary neurons (top left panel).
This compares to approximately 0.3% GFP positive/Annexin nega-
tive (lower right quadrant) and 3.1% GFP positive/Annexin positive
(upper right quadrant) after transfection with the GFP DNA vector
in simultaneous transfections, top right panel in Fig. 6. The corre-
sponding fluorescent and Brightfield digital photographs are shown
below each flow cytometry panel. The mean level of expression
per cell, as measured by Cell Quest analysis of GFP intensity, was
approximately 6 times higher in DNA transfected cells relative to
RNA transfected cells. We have achieved results as high as 60% of
primary neuronal cells transfected with RNA and 15% with DNA in
similar experiments.

3.1.3. Time course of luciferase gene expression after delivery of
DNA and RNA to primary neuronal cells

Next, luciferase-encoding DNA and mRNA vectors that had pre-
viously been optimized for cationic lipid-mediated formulation
were delivered to primary cortical neurons and analyzed every
hour for the first 12h and subsequently at 24, 36, 72, 80, and

96 h. We used luciferase vectors and a cell lysis measurement of
luciferase expression rather than GFP and flow cytometry due to
the difficulties of producing adequate numbers of identical neu-
ronal cells for simultaneous transfection, and due to the problems
associated with analyzing neurons using flow cytometry. The deliv-
ery of mRNA to primary cortical neuronal cells resulted in a rapid
onset of luciferase expression within 1 h after transfection. Expres-
sion peaked at 5-6 h post-transfection, and returned to base line by
12 hafter transfection (Fig. 7). DNA delivery resulted in a much later
onset of gene expression, beginning approximately 3 h after trans-
fection. DNA gene expression peaked at 36-48 h after transfection,
and peak luciferase expression after DNA delivery was generally at
least one order of magnitude higher than after RNA deliveryDNA
RNA, consistent with our results with GFP vectors as well.

3.1.4. Invivo expression after luciferase-expressing mRNA vector
delivery to lateral ventricle

Fig. 8 demonstrates the widespread distribution, uptake and
expression that we have achieved after non-viral, cationic lipid-
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Fig. 7. Time course after RNA and DNA transfection in primary neuronal cells.
Luciferase-encoding DNA and mRNA vectors were delivered to primary cortical
neurons and analyzed. Delivery of mRNA resulted in a rapid onset of luciferase
expression, a peak at 5-6 h post-transfection, and return to base line by 12 h after
transfection. DNA gene expression peaked 36-48h after transfection, Averaged
results of three wells at each time point for each experiment, with error bars, are
given.

mediated gene delivery of mRNA vectors. In an IACUC approved
protocol, we infused optimized formulations of luciferase-
encoding mRNA transcripts into the lateral ventricle or cisterna
magna of rat brain. Fig. 8A and B demonstrates widespread sub-
cortical expression at 40 x magnification from two different animal
experiments, in which cells that are phenotypically neurons are
clearly visible. Longer DAB staining was used in Fig. 8A. Counter-
staining was used in Fig. 8B-H. Fig. 8C is from another animal,
at 20x magnification, and shows similar, widespread subcortical
expression. Fig. 8D is from an area of Fig. 8C at higher mag-
nification. Fig. 8E is another series from the same animal, and
Fig. 8F is from an area of the same section at a 40x magnifica-
tion. Fig. 8G and H are negative control sections at 20 and 40x
respectively, in which the primary antibody has been omitted dur-
ing immunohistochemistry. 50 um calibration bars are shown in
each panel.

4. Discussion

Gene delivery to, and expression in, non-mitotic cells is essen-
tial to the development of gene therapy strategies in the CNS.
Although viral methods have been used for some indications, safety
issues do not make the routine use of viral transfection optimal
or appropriate for many clinical applications (Byk and Scherman,
2000). Cationic lipids are an alternative to viral based gene ther-
apy. Currently, 25% of all clinical trials involve non-viral methods,

including 17% using naked/plasmid DNA and 8.3% utilizing cationic
lipid-mediated delivery (NOA, 2008).

