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In this study we have compared the process of lipid-mediated transfection in primary and estab-
lished myoblasts, in an attempt to elucidate the mechanisms responsible for the scarce trans-
fectability of the former. We determined the metabolic stability of cytoplasmically injected and
lipofected DNA in primary and established myoblasts and carried out a comparative time course
analysis of luciferase reporter-gene expression and DNA stability. The efficiency of the tran-
scription-translation machinery of the two cell types was compared by intranuclear injection of
naked plasmid DNA encoding luciferase. Subcellular colocalization of fluorescein-labeled lipopoly-
plexes with specific endosomal and lysosomal markers was performed by confocal microscopy
to monitor the intracellular trafficking of plasmid DNA during transfection. The metabolic sta-
bility of plasmid DNA was similar in primary and established myoblasts after both lipofection and
cytoplasmic injection. In both cell types, lipofection had no detectable effect on the rate of cell
proliferation. Confocal analysis showed that nuclear translocation of transfected DNA coincided
with localization in a compartment devoid of endosome- or lysosome-specific marker proteins.
The residency time of plasmid DNA in this compartment differed for primary and established
myoblasts. Our findings suggest that the lower transfectability of primary myoblasts is mostly
due to a difference in the intracellular delivery pathway that correlates with more rapid delivery
of internalized complex to the lysosomal compartment.
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INTRODUCTION

Several features make cationic liposomes a promising tool
for gene therapy: there is no size limitation to the DNA
they can transfer, they are suitable for large-scale produc-
tion, and their low immunogenicity and cytotoxicity make
them good candidates for repeated in vivo administration.
Despite their widespread use, however, their mechanisms
of action are still scarcely known.
It is generally accepted that DNA/cationic liposome com-
plexes enter the cell through an endocytic process [1]. This
conclusion has been drawn from indirect observations of
the cellular metabolism of lipofection and from morpho-
logical observations. Substances that interfere with the
endolysosomal pathway (such as wortmannin, cytocha-
lasin B, and nigericin) inhibit lipofection [2,3]. Agents with
known endosome-destabilizing activity, such as adenovi-
ral particles [4] and fusogenic peptides [5,6] enhance 
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transfection efficiency. Direct observation using fluores-
cence and transmission-electron microscopy has shown
that lipoplexes are internalized through a process that is
kinetically very similar to that of endocytosis, and that
gold-labeled lipoplexes are found inside vesicles that
resemble endosomes [7,8]. Although extensively studied in
established cell lines, the mechanism of cationic lipid-
mediated transfection of primary myoblasts has yet to be
described.

We have previously reported that lipofection is up to 50-
fold more efficient in established compared with 
primary myoblasts [9]. However, the reasons for the high
transfectability of the former are still not understood.
Possible explanations may involve a more efficient inter-
nalization of the complexes and/or an increased nuclear
uptake of plasmid DNA in established myoblasts. Also, the
rate of DNA degradation in the cytoplasm, one of the 
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barriers to nuclear delivery of plasmid DNA [10], could be
substantially reduced in C2C12 compared with primary cells.
To determine the reasons behind the difference in the trans-
fection efficiency, we compared the intracellular stability of
plasmid DNA, administered both by lipofection and cyto-
plasmic injection, as well as the amount of lipopolyplexes
internalized after transfection. The effect of lipofection on
cell proliferation and the time course of reporter gene expres-
sion in the two cell types were also analyzed. Lastly, the
intracellular trafficking pathway of lipofected plasmid DNA
was determined by laser fluorescence confocal microscopy,
in relation to specific markers of the endolysosomal com-
partments. To the best of our knowledge, this is the first
study that has analyzed the intracellular trafficking of
lipopolyplexes in primary cells using such an approach. Our
findings show that the higher transfectability of established
myoblasts could not be explained by differential uptake of
lipopolyplexes or by differential stability of the plasmid DNA
in the endolysosomal or cytoplasmic compartments. Instead,
the results indicate that a slower delivery of lipopolyplexes
to the lysosomal compartment is one of the factors respon-
sible for the pronounced transfectability of established
myoblasts.

