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Cellular Imaging, Live Cell Imaging

Nuclear Translocation of RelA in Stimulated Macrophages
Using Image Analysis to Quantitate Protein Movement from the Cytoplasm to the
Nucleus
Paul Held, PhD, Laboratory Manager, Applications Department, BioTek Instruments, Inc., Winooski, VT

Abstract
As critical components of the innate immune system, macrophages respond to microbes
by recognizing molecules, such as the gram-negative bacteria product lipopolysaccharide
(LPS), via Toll-like receptors. Receptor activation stimulates a complex signaling network that
involves, among others, the NF-κB pathway. Here we quantitate the nuclear translocation of
the protein RelA, a component of the NF-κB transcription factor complex, in macrophages
using image-based analysis.
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Innate immunity is the first line of host
defense against infection and is critical for the
development of adaptive immunity. While all of
the white blood cells play a role in the immune
response, macrophages serve as the most
efficient phagocytes and can phagocytose
substantial numbers of cells, bacteria or other
microbes[1]. The binding of bacterial molecules
to receptors on the surface of a macrophage
triggers it to engulf and destroy the bacteria
through the generation of a “respiratory burst”,
causing the release of reactive oxygen species.
Pathogens also stimulate the macrophage to
produce chemokines, which summon other cells
to the site of infection[2] and cause inflammation
[3]
. These cell-surface receptors, called Tolllike receptors (TLRs), are pattern recognition
receptors that recognize conserved structures
of microbial-derived molecules or pathogen
associated molecular patterns (PAMPs), such as
bacterial cell wall components, bacterial DNA,
and viral RNA. One such component that binds
TLRs is lipopolysaccharide (LPS), which is an
outer membrane component of gram-negative
bacteria and a potent activator of monocytes and
macrophages. LPS has been demonstrated to
trigger the abundant secretion of many cytokines
from macrophages including IL-1(4), IL-6(5), and
TNF-α(6) as a result of changes in transcription
via the NF-κB complex. RelA, or p65, is a subunit
of this complex that normally resides in the
cytoplasm, but translocates into the nucleus
after stimulation.
The movement of proteins into the cell nucleus is
a tightly controlled process that involves nuclear
pore complexes (NPCs). Although small molecules
can enter the nucleus without regulation,
macromolecules such proteins require association

with transport factors, called importins to enter
the nucleus[7]. Proteins that must be imported
to the nucleus from the cytoplasm carry nuclear
localization signals (NLS) which act as a tag to
bind to importins. They are diverse in their
composition and are commonly hydrophilic,
consisting of one or more short sequences of
positively charged lysines or arginines exposed
on the protein surface. Importins, along with their
associated protein cargo, interact with nuclear
pore complexes to transition from cytoplasm
through the nuclear membrane into the nucleus.
This process is regulated by small Ras-related
GTPase, Ran, which binds the importin-cargo
complex inside the nucleus and causes importin
to lose affinity for its cargo[8].

Figure 1. Schematic of RelA (p65) regulation and
translocation.
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RelA is part of the heterodimer complex, NF-κB. Together
with p50, RelA interacts with various proteins in both
the cytoplasm and in the nucleus during the process
of classical NF-κB activation and nuclear translocation
(Figure 1). In the inactive state, RelA/p50 complex is
mainly sequestered by IκBα (Inhibitor of κB) in the
cytosol. TNFα, LPS and other factors serve as activation
inducers, followed by phosphorylation at residue 32
and 36 of IκBα, leading to its rapid degradation via the
ubiquitin-proteasomal system and subsequent release
of RelA/p50 complex[9]. IκBs are proteins that contain
multiple copies of a sequence called ankyrin repeats,
which by virtue of theses ankyrin repeat domains, mask
the nuclear localization signals (NLS) of NF-κB proteins
and keep them sequestered in an inactive state in the
cytoplasm[10]. With the loss of IκBα, the RelA nuclear
localization signal is now exposed and rapid translocation
of the NF-κB occurs. After NF-κB nuclear localization,
the RelA/p50 heterodimer functions as a transcription
factor, binding to a variety of gene promoters involved
numerous biological processes, including leukocyte
activation/chemotaxis, negative regulation of TNFIKK
pathway, cellular metabolism, and antigen processing[11].
Several tools have been developed to study protein nuclear
translocation. One such tool are RAW 264.7 G9 cells
(RAW G9). These cells are a modified mouse macrophage
cell line that constitutively expresses GFP-tagged RelA
using a lentiviral transfection system[12]. The fusion
protein partitions to the cytoplasm in unstimulated cells
and translocates to the nucleus after activation with LPS.

