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ABSTRACT

Monocyte/macrophage cell lines are fas-
tidious cells commonly used in transient
transfection experiments. In the course of a
study of gene regulation by lipopolysaccha-
ride (LPS), we have compared several meth-
ods for DNA-mediated cell transfection to
determine which would be optimally applic-
able to the macrophage line, RAW 264.7.
Both the response level (LPS inducibility)
and the degree of inter-assay variation were
evaluated for each transfection technique.
The following methods were compared:
LIPOFECTIN®, LIPOFECTAMINE™, LIPOFECT-
AMINE PLUS™, SuperFect™ , Ca3(PO4)2
DNA co-precipitation, DEAE dextran-medi-
ated transfection and electroporation. The
transfected plasmid DNA included a lu-
ciferase reporter construct containing the
junB minimal promoter under the control of
an LPS-inducible 1300-bp regulatory frag-
ment downstream of junB 5′-flanking se-
quence, as well as a β-galactosidase re-
porter construct under the adenovirus
promoter and enhancer used as an internal
control. Electroporation, followed by a rest-

ing period of 16–24 h before stimulation
with LPS, had the highest inducibility of all
methods. DEAE dextran and Ca3(PO4)2
precipitation showed the least and the great-
est inter-assay variation, respectively. For
all other methods, inter-assay variability fell
within this range. The results presented may
serve as both a general reference and a
guide for reporter gene studies in this or
other macrophage cell lines.

INTRODUCTION

Endotoxin (lipopolysaccharide [LPS]),
a constituent of the outer membrane of
the cell wall of gram-negative bacteria,
stimulates macrophages to produce and
release endogenous mediators by means
of the coordinated activation of a gene
cascade. The inflammatory properties of
LPS may contribute to catastrophic re-
sponses in humans, such as those occur-
ring during sepsis. LPS possesses
pleiotropic activities and affects cells of
different lineages. Macrophages, how-
ever, play a central role in the inflamma-
tory response to LPS, and it is therefore
of interest to study the effect of LPS on
gene activation in these cells. The RAW
264.7 cell line has been used as a model
for studying LPS gene effects in
macrophages (4).

The immediate early gene, junB, is
activated by LPS in the mouse macro-
phage-like cell line, J774 (2) and in the
RAW 264.7 murine cell line (Frazier-
Jessen, unpublished data). Thus, junB
reporter constructs can be used to define

the elements responsible for the activa-
tion of junB by LPS in RAW 264.7 cells.
An adequate characterization of gene
activation involves optimization of
transfection protocols for maximal sig-
nal-to-background ratio and low inter-
assay variability. Various transfection
methods were used to identify a tech-
nique that satisfied these criteria. Here,
we report a characterization of these
methods with respect to response differ-
ential and assay robustness. 

MATERIALS AND METHODS

Reagents

LPS from Escherichia coli (serotype
0111:B4) and chloroquine were pur-
chased from Sigma (St. Louis, MO,
USA) and dissolved in phosphate-
buffered saline (PBS). Products pur-
chased from Life Technologies
(Gaithersburg, MD, USA) included
LIPOFECTIN®, LIPOFECTAMINE™,
LIPOFECTAMINE PLUS™, Calcium
Phosphate Transfection System and
OPTI-MEM®. SuperFect™ Transfec-
tion Reagent was obtained from Qiagen
(Valencia, CA, USA) and DEAE dex-
tran (average mol wt 500 000) was pur-
chased from Amersham Pharmacia
Biotech (Piscataway, NJ, USA).

Cell Culture

The murine macrophage cell line
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RAW 264.7 was cultured in RPMI
1640 medium supplemented with 2
mM L-glutamine (BioWhittaker, Walk-
ersville, MD, USA), 100 µg/mL gen-
tamicin (Life Technologies) and 10%
fetal bovine serum (R10; BioWhittak-
er). Cells were maintained in a humidi-
fied atmosphere of 5% CO2 at 37°C.