RESULTS

Half-life of Lipofected DNA
To monitor the intracellular stability of lipofected DNA,
supercoiled double-stranded pL018 plasmid was 

FIG. 1. Turnover rate of plasmid DNA after transfection. Metabolic stability of
plasmid DNA in transfected primary (square) and C2C12 (diamond) myoblasts
was measured by quantitative single-cell fluorescence video-image analysis. The
remaining fluorescence signal derived from FITC-plasmid DNA was plotted as
a function of incubation time and expressed as percentage of the initial value.
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FITC-labeled and used to form DODAC-PEG lipopoly-
plexes. Cultured human primary myoblasts and C2C12
cells were exposed to such complexes for 2 hours and were
then re-plated, left undisturbed for 6 hours, and fixed at
different time points. We carried out this procedure to
remove all of the noninternalized complexes from the cell
surface. The internalized DNA, visualized by fluorescence
microscopy, appeared as punctate clusters, with aggregates
of different size showing a clear perinuclear distribution
(data not shown). Quantitative single-cell fluorescence
video-image analysis revealed that the half-life of plasmid
DNA was approximately 2.5 hours in C2C12 cells and 3
hours in primary myoblasts (Fig. 1). DNA disappearance
was quite rapid in the initial phase (between 0 and 8 hours
in Fig. 1) and slowed down considerably in the following
period. No fluorescence was ever observed inside the nuclei
at any of the time points. Confirming previous observa-
tions [9], the amount of plasmid DNA found inside pri-
mary cells was higher than that found in C2C12. In par-
ticular, at the zero time point (that is, 6 hours after the end
of transfection) the average fluorescence intensity within
C2C12 and primary myoblasts was approximately 2.6 �
106 and 5.3 � 106 arbitrary units per cell, respectively.

Turnover Rate of the Plasmid DNA in the Cytosol
It has recently been shown that the cytosol contains nucle-
ases that actively degrade microinjected DNA [10]. We
therefore speculated that a difference in such activity could
have a role in the enhanced transfectability of established
versus primary myoblasts. To assess this possibility, we
analyzed the metabolic turnover of naked plasmid DNA in
the cytoplasm of microinjected primary and established

FIG. 2. Turnover rate of naked plasmid DNA in the cytoplasm of myoblasts.
The disappearance of cytoplasmically microinjected FITC-labeled DNA was
determined in primary (square) and C2C12 (diamond) myoblasts using quan-
titative single-cell fluorescence video imaging as for Fig. 1.
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TABLE 1: BrdU incorporation analysis in primary and established myoblasts

% of BrdU-positive % of BrdU-positive 
human myoblasts C2C12 myoblasts

Hours after transfected non- transfected non-
transfection transfected transfected

1 26.3 ± 13.1 25.1 ± 0.8 53.2 ± 6.8 49.2 ± 7.3

5 19.5 ± 3.9 32.4 ± 6.4 63.4 ± 11.1 50.8 ± 4.7

7 28.2 ± 5.1 30.8 ± 8.0 43.9 ± 1.6 62.3 ± 8.9

22 32.9 ± 14.3 27.7 ± 3.6 53.6 ± 11.3 52.8 ± 4

Cells were transfected with standard procedure for 2 hours. After removing the complexes, BrdU was added to the wells to a final
[10 �M] and left in place for 1 hour before fixing the cells. BrdU-positive cells were stained with an anti-BrdU antibody by standard
immunofluorescence techniques.
myoblasts. Following cytosolic co-injection of FITC-labeled
DNA and TRITC-dextran, the time course of plasmid DNA
disappearance was monitored by quantitative single-cell
fluorescence video-image analysis. The cytosolic half-life
of the DNA was found to be around 4 hours both in pri-
mary and C2C12 cells (Fig. 2).

Time Dependence of Luciferase Expression after
Lipofection
In parallel with the DNA stability measurements, we also
analyzed the levels of transgene expression by carrying
out time-course experiments with unlabeled plasmid. As
a preliminary step, transfections were performed both with
and without trypsinization and re-plating, to determine
whether such a procedure had an effect on the expression
profile of the transgene. We then analyzed luciferase lev-
els 6, 8, 10, 12,14, 18, and 22 hours after removing the
lipopolyplexes and no significant differences were found
between re-plated and undisturbed cells (data not shown).
The re-plating step was therefore omitted, so that we could
measure the levels of luciferase activity also at earlier time
points (starting at 1 hour after the end of transfection; Fig.
3). In both cell types, the kinetics of reporter gene expres-
sion was not linear and the two curves were quite similar
MOLECULAR THERAPY Vol. 5, No. 2, February 2002
Copyright © The American Society of Gene Therapy
for the first 8–10 hours.
Luciferase activity was detected
as early as 1 hour after removal
of the complexes, and increased
rapidly over the following 4
hours and more slowly from 6
to 10 hours after the end of
transfection. After this time, the
expression reached a plateau in
primary myoblasts, whereas in
C2C12 cells luciferase levels
continued to increase until
reaching a maximum 18 hours
after complex removal. In pri-
mary myoblasts luciferase
entical at 10 and 14 hours after
expression was virtually id