Systemic infusion to blood plasma has proven to be a difficult
medium for gene delivery, because transfection complexes aggre-
gate extensively with polyanionic molecules (Plank et al., 1996;
Tros de Ilarduya and Duzgunes, 2000) and are rapidly cleared from
the circulation. Degradation and/or aggregation of nucleic acids
in the extracellular environment, cellular targeting and uptake of
the lipoplex, and release of the nucleic acid sequence from the
lipoplex are all major barriers to lipid-mediated transfection. Non-
viral lipid-mediated gene transfer to the CNS by cerebrospinal
fluid (CSF) delivery avoids many of the difficulties associated with
intravascular delivery (Kariko et al., 2001; Hecker et al., 2001). DNA
translocation to the nucleus is an additional barrier in the devel-
opment of an efficient DNA delivery system (Zabner et al., 1995;
Bally et al., 1999; Girao da Cruz et al., 2001). In proliferating cells,
the majority of the DNA enters the nucleus through passive move-
ment. This occurs during the nuclear membrane degradation stage
of mitosis (Wilson et al., 1995; Melchior and Gerace, 1998). How-
ever, the amount of DNA that is able to cross the nuclear envelope
in non-proliferating cells by passive movement through the NPC
has been assumed to be negligible (Aronsohn and Hughes, 1998).
Our results indicate that a small percentage of primary neurons can
still be transfected with DNA using lipid-mediated delivery tech-
niques, and it is unclear whether this occurs by facilitated uptake by
the NPC, simple diffusion, of perhaps by lipid-associated directed
trafficking.

We transfected proliferation-inhibited CHO and NIH3T3 cells
with either RNA or DNA vectors expressing GFP by using
cationic lipid-mediated delivery. Using flow cytometry analysis,
we assessed transfection efficiency as a measure of the percent-
age of cells expressing GFP. 24 h after DNA transfection may not
be the peak of luciferase protein expression and accumulation,
as the time course for luciferase expression seemed to peak at
approximately 36-48 h. Our luciferase assay requires cell lysis and
is a measure of total luciferase protein. Signal from the action of
luciferase on luciferin will depend on the concentration and activ-
ity of the enzyme present. The half-life of GFP in mammalian cells
has been reported to be as long as 26 h (Corish and Tyler-Smith,
1999). The half-life of luciferase in mammalian cells is reported
to be from 90min to 4h (Ignowski and Schaffer, 2004; Allen et
al., 2006; University of Arizona, 2008). Two reviews of the kinet-
ics and modeling of luciferase concentration and activity can be
found in (Bartlett and Davis, 2006) and (Ignowski and Schaffer,
2004). However we were most interested in the fraction of cells
that were transfected rather than the peak in protein expression,
which would include intracellular accumulation, and we thus chose
to compare flow cytometry results 24 h after DNA delivery and
7 h after RNA delivery based on the peaks in percentage of cells
expressing GFP by flow cytometry measurement. We have con-
firmed these peaks in expression with in vivo imaging of both DNA
(Hauck et al., 2008) and RNA (data not published) luciferase vectors
after CNS delivery.

Transfection efficiency of RNA was greater than that of DNA
in proliferation-inhibited CHO and NIH3T3 cells. Our results sup-
port the hypothesis that the use of RNA avoids the necessity for
nuclear translocation and leads to marked improvements in trans-
fection efficiency over DNA transfection in non-dividing cells. This
is similar to Brisson et al. (1999), who used 293 cells express-
ing T7 bacterial polymerase to show that T7 promoter driven
DNA vectors, for which cytoplasmic transcription occurs, provided
improved transfection efficiency relative to CMV promoter driven
DNA vectors, which require nuclear translocation for transcription
(Chapman et al., 1991). However, the T7 system is not applicable to
clinical applications. By quantitating the importance of mitosis in
DNA transfections and demonstrating the efficiency of mRNA, we
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Fig. 8. Representative examples luciferase immunohistochemistry after lipid-mediated RNA lipoplex gene delivery to rat brain via CSF injection. This figure demonstrates the
widespread distribution, uptake and expression that we have achieved after non-viral, cationic lipid-mediated gene delivery of mRNA vectors. Subparts A and B demonstrate
widespread subcortical expression at 40x magnification from two different animal experiments, with and without counterstaining, in which cells that are phenotypically
neurons are clearly visible. Subpart C is an example from another animal, at 20x magnification, and shows similar, widespread subcortical expression. Subpart D is from an
area of subpart C at higher magnification. Subpart E is another series from the same animal and subpart F is from an area of the same section at a 40x magnification. Subparts
G and H are control sections at 20x and 40x respectively.

confirm that mRNA is a more efficient method for gene delivery to may be due to variations in glial cell population in these mixed,
post-mitotic cells. neuron-enhanced cell populations. Lipid-mediated gene transfer

We repeated these experiments on primary mixed neuronal of DNA vectors into primary neurons showed a significantly lower
cultures and observed RNA vector expression levels approaching efficiency, transfecting less than 15% of primary neurons, some-
50-60%. Higher RNA and DNA transfections in some experiments times less than 5%. Maximum expression following RNA vector
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delivery was approximately 7h post-incubation, approximately
24 h earlier than maximum fractional expression levels using DNA
vectors. However, the maximum mean level of intensity of GFP
expression per cell following RNA delivery was significantly less
than that achieved by DNA delivery. Even stabilized RNA transcript
vectors are degraded once released from the lipid complex into the
cytoplasm. But once DNA crosses the nuclear membrane, multiple
mRNA templates can be transcribed, resulting in higher mean levels
of expression per cell.