Materials and Methods
Cells
RAW 264.7 G9 cells stably expressing RelA-GFP were
generous gift from Iain Fraser (NIAID). DMEM (cat #
12430), Phenol red free DMEM (cat # 31053), Fluorobright/
DMEM (cat # A18967), FBS and Glutamine, Pen/Strep
were from Life Technologies Black sided, clear bottom
96-well (cat# 3904) microplates were from Corning. LPS
solution (P/N ALX-581-008-L001) was obtained Enzo Life
Sciences. Non-treated T-75 tissue culture flasks (P/N
15800) were from Nunc.

concentrations of LPS were added at 2x final concentration in a volume of 100 µL. After activation, cells were
washed 2x with PBS and then fixed for 15 minutes using
4% paraformaldehyde in PBS at RT. Following fixation,
cells were washed 2x with PBS and stained with Hoechst
33342 (10 µM) and Texas red-phalloidin (6.6 µM) in PBS
(with 0.1% Triton X-100) for 30 minutes at RT. Cells were
then washed 2x with PBS and 200 µL of PBS added to
maintain hydration during imaging.
Live Cell Experiments Process
For live-cell kinetic experiments, cells were seeded into
black-sided, clear bottom 96-well plates at 10,000 cells
per well using phenol red free media in a total volume of
100 µL and incubated overnight. The following day, cells
were stained with Hoechst 33342 (10 µM) for 20 minutes
at 37 °C. After nuclear staining, cells were washed 1x
with Fluorobright/DMEM media then 100 µL of
Fluorobright media was added.
Imaging exposure
settings for the DAPI and GFP channels were adjusted.
Once imaging settings were ascertained, LPS was
added at various concentrations in 100 µL of Fluorobright/
DMEM media and kinetic imaging begun immediately.
Imaging
Experimental
cultures
were
imaged
using
a
Lionheart™ FX Automated Microscope (BioTek
Instruments, Winooski, VT) configured with DAPI, GFP,
and TR light cubes. LED light sources in conjunction with
band pass filters and dichroic mirrors provide appropriate
wavelength light. The DAPI light cube uses a 337/50
excitation filter and a 447/60 emission filter, the GFP light
cube uses a 469/35 excitation filter and a 525/39 emission
filter, and the TR light cube uses a 586/15 excitation
filter and a 647/57 emission filter. Live-cell images were
captured kinetically using a 20x objective every 7.5
minutes for a period of 3 hours. Temperature control
(37 °C) and gas control (5% CO2) were enabled during the
imaging process.
Imaging
Parameter

Value

Channel

DAPI 377, 447
GFP 469, 525

Cell culture

Focus

Laser Auto Focus

RAW G9 cells were grown in DMEM supplemented with
10% FBS, 2 mM glutamine culture medium in a nontreated tissue culture flasks and maintained at 37 °C
in a humidified incubator with 5% CO2. Cultures were
routinely passaged at 70% confluence. Cells were
detached by adding cold 2 mM EDTA in PBS for 5 min.

Objectives

20x

Z-stack

No

Montage

No

Pre-Processing
Image Set

Fixed and Stained Experimental Process
For fixed-cell experiments, cells were seeded into
black-sided, clear bottom 96-well plates at 10,000 cells
per well using DMEM media in a total volume of 100 µL
and incubated overnight. The following day, various

GFP 469, 525
DAPI 377, 447

Background

Dark

Background Flattening

Rolling Ball
124 µm
150 pixels

Table 1. Imaging and Pre-Processing Parameters.
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The model employed uses the fluorescent signal of the
RelA-GFP chimera to quantitate localization through
dual mask analysis. Cells (live or fixed) are stained with
Hoechst 33342 dye and imaged in the DAPI and GFP
channels (Figure 3A).
The primary or nuclear mask
identifies the cell nucleus using threshold analysis of the
DAPI channel (Figure 3B). The secondary mask identifies
the cytoplasm. This mask is denoted by extending
the nuclear mask outward from the outer rim of the
primary mask (Figure 3C). It is further refined to exclude
background fluorescence using a threshold on the GFP
signal of the extended region (Figure 3D).
Primary Object Selection
Parameter
Channel

Value
Tsf[ [DAPI 377, 447]

Threshold

Figure 2. Comparison of untreated and stimulated RAW G9 cells.
(A) Cartoon depicting the migration of fluorescent moieties from the
cytoplasm to the nucleus as a result of receptor mediated stimulation.
(B) Live RAW G9 cells were stained with Hoechst 33342 and imaged
before and after stimulation with 10 ng/mL LPS for 60 minutes.