the end of transfection (1636 ± 360 and 1600 ± 160),
whereas in C2C12 cells luciferase expression almost tripled
in the same time interval (5800 ± 1532 and 15666 ± 2868).
Such a difference was highly significant in a t-test analy-
sis (P = 0.002). The maximal level of luciferase expression
found in primary cells was much lower than that of C2C12
(~ 1.5 ng luciferase/mg total protein extract, versus 21
ng/mg, respectively).

Effect of Transfection on Cell Proliferation
As lipid-mediated transfection is more efficient in the pres-
ence of active cell proliferation [11], we examined whether
increased cell division rate was responsible for the aug-
mented transfection potential of established myoblasts or,
by the same token, whether an impaired proliferation of
primary cells was responsible for their poor luciferase
expression. We measured the proliferative activity in pri-
mary and C2C12 myoblasts, both transfected and non-
transfected, by treating the cells with bromodeoxyuridine
(BrdU) to label the actively duplicating DNA in nuclei.
BrdU was added to the culture medium 0, 3, and 6 hours
after the end of transfection. At all time points measured,
approximately 30% of the primary and 50% of the estab-
lished myoblasts demonstrated BrdU incorporation. Such
findings were in good agreement with the shorter dou-
bling time found for C2C12 compared with primary
myoblasts during routine in vitro expansion. It is impor-
tant to note that in both cases no significant difference was
found in the number of BrdU-positive nuclei between
transfected and non-tranfected myoblasts, indicating that
the transfection process per se had not affected the rate of
cell proliferation (Table 1).

FIG. 3. Time-course of luciferase expression upon transfection of myoblasts.
Following standard (2 hours) lipofection of primary (square) and C2C12 (dia-
mond) myoblasts, luciferase activity was measured at the indicated times. The
results are normalized for cellular protein content and expressed as amount
of luciferase.
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Intracellular Trafficking of Lipopolyplexes in
Primary Myoblasts
To study the intracellular trafficking pathway of lipofected
plasmid DNA, we established the localization of FITC-con-
jugated plasmid DNA relative to specific endosomal and

lysosomal markers at various time points post-transfec-
tion. Initially, cells were exposed to the complexes for 30
minutes and fixed after a 5-minute chase to identify the
intracellular compartment encountered by plasmid DNA
in the initial phase of transfection. After such a short expo-
sure to lipopolyplexes, the amount of FITC-conjugated
plasmid DNA found inside the cells was very small.
Internalized plasmid DNA was co-localized with the Rab5B
marker of the early endosomal compartment as well as
with the late-endosomes marker TRITC-dextran (Fig. 4A).

The subsequent fate of internalized plasmid DNA was
studied in cells exposed to lipopolyplexes for 2 hours (that
is, the standard procedure) before trypsinization and re-
plating. At 6 hours after the removal of the complexes,
cells were immunostained using lysosome-specific anti-
bodies (LAMP-2 and CD-63) or an antibody specific for
early endosomes (Rab5B). Again, TRITC-dextran was used
to label late endosomes. Our observations revealed that at
this time point only a portion of the plasmid-associated
FITC signal colocalized with lysosomes and that none of
the plasmid signal was associated with early or late endo-
somes (Fig. 4B). With time, the fraction of plasmid DNA
that colocalized with lysosomes increased, paralleling the
disappearance of the FITC-DNA signal. At 10 hours after
the end of transfection nearly all of the plasmid DNA colo-
calized with lysosomes (Fig. 4C). These experiments sug-
gest that the intracellular trafficking of the plasmid DNA
follows the route of a fluid phase marker, albeit with sig-
nificantly slower kinetics. In fact, whereas fluid phase
markers require approximately 60 minutes to be chased
from the endosomal compartment into lysosomes, it took
16 hours (from the end of transfection) before most of the
lipopolyplex-associated plasmid DNA could be found
inside the lysosomes.