Plasmids

The construction of plasmids used in
this study has been previously de-
scribed (1). The plasmid construct,
pGL2JP/1.5-2.8DR, contains the mu-
rine junB promoter and a 1300-bp re-
gion of DNA that lies downstream of
the junB coding region. The carrier
plasmid used in the electroporation
transfections was pGL2.NOT1, encom-
passing the pGL2Basic vector (Pro-
mega, Madison, WI, USA) with an ad-
ditional Not1 cloning site added as an
intermediate step in the construction of
the junB reporter gene vectors. All tran-
sient expression experiments included
co-transfection with pADβ plasmid, a
vector in which expression of β-galac-
tosidase (β-gal) is regulated by the ade-
novirus major late promoter (CLON-
TECH Laboratories, Palo Alto, CA,
USA). All plasmids used for transfec-
tion were purified twice on cesium
chloride-ethidium bromide gradients
(3).

Calcium Phosphate Transfection

Calcium phosphate transfections
were performed by the method of
Smith et al (4). Briefly, for each trans-
fection, a set of four wells containing 5
× 105 cells was distributed in 24-well
plates in 1.0 mL of R10 and incubated
for 16–24 h in 5% CO2 at 37°C. Calci-
um phosphate/DNA precipitates were
made in 1-mL volumes with 3.0 pmol
of pGL2JP/1.5-2.8DR and 3.0 pmol of
pADβ, according to the manufacturer’s
instructions. The medium was aspirated
from the wells containing the cells.
Each calcium phosphate/DNA precipi-
tate was divided into four of the wells,
followed by an incubation at room tem-
perature for 20 min. Two milliliters of
R10 were added to each well, and
plates were incubated in 5% CO2 at
37°C for 2 h. Chloroquine was added to
each well to a final concentration of

100 µM, and the incubation was con-
tinued for an additional 3 h. Medium
was aspirated from the wells, and the
cells  were carefully washed in 1.0 mL
of PBS. Wells were replenished with 2
mL of R10 and incubated in 5% CO2 at
37°C for a total of 24 h from the start of
transfection.

DEAE Dextran Transfection

For transfection with DEAE dex-
tran, the cells were seeded 16–24 h be-
fore transfection in 6-well plates at a
density of 1 × 106 cells in 2.0 mL of
R10. For each transfection, 2 pmol of
pGL2JP/1.5-2.8DR and 2 pmol of
pADβ were diluted into 600 µL of PBS
containing 20 µL of 10 mg/mL DEAE
dextran (322 µg/mL final). Cells were
washed once in PBS, then incubated
with DEAE dextran/DNA for 30 min in
5% CO2 at 37°C. Two mL of RPMI
containing 100 µM chloroquine (with-
out serum) were added to each well,
followed by incubation for 90 min in
5% CO2 at 37°C. Cells were washed
once in PBS and cultured in R10 for a
total of 24 h from the start of transfec-
tion.

LIPOFECTIN Transfection

For each transfection with LIPO-
FECTIN, 1 × 106 cells were distributed in
6-well plates with 2.0 mL of R10 with-
out antibiotics and incubated for 16–24
h in 5% CO2 at 37°C. Transfections
were performed according to the manu-
facturer’s instructions with 6 µL LIPO-
FECTIN and 1 pmol each of pGL2JP/1.5-
2.8DR and pADβ plasmids. Samples
were incubated for 5 h in 5% CO2 at
37°C before the addition of 1.0 mL of
RPMI 1640/20% fetal calf serum
(FCS), then incubated again at 37°C for
a total of 24 h from the start of transfec-
tion.

LIPOFECTAMINE and LIPOFECT-
AMINE PLUS Transfections

Cells were incubated in 6-well
plates as in the LIPOFECTIN transfec-
tions. Transfection reagents—6 µL
LIPOFECTAMINE reagent or 4 µL LIPO-
FECTAMINE and 6 µL of PLUS reagent
diluted in OPTI-MEM medium—were

used according to the manufacturer’s
instructions. Every transfection includ-
ed 0.25 pmol each of pGL2JP/1.5-
2.8DR and pADβ plasmid and was
treated as in LIPOFECTIN transfections. 