This study allowed us to test fundamental mechanisms of lipid-
mediated uptake and cellular expression. This study is novel in
that it directly tests the importance of mitosis in the efficiency
of lipid-mediated delivery of RNA compared to DNA vectors in
proliferation-inhibited CHO cells, proliferation-inhibited NIH3T3
fibroblasts, and in primary neuronal cultures. Our results high-
light the importance of mitosis on lipid-mediated transfection
efficiency of RNA vs. DNA in proliferation inhibited cell lines and
primary neuronal cultures. One goal of all gene delivery should
be to match the duration and level of therapeutic gene expres-
sion to the specific clinical application, and RNA delivery may be
more suited to those clinical applications in which rapid short-term
gene expression or gene transfer to post-mitotic cells is required.
RNA delivery provides rapid expression, avoids the requirement
for DNA nuclear translocation, and achieves high levels of trans-
fection in post-mitotic cells as well. We propose that numerous
clinical applications exist for transient gene expression using RNA,
or a combination of RNA and DNA gene delivery. Examples include
prophylactic delivery of neuroprotective genes to the CNS for pre-
vention of injury during surgical procedures with high risk for CNS
ischemia, such as cardiac bypass procedures, thoracic aneurysm
repairs, circulation arrested surgical procedures, or neurosurgical
resection. Our long-term goal is to use transient gene delivery to
the CNS to induce rapid and controllable gene expression for CNS
neuroprotection in these patients. Knowledge of the time course,
dose response, and level of expression using lipid-mediated DNA
or RNA vectors is critical in the translation of in vitro techniques to
pre-clinical and clinical applications.

Simultaneous or sequential DNA delivery might be used to
protect against subsequent cellular loss due to secondary events,
including reperfusion injury. RNA can be delivered immediately
following CNS trauma (stroke, TBI, SCI) to minimize the initial cel-
lular loss. In such cases, the window of opportunity for effective
treatment may be narrow (for example after stroke); therefore
the design of an efficient method for rapid gene expression after
delivery is essential. We have previously reported on cationic
lipid formulations that afford RNA protection from degradation in
human CSF for 4 to 6 h, whereas non-complexed RNA is immedi-
ately degraded (Anderson et al., 2003). Combining mRNA vectors
with delivery to the CSF offers rapid expression in the CNS and
avoids the problem of vascular barriers and viral vector safety
issues. Finally, these same lipid-mediated lipoplex delivery tech-
niques can be used effectively for siRNA delivery. We have verified
knockdown of GFP and luciferase expression in vitro, using Trans-
fast and MLRI cationic lipids and similar charge ratios (data not
shown).

5. Conclusion

Delivery of mRNA resulted in rapid onset (within 1 h) of expres-
sion after transfection, a peak in expression 5-7 h after transfection,
and a return to baseline within 12 h. After DNA delivery signifi-
cant activity did not appear until 7 h after transfection, but peak
expression was always at least one order of magnitude higher
than after RNA delivery. The peak expression after DNA delivery
occurred 24-48 h after transfection and remained at a significant

level for at least one week before dropping to baseline. Prolifera-
tion is important in DNA expression after transfection, providing
strong evidence for the importance of mitosis in uptake of DNA
across the nuclear membrane. This is consistent with our in vivo
delivery results. Qualitatively expression of RNA vectors is equally
widespread, but appears to be somewhat less intense than after
peak DNA transfection and expression. RNA delivery may therefore
be more suitable for short-term transient gene expression due to
rapid onset, shorter duration of expression and greater efficiency,
particularly in non-dividing cells. Higher mean levels of expression
per cell obtained following DNA delivery and the longer duration of
expression confirm a continuing role for DNA gene delivery in clini-
cal applications that require longer term transient gene expression.
Quantitation of levels of expression and how these relate to clinical
physiology remain to be determined.
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