Intracellular Trafficking of Lipopolyplexes 
in C2C12 Myoblasts
The trafficking of lipofected plasmid DNA was also fol-
lowed in C2C12 cells, after both 30-minute and 2-hour

TABLE 2: Luciferase expression after intranuclear injection 
of naked pL018 plasmid
fg luciferase/cell 2 fg luciferase/cell 4
hours postinjection hours postinjection

C2C12 783 ± 38 5105 ± 199

Primary myoblasts 532 ± 42 3251 ± 187

After 2 and 4 hours of incubation postinjection, cells were lysed and luciferase assay was
performed on the lysate. The expression data were normalized for cell survival rate, 80%
and 60% in C2C12 and primary myoblasts, respectively.
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exposures to lipopolyplexes. In the first case, the pattern
of colocalization with labeled dextran and Rab-5 antibody
was equivalent to that found in primary cells, albeit with
a smaller amount of internalized DNA (data not shown).
Colocalization of plasmid DNA with the lysosomal com-
partment was followed with a LAMP-1 antibody. As
opposed to what was seen with primary myoblasts, only
a fraction of the labeled plasmid DNA was found inside the
lysosomes 14 hours after the end of a 2-hour transfection;
an almost complete colocalization was found after an addi-
tional 8 hours (Fig. 5).

Evaluation of Transcription-Translation Efficiency in
Primary and Established Myoblasts
To compare the efficiency of the transcription-translation
machinery between primary and established myoblasts,
we carried out nuclear injections of the pL018 plasmid
and the reporter gene expression was quantitated 2 and 4
hours post-injection. The amount of protein detected was
approximately 50% higher in C2C12 than in primary
myoblasts at both time points considered (Table 2). The
variation in transgene expression between 2 and 4 hours
after injection (sixfold) was very similar in both cell types.

DISCUSSION

The lower transfectability of primary versus established
cells has been reported for several different cell types
[12,13], including myoblasts [9,14]. Determining the
mechanisms responsible for such phenomena would be
of great help in designing an efficient nonviral gene-deliv-
ery system for in vivo or ex vivo gene therapy. In this paper
we set out to elucidate the reasons for the poor trans-
fectability of primary versus established myoblasts. It is
now generally accepted that internalization of complexes
occurs mainly, if not exclusively, by endocytosis and the
internalized plasmid DNA is targeted for degradation into
the lysosomal compartment [7,8,15,16].

There are several mechanisms that could explain the
enhanced transfectability of the established myoblasts.
Among these are enhanced uptake of plasmid DNA, atten-
uated degradation rate in the endolysosomal compart-
ment, augmented escape from endolysosomes, mitigated
hydrolysis in the cytoplasm by nucleases, and more effi-
cient transcription/translation of plasmid DNA. The exper-
iments performed here were designed to investigate these
possibilities.

We had shown previously that, 24 hours after lipofec-
tion, primary myoblasts contain more plasmid DNA than
C2C12 cells but the percentage of intact versus degraded
DNA is higher in established myoblasts [9]. Using single-
cell-fluorescence video imaging, here we have therefore
analyzed the intracellular plasmid DNA content in both
lipofected and microinjected cells. It is important to note
that in previous experiments with HeLa and COS cells we
have performed a comparative analysis between the
MOLECULAR THERAPY Vol. 5, No. 2, February 2002
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turnover of microinjected intact plasmid DNA using FISH
and that of biotinylated (by UV-crosslinking of photoac-
tivable biotin) and FITC-labeled plasmid DNA. No signifi-
cant difference could be discerned in the turnover rate of
microinjected DNA by these detection techniques, 
suggesting that fluorescein-labeled plasmid is indeed rep-
resentative of intact plasmid DNA when monitoring the
degradation rate (D.L. and G.L.L., unpublished data). The
results reported here demonstrate that the rates of degra-
dation of internalized DNA in the hours immediately fol-
lowing the end of transfection were almost identical in the
two cell types (T1/2 = 2.5 and 3 hours in primary and estab-
lished myoblasts, respectively). Also, the amount of DNA
internalized by primary myoblasts was indeed higher than
that internalized by C2C12 cells. The rate of DNA degra-
dation when plasmid DNA was microinjected into the cyto-
plasm of single cells was the same as when plasmid DNA
entered via lipofection. Altogether, these results indicate
that neither increased internalization nor delayed degra-
dation of the plasmid DNA could explain the differential
transfectability of primary and established myoblasts. It is
interesting to note that plasmid DNA stability in muscle
MOLECULAR THERAPY Vol. 5, No. 2, February 2002
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cells appeared to be quite different
from that observed in other cell
types. The half-life of lipofected
DNA was found to be 12–14 hours
in HeLa and COS cells (D.L. and
G.L.L., unpublished data), whereas
that of the cytoplasmically microin-
jected DNA was only 90 minutes
[10].