SuperFect Transfection

For each transfection, 1 × 106 cells
were distributed in wells of 6-well
plates in 2 mL of R10 without antibi-
otics and incubated for 16–24 h in 5%
CO2 at 37°C. Transfections were per-
formed according to the manufacturer’s
instructions using 5 µL of SuperFect
reagent and 0.25 pmol each of
pGL2JP/1.5-2.8DR and pADβ plas-
mids. Reagent/DNA was incubated
with the cells for 2 h at 37°C, then
washed 3 times in 2 mL of PBS. Wells
were replenished with 2 mL of R10 and
incubated at 37°C for a total of 24 h
from the start of transfection.

Electroporation

Cells were pelleted and resuspended
to 2 × 107 cells/mL in R10. Then, 250
µL of cell suspension (5 × 106 cells)
were electroporated at room tempera-
ture with 1.0 pmol of pGL2JP/1.5-
2.8DR plasmid, 1.0 pmol of pADβ
plasmid and 3.0 pmol of carrier plas-
mid per transfection. Electroporation
was performed with a CELL-PORATOR®

(Life Technologies) at 200 V and 1600
µF on low-resistance setting. Electro-
porated cells were incubated in 10 mL
of R10 in 15-mL tubes in 5% CO2 at
37°C for the indicated times.

Stimulation of Transfected Cells
With LPS

After the specified incubation peri-
od, all transfected cells were stimulated
for 4 h with 1 µg/mL LPS before har-
vesting.

Assay of Luciferase and β-Gal

Electroporated cells were pelleted,
washed with PBS and lysed for 15 min
at room temperature in 50 µL of
reporter lysis buffer (Promega). LIPO-
FECTIN, LIPOFECTAMINE, LIPO-
FECTAMINE PLUS, calcium phosphate,
SuperFect and DEAE-dextran transfect-
ed cells were washed once with PBS in
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the plates, lysed for 15 min in 100 µL of
reporter lysis buffer and harvested by
scraping cells from the wells.
Luciferase and β-gal were then assayed
as previously reported (1). For all cell
lysates, reporter gene luciferase activity
was normalized by dividing the β-gal
value from the same lysate (normalized
luciferase value). 

RESULTS

To minimize interference by unde-
sired contaminants, all reporter plas-
mids used in this study were purified
by two rounds of CsCl-gradient cen-
trifugation. DNA prepared by the CsCl-
gradient method has also been reported
to yield the highest transfection effi-
ciencies (5). Several luciferase plasmid
constructs (1) of various regions of the
junB promoter/enhancer and a con-
struct containing the full-length gene
were tested for inducibility in RAW
264.7 cells in preliminary screening ex-
periments (data not shown). 

From the results of these experi-
ments, pGL2JP/1.5-2.8DR was select-
ed because it gave the greatest amount
of inducibility based on the calcium
phosphate protocol. Using this lu-
ciferase reporter plasmid, we tested
various transfection methods, including
LIPOFECTIN, LIPOFECTAMINE, LIPO-
FECTAMINE PLUS, SuperFect, Ca3
(PO4)2 DNA co-precipitation, DEAE
dextran-mediated transfection and elec-
troporation. We found that RAW 264.7
cells could be transiently transfected
with all methods used. All techniques
were independently optimized in this
cell line for the amount of DNA,
amount of transfection reagent, cell
number and length of exposure of cells
to the transfection reagents. 

The optimal time for assaying tran-
scription following transfection was
determined based on known qualities
of each procedure and on experimental
data. When transfecting by electropora-
tion, plasmid DNA is introduced into
cells through pores in the cell mem-
brane formed by the electrical current.
Approximately 15% of the RAW 264.7
cells survive after being electroporated
(data not shown), although the plasmid
DNA expression is rapid compared to
that of the other reagent-mediated

transfection techniques. In contrast,
LIPOFECTIN, LIPOFECTAMINE, LIPO-
FECTAMINE PLUS, calcium phos-
phate, SuperFect, and DEAE dextran

are chemical-based transfection meth-
ods, in which the uptake of plasmid
DNA is either by charge interaction
with and transfer through the mem-
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Table 1. Inter-Assay Variation of Transfection Methods as Determined by Coefficients of Varia-
tion for Uncorrected and Normalized Luciferase Activity

Figure 1. Time dependency of LPS inducibility of the junB-promoter/enhancer, conferred by LPS on
electroporated RAW 264.7 cells. Cells were electroporated with pGL2JP/1.5-2.8DR luciferase reporter,
pADβ, β-gal reporter and the carrier, pGL2.NOT1. The electroporated cells were then incubated for 0, 4, 16
or 24 h before the addition of 1 µg/mL LPS for 4 h. (Error bars indicate standard errors of the mean.)

Uncorrected Normalized
Method Luciferase Value Luciferase Value

DEAE Dextran (5) 30.4 30.3

LIPOFECTIN (5) 54.2 49.8

Electroporation 24 h (4) 84.0 56.0

LIPOFECTAMINE PLUS (5) 126.6 72.3

LIPOFECTAMINE (5) 124.5 77.3

SuperFect (5) 46.1 89.4

Calcium Phosphate (7) 137.3 96.9

The number of transfection experiments performed for each technique is written
in parentheses next to the technique.
Normalized luciferase value is calculated by dividing the luciferase reading by the
β-gal reading from the same sample.
The cv for the uncorrected and normalized luciferase values was calculated from
the number of experiments performed with each method.
cv = standard deviation divided by the mean and multiplied by 100.
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brane or by DNA precipitation and
phagocytosis of the precipitated com-
plexes. These reagent-mediated meth-
ods are relatively gentle and cause less
cell death when compared to electropo-
ration, but entry of the plasmid DNA
into the cell and its subsequent expres-
sion takes longer. A 24–72-h interval is
usually recommended to allow for opti-
mal expression of the plasmid DNA af-
ter reagent-mediated transfection.
Based on the supplier’s recommenda-
tion, an experiment was performed us-
ing LIPOFECTIN, LIPOFECTAMINE and
LIPOFECTAMINE PLUS to determine
the point at which luciferase and β-gal
expression were the greatest. RAW
264.7 cells were transfected with
pGL2JP/1.5-2.8DR and pADβ plas-
mids, and samples were harvested at
24, 31, 48, 55 and 72 h. Reporter plas-
mid gene expression was found to be
the highest at 24 h and decreased at lat-
er time points (data not shown).

We next explored the effect of re-
covery time on transfection perfor-
mance. In our calcium phosphate,
SuperFect and DEAE dextran transfec-
tions, the reagents were washed away
from the cells after 5, 2 or 2 h of incu-
bation, respectively. For LIPOFECTIN,
LIPOFECTAMINE and LIPOFECT-
AMINE PLUS, the reagents were left
on the cells for the entire incubation
time, but at one-half the starting con-
centration. We assessed the degree to
which a recovery time for the cells ex-
posed to these reagents affects trans-
fection performance. LIPOFECTAMINE
PLUS, which has a mode of action
similar to some of the other reagent-
based methods, was selected. RAW
264.7 cells were transfected, with
pGL2JP/1.5-2.8DR and pADβ plas-
mids, and one-half of the transfected
samples were incubated with medium
alone or in the presence of LPS (1
µg/mL) for 4 h starting at times 0, 4, 24
or 48 h after transfection. The LPS in-
ducibility, calculated after β-gal nor-
malization, was 3.3, 9.1, 5.9 and 6.0,
respectively (data not shown). Thus,
recovery time does not appear to affect
performance in cells transfected by
LIPOFECTAMINE PLUS. Note that the
other reagent-based methods have
even less exposure to potentially toxic
chemicals than the LIPOFECTAMINE
PLUS method. Hence, it is unlikely
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Figure 2. Comparison of average inducibilities of the junB promoter/enhancer, conferred by LPS,
on RAW 264.7 cells using various transfection methods. RAW 264.7 cells were transfected using var-
ious techniques as described in Materials and Methods and stimulated with 1 µg/mL LPS for 4 h. (A) Av-
erage of β-gal-normalized inducibility values and (B) average non-normalized inducibility values for the
various methods tested. At least four individual experiments were performed for each method. (Error
bars indicate standard errors of the mean.)