FIG. 4. Intracellular trafficking of the complexes
in primary myoblasts transfected with lipopoly-
plexes containing FITC-labeled plasmid. Images
refer to a focal plane selected in the central 
portion of the cells; in the overlays a yellow sig-
nal denotes the colocalization of two 
fluorochromes. Original magnification, �100.
(A) Cells were exposed to the lipopolyplexes
for 30 minutes and fixed 5 minutes after
removal of the complexes. Lysosomes and early
endosomes were stained with LAMP-2 and
Rab5B specific primary antibodies, respectively.
Late endosomes were labeled by TRITC-dextran
internalization. Note that in this experiment the
cells had not undergone the re-plating proce-
dure and therefore a considerable part of the
signal comes from lipopolyplexes that were not
actually inside the cells. (B) (page 166) Cells
were fixed at the zero time point (that is, 6
hours after removal of the complexes) and
stained with antibodies against lysosomal
markers, (LAMP-1 and CD 63), and early endo-
somal marker (Rab5B). Late endosomes were
stained by TRITC-dextran loading. (C) (page
167) Cells were fixed at different times after the
end of transfection and immunostained for
LAMP-2.
The intracellular processing of complexes was analyzed
by monitoring the time course of transgene expression.
The two cell types demonstrated similar trends for the first
8–10 hours after removal of complexes. Luciferase could
be detected as soon as 1 hour after removal of the com-
plexes, and increased rapidly during the following 5 hours.
This time period is considerably shorter than the 8 hours
reported in experiments with cytoplasmic microinjections
[17]. This difference could stem from the different cell
types they used or from the less-sensitive �-gal assay used
in their experiments. Luciferase expression began to
decline in the primary myoblasts after 10 hours, whereas
in the established cells it kept increasing for 8 more hours.
In absolute terms, luciferase expression was higher in
C2C12 cells at all time points considered. These data sug-
gest that there is a difference in the efficiency of lipofected
DNA release from the vesicular compartment into the
cytoplasm and that this process is less efficient in primary
myoblasts. This hypothesis is also supported by the data
from confocal microscopy. Another possibility was that
the two cell types had significant differences at the level
of transcription/translation processes. To test such a
165
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hypothesis, we carried out direct microinjections of plas-
mid DNA in the nuclei of the two cell types. Our findings
showed that, in these experiments, C2C12 myoblasts did
express higher levels of reporter gene than primary cells,
but the difference was at most 50%. This finding is in good
agreement with data that show how cell lines with differ-
ent transfectability do yield similar expression levels fol-
lowing intranuclear injection of plasmid DNA [17].

Another factor that is known to influence the efficiency
of lipid-mediated transfection is cell proliferation [11,18].
We used BrdU incorporation assays to determine if lipo-
fection had a negative effect on the rate of myoblast divi-
sion. These experiments did not reveal any significant dif-
ference between the rate of mitosis in transfected and
nontransfected myoblasts (both primary and established,
Table 1). As expected, the rate of C2C12 cell proliferation
was higher than that of primary cells, but the barely
166
twofold difference could not likely
account for the drastically lower trans-
fectability of primary myoblasts.

Finally, we have directly analyzed
the intracellular trafficking of lipopoly-
plexes in primary and established
myoblasts. To the best of our knowl-
edge, this is the first report that used
confocal microscopy to establish the
localization of FITC-labeled DNA/lipid
complexes relative to endosomal- and
lysosomal-specific markers in primary
cells. The results confirmed that
lipopolyplexes enter myoblasts via
endocytosis, as indicated by their colo-
calization with the endosomal marker
Rab5B, and at later time points are
delivered into the lysosomes. The tim-
ing of lysosomal colocalization was in
good agreement with the findings of
the expression time course. In fact, 10
hours after the end of transfection,
most of DNA appeared to be inside the
lysosomes in primary cells, whereas in
C2C12 most of labeled plasmid was still
outside the lysosomal compartment at
14 hours. On the other hand, the colo-
calization experiments brought up a
different question, that is, the nature
of the compartment in which plasmid
DNA is localized during the time in
which translocation to the nucleus
takes place. Endosome half-life is
approximately 30 minutes [reviewed in
19], but it took several hours before
most transfected DNA could be found
inside the lysosomes. Therefore, during
this period of time the DNA could be
associated with endolysosomal trans-
port vesicles lacking the characteristic lysosomal mem-
brane proteins or, in part, free in the cytosol. This latter
possibility would be consistent with the observation that
the distribution pattern of microinjected DNA in the
cytoplasm is similar to that seen after lipofection. On
the other hand, the measured DNA half-life in the cyto-
plasm was about 4 hours, whereas measurements carried
out in transfected primary myoblasts between 6 and 14
hours after transfection showed a half-life of just 2.5
hours. This observation would then indicate that during
this time only a fraction of the plasmid DNA could be
free in the cytosol.

The data presented here indicate that the differences
between the cell proliferation rate and the efficiency of
the transcription/translation machinery contribute only
marginally to the higher transfectability of established
versus primary myoblasts. On the other hand, the good
MOLECULAR THERAPY Vol. 5, No. 2, February 2002
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correlation of the luciferase expression time course with
the differential trafficking of the complexes between the
two cell types suggests that the latter process is the main
limiting factor for primary myoblast transfectability.

MATERIALS AND METHODS

Cell cultures. Primary human myoblasts, obtained from fetal skeletal
muscle as described [20], were grown in F12 medium containing 20% fetal
bovine serum (FBS) plus epidermal growth factor (EGF; 10 ng/ml), fibrob-
last growth factor (FGF; 1 ng/ml), insulin (10 �g/ml), and gentamicin (10
�g/ml). C2C12 murine myoblasts were grown in Dulbecco’s minimal
essential medium (DMEM) containing 10% FBS and gentamicin (10
�g/ml). Cultures were maintained at 37�C and 5% CO2. Transfections
were performed in 24-well plates (each well 2 cm2). For the microinjec-
tion and colocalization experiments, cells were seeded on laminin-coated
MOLECULAR THERAPY Vol. 5, No. 2, February 2002
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coverslips in 24-well plates. Culture medium,
growth factors, serum, antibiotic, and plastics were
from Life Technologies Inc. Insulin was from
Sigma-Aldrich.

DNA. Transfections and microinjections were per-
formed with pL018 plasmid DNA, which carries a
modified luciferase gene (derived from the pGL3
plasmid by Promega) under the control of a CMV
intermediate-early promoter and SV40 enhancer.
DNA was prepared by standard double CsCl purifi-
cation, followed by ethanol precipitation and dialy-
sis. For the measurements of DNA-associated fluo-
rescence, supercoiled plasmid DNA was FITC-labeled
using the LabelIT kit (Panvera, WI) as recommended
by the manufacturer.

Liposomes and preparation of lipopolyplexes.
DODAC liposomes were prepared with the mono-
cationic lipid dioleyldimethilammonium chloride
(DODAC, designed and synthesized at INEX
Pharmaceuticals) plus 1,2,-sn-dioleylphosphatidyl
ethanolamine (DOPE) and 1-OH-(2�-(w-methoxy-
polyethylen-glicol) succinoyl-2-N-octylsphyn
gosine) (PEG ceramide C8) in a 45:50:5 molar ratio,
respectively. The PEG chain had a molecular
weight of 3000 Da. The appropriate amounts of
lipids were dissolved in chloroform, dried under
nitrogen stream, and lyophilized overnight. The
lipid film was then re-suspended in distilled water
and extruded through two stacked 100-nm filters
to obtain DOD-PEG Large Unilamellar Vesicles
(LUV) with an average diameter of 110 ± 30 nm.
In the final vesicles, PEG chains were inserted in
the external side of the bilayer through their lipidic
anchor. The presence of PEG prevented the aggre-
gation and precipitation of lipopolyplexes, allow-
ing the consistent preparation of complexes with
a final diameter of approximately 220 nm.