A

B
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that recovery time has any impact on
performance of reagent-mediated
transfections. Therefore, a 24-h time
interval after the start of transfection
was chosen as a standard time to initi-
ate LPS stimulation for comparison of
all reagent-mediated transfection tech-
niques. 

In the case of electroporation, the ef-
fect of recovery time after transfection
on junB inducibility by LPS was stud-
ied in detail because the method dam-
ages the cells at the same time it pro-
motes DNA transfection. RAW 264.7
cells were transfected by electropora-
tion and then induced with LPS after
various time intervals. Inducibility of
the junB construct in these cells was de-
termined by incubating one-half of the
transfected samples with medium alone
or in the presence of LPS (1 µg/mL).
Little inducibility was observed when
LPS stimulation was performed imme-
diately after electroporation (Figure 1).
A substantial increase in inducibility
(to 41.5), however, was observed by in-
creasing the resting time up to 24 h be-
tween transfection and LPS treatment.
In addition, the luciferase activity
waned at time points greater than 24 h
because of the degradation of the lu-
ciferase signal (data not shown). Thus,
24 h was the optimal delay for detec-
tion of activity in these cells after elec-
troporation. 

A comparison of junB inducibility
by LPS in RAW 264.7 cells for all
transfection methods is shown in Fig-
ure 2A. LPS inducibility in cells trans-
fected by all reagent-mediated methods
was less than that seen in electroporat-
ed cells, with calcium phosphate being
the second best at 14.4. The lowest in-
ducibility of 2.76 was obtained using
LIPOFECTIN, although all techniques re-
sulted in some LPS inducibility. LPS
inducibility was also calculated for
each transfection method with or with-
out β-gal normalization (Figure 2, A
and B). The overall pattern of in-
ducibility was similar for normalized
and non-normalized (uncorrected) data.
Because normalization corrects for dif-
ferences in transfection efficiency be-
tween samples, as well as for the poten-
tial differences in the number of cells
harvested, the normalized values repre-
sent a more reliable estimate of in-
ducibility.

Variation of reporter gene activity
from transfection to transfection is a
measure of a method’s robustness. To
assess this, we performed four or more
independent experiments with each
method and calculated the coefficient
of variation (cv). DEAE dextran
showed the lowest cv for both uncor-
rected and β-gal-normalized luciferase
expression (Table 1). The calcium
phosphate technique showed the high-
est cv for both uncorrected and normal-
ized luciferase expression. 

DISCUSSION

Among the eukaryotic cell transfec-
tion methods examined, electropora-
tion showed the greatest inducibility of
a junB reporter gene in RAW 264.7
cells (41.5 vs. 14.4 for calcium phos-
phate, the second best). On the other
hand, inducibility for DEAE dextran
transfection was comparably low, but
showed the lowest cv (30.3 vs. 56.02
for electroporation) calculated for β-
gal-normalized luciferase activity.

The cv for the β-gal-normalized lu-
ciferase values ranged from 30.3 for
DEAE dextran to 96.9 for the calcium
phosphate method. The cv for the β-
gal-normalized luciferase activity was
lower than the uncorrected luciferase
activity in all cases except for the Su-
perFect method, which indicated that
normally the two parameters are corre-
lated. β-gal normalization is therefore
effective for compensating for inter-as-
say variation ascribable to transfection
efficiencies. The discrepancy observed
with the SuperFect method suggests
that normalization by β-gal co-trans-
fection by this method may not be ap-
propriate. This may be due to dis-ho-
mogeneous insertion of plasmid DNA
by this method, resulting in only partial
overlapping populations of cells trans-
fected with both plasmids.

In conclusion, of the different tran-
sient transfection techniques evaluat-
ed, electroporation is superior overall
when a larger induction window is de-
sired. If experiment-to-experiment
variation is the greatest concern,
DEAE dextran transfection should be
considered. These results may serve as
a general guide to other investigators
with an interest in performing reporter

gene studies in RAW 264.7 cells or
similar cells. 
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