Lipopolyplexes were prepared essentially as
described [9]. Briefly, plasmid DNA was precon-
densed with poly-L-lysine hydrobromide (approx-
imate MW 17,000; Sigma) at a lysine/nucleotide
ratio of 0.3 on ice for 15 minutes. After adding
mannitol to a final concentration of 5% (w/v), the
DNA/poly-lysine solution was added dropwise to
the desired amount of DOD-PEG liposomes, dis-
solved in 5% mannitol on ice. The total lipid/DNA
ratio was 7.5 nmoles/�g. Such ratio translated in a
calculated charge ratio (+/–) of approximately 1.3,
or 1.8 if considering also the poly-L-lysine. Such a
ratio was chosen from lipid titration experiments

yoblasts were transfected with a fixed amount of
in which primary m
plasmid DNA/poly-L-lysine complexed with liposomes at a lipid/DNA
ratio ranging from 5 to 20 nmoles of lipid/�g of DNA. Lipopolyplexes
were incubated on ice for 15 minutes and then diluted in FBS (200 �l per
well) before being layered onto the cells.

Transfections and luciferase assays. Each 2-cm2 well was transfected
with 20 �l of lipopolyplexes containing 4.5 �g of DNA diluted in 200 �l
of FBS. Complexes were left in contact with the cells for 2 hours (or for
30 minutes for the “short-time” colocalization experiments) and were
then removed by rinsing the wells twice with the appropriate culture
medium. Where indicated, cells were rinsed thoroughly in PBS,
trypsinized, and re-plated to remove all the noninternalized complexes
from the cell surface.

For luciferase analysis, transfected cells were rinsed twice in phos-
phate buffered saline (PBS) and then lysed with 100 �l of cell lysis buffer
(Promega). Cell lysate (5 �l) was mixed with 100 �l luciferase assay sub-
strate (Promega) and the light emission (integrated over 10 seconds) was
167
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quantitated with a luminometer (TD 20/20, Turner Scientific, USA). Light
emission was normalized to the protein concentration of each sample,
determined by the Bradford assay. The relationship between light units
and luciferase concentration was determined by establishing a standard
curve for the activity of purified firefly luciferase (Sigma).

Statistical analysis (t-test for independent samples after Levene homo-
geneity of variance test) was performed by using SPSS statistical software
package.

BrdU incorporation assays. Cells were grown on gelatin-coated coverslips
and transfected as described above. At the desired time points, BrdU was
added to the culture medium to a final concentration of 100 �M and after
1 hour cells were rinsed and fixed in paraformaldehyde (2% w/v in PBS) at
room temperature for 15 minutes. The coverslips were then treated with
50 mM NH4Cl at 37�C for 20 minutes to quench autofluorescence, and then
with Triton X-100 (0.5% in PBS) at room temperature for 15 minutes for
membrane permeabilization. Fragmentation of DNA was achieved by
exposing the cells to 1 M HCl at 37�C for 20 minutes. Cells were then
stained with a monoclonal antibody against BrdU (Roche Diagnostic), at
the dilution of 1:5, with standard techniques. Nuclei were counter-stained
with DAPI. The same procedure was applied to the time-matched, non-
transfected controls. The percentage of BrdU incorporation was calculated
by counting the ratio of BrdU positive versus total nuclei, randomly
choosing four fields per well (three wells per condition were used).

Cytoplasmic microinjection. Microinjections were performed essentially
as described [10], with a semi-automatic injection system (Eppendorf
Transjector 5246) attached to a micromanipulator (Eppendorf 5171).
168
Borosilicate thin-walled glass pipettes with filament (I.D. 0.78
mm, O.D. 1 mm) were made with a pipette puller (P97 Sutter
Instrument). Plasmid DNA (0.2 mg/ml) and tetramethilrho-
damine (TRITC)-dextran (0.5 mg/ml, MW 70 kDa, lysine-fix-
able, Molecular Probes) were microinjected in KG-medium (110
mM K+-glutamate, 30 mM NaCl, 2 mM MgCl2, pH 7.2) at 150
kPa over 0.2 seconds. Injections, performed at room tempera-
ture in bicarbonate-free minimal essential medium (�-modifi-
cation, �-MEM) supplemented with 10 mM Na-Hepes, pH 7.3,
delivered approximately 7500 copies of plasmid DNA in an
injection volume of approximately 280 ± 25 fl. We routinely
microinjected 100–150 cells on each laminin-coated coverslip
over a 15- to 30-minute period. Immunofluorescence photo-
graphs were taken with a Contax camera on Kodak EpH 1600
film using either a fluorescein or a rhodamine filter set (Zeiss).
Exposure time, scanning, and image processing parameters were
kept identical within individual experiments.

Intranuclear microinjections. The pL018 plasmid was injected
in the nuclei at the concentration of 0.01 mg/ml (in KG
medium) at 100 kPa over 0.1 second. Borosilicate thin-walled
glass pipettes with filament (I.D. 0.78 mm, O.D. 1 mm) were
made with a pipette puller (P97 Sutter Instrument). The shape
of the pipette and the injection parameters were modified to
optimize cell viability after injection. Survival rate after nuclear
injection was determined by injecting the cells with FITC-dex-
tran (70 kDa, Molecular Probes) and counting them at 2 and 4
hours postinjection. For the evaluation of expression efficiency,
exactly 100 successful injections were performed on each cov-
erslip. After 2 or 4 hours of incubation cells were rinsed twice
in PBS and then lysed with 100 �l of cell lysis buffer (Promega).
Cell lysate (20 �l) was mixed with 100 �l luciferase assay sub-
strate (Promega) and the light emission measured as described
above. Luciferase expression data were then normalized con-
sidering the different survival rates in the two cell lines, as eval-

FIG. 5. Intracellular trafficking of the complexes in C2C12 myoblasts
transfected with lipopolyplexes containing FITC-labeled plasmid.
After the end of transfections cells were re-plated and then fixed at
the indicated times. The lysosomal compartment was immunostained
with and anti LAMP-1 antibody. Original magnification, �100.
uated with the FITC-dextran injections. Such rates were found to be
approximately 80% (78 ± 2.9) in C2C12 and 60% (62 ± 5.5) in primary
myoblasts. The same injection conditions were also applied to evaluate
the volume of injection by delivering purified luciferase protein (Sigma)
at the concentration of 2.5 mg/ml and performing a luciferase assay on
the cell lysate immediately after injection. By comparing the cell read-
ings with the light emission obtained from a known amount of luciferase
solution, the injection volume was calculated to be 359 ± 38 fl in C2C12
and 233 ± 11 fl in primary myoblasts.

Quantitative single-cell fluorescence video-image analysis. Both
microinjected and transfected cells were observed with a Zeiss Axiovert
100 inverted fluorescence microscope equipped with a 63xNA 1.4
Planachromat objective using a quartz halogen illumination system. For
quantitative evaluation of the fluorescence associated with single cells,
images were captured with a cooled-CCD camera (Princeton Instruments,
USA). Image acquisition was controlled by the Metafluor software
(Universal Imaging Corp.), operating on a PC. The integrated fluores-
cence intensity of fluorescence signals, derived from approximately 100
injected cells per condition, were calculated from background-subtracted
images.

Immunocytochemistry. Immunocytochemistry was performed by stan-
dard techniques as described [10]. In primary myoblasts, lysosomes were
stained with mouse monoclonal antibodies raised against lysosome-asso-
ciated membrane protein LAMP-1, LAMP-2, and CD 63 (Hybridoma
Facility, John Hopkins University), early endosomes were identified with
a rabbit polyclonal antibody against the endosomal marker Rab5B (Santa
MOLECULAR THERAPY Vol. 5, No. 2, February 2002
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Cruz). Late endosomes were labeled with TRITC-dextran (7 mg/ml, MW
70 kDa, lysine-fixable, Molecular Probes). After the internalization of
TRITC-dextran for 20 minutes at 37�C, cells were chased in dextran-free
medium for 15 minutes at 37�C, washed thoroughly with ice-cold dex-
tran-containing medium (300 mg/ml) and fixed with 3% paraformalde-
hyde. For standard transfections, the labeling step was performed during
the last 20 minutes of exposure to the lipopolyplexes. For the “short time
co-localization” experiments, cells were instead exposed simultaneously
to the complexes and dextran for 20 minutes, chased in dextran-free
medium for 15 minutes, washed thoroughly with unlabeled dextran (300
mg/ml in full medium) and fixed. In C2C12 cells lysosomes were iden-
tified with a goat polyclonal antibody against the lysosome-associated
membrane protein LAMP-1 (Santa Cruz Biotechnology Inc.).
Colocalization of FITC-labeled DNA and subcellular organelles were per-
formed with a Zeiss 510 laser fluorescence confocal microscope, equipped
with a �100 objective.
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