Value

5000

Background

Dark

Split touching obj.

Yes

Fill holes in masks

Yes

Advanced Options
Background Flattening

Analysis
The basis of the translocation assay is the movement of
fluorescence signal from the cytoplasm to the nucleus
as a result of cellular stimulation (Figure 2). These
experiments use a RelA-GFP chimera that is inherently
fluorescent. The relative fluorescence between the
nucleus and the cytoplasm can be used as a means to
assess stimulation. However, the localization of RelA is
a dynamic phenomenon that is not all or nothing. In
unstimulated cells RelA is found predominantly in the
cytoplasm, but not exclusively. With LPS binding of
the Toll receptors, RelA is allowed to translocate and
concentrate in the nucleus.

Figure 3. Determination of cytoplasmic and nuclear masks for
automated image-based calculation of NF-κB translocation. (A)
Live cells expressing RelA-GFP chimera stained with Hoechst 33342
are imaged in the DAPI and GFP channels. (B) Primary (nuclear)
mask is identified by object threshold of the DAPI signal. (C) The
secondary mask (cytoplasmic) is determined by expanding the
primary mask. (D) Threshold analysis on the GFP signal is also
applied to the secondary mask.
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Rolling Ball

25 µm

Smoothing

1

Background

5% lowest pixels

Object Size Selection
Min

6.5 µm

Max

30 µm

Include edge objects

Yes

Entire image

Yes

Table 2. Nuclear Mask Parameters.

After background flattening, dual mask image analysis
was used to identify stimulated cells. Cellular nuclei were
first identified as the primary mask using fluorescence
threshold and size exclusion on the DAPI signal as
selection criteria (Table 2). Once the primary mask
objects had been identified and counted, the outline of
the mask was expanded to denote the secondary mask
representing the cytoplasm (Table 3). The secondary
of cytoplasmic mask was further refined based on a
threshold of GFP fluorescence.

Cellular Imaging, Live Cell Imaging

Application Note
Secondary Mask Selection
Parameter

Value

Channel

Tsf [GFP 469, 525]

Background

Dark

Measure within a Primary
Mask

Yes

Reduce Primary mask
Measure within a Secondary
Mask

translocation positive cell (Figure 4). This value was
typically close to 2.5 for most experiments. Cells with TL
ratio values above this value were denoted as positive
and those below negative. The relative percentages of
positive cells is then calculated using the primary mask
count (cell count) as the total number of cells imaged.

0.5 µm
Yes

Distance from Primary
Mask

0.5 µm

Ring width

45 µm
3000

Threshold
Method

Propagate mask

Fill holes in mask

yes

Table 3. Cytoplasmic Mask Parameters.

With nuclear (primary) and cytoplasmic (secondary) masks
identified, cells positive for RelA nuclear translocation
can be identified. A custom metric can be calculated
using the ratio of the mean GFP signal from the nuclear
mask to the Mean GFP signal from the cytoplasm (Table
4). With an increase in translocation GFP fluorescence
will migrate from the cytoplasmic region to the nuclear
region of cells. This is reflected in a change in the
Translocation (TL) ratio.
Calculated Metrics
Data

Figure 4. Determination of positive cell threshold. Threshold criteria
for positive cells was determined from the nuclear to cytoplasmic
signal ratio of untreated control wells. The mean plus 2 standard
deviations.

Results
These data demonstrate that LPS can stimulate the
translocation of a RelA-GFP chimera from the cytoplasm
to the nucleus in RAW G9 cells that stably express the
protein.

Name

Cell Count

Cell Count

Object Mean
[Tsf[GFP 469,525]]

Nuclear GFP Mean

Object Mean_2 [Tsf[GFP
469,525]]

Cytoplasmic GFP Mean

Custom Metrics
TL Ratio Mean
Name

Metric
Nuclear GFP Mean

M1

Cytoplasmic GFP Mean

M2
M1/M2

Formula

Sub-Population Analysis
Parameter

Value

TL Pos Cells
TL Ratio Mean

Untreated Mean +2σ

Table 4. Image-Based Analysis.

Cells positive for translocation can be identified using
subpopulation analysis. The TL ratio of untreated cells
can be used to define cells positive for translocation.
The mean TL ratio plus 2 times its standard deviation
was subsequently used as the minimum value for a
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Figure 5. Localization of RelA-GFP in untreated and stimulated
RAW G9 cells. RelA-GFP expressing cells were either stimulated with
3 ng/mL LPS for 60 minutes or left untreated prior to fixation with 4%
paraformaldehyde. After fixation cells were stained with Hoechst
33342 and TR-phalloidin for 30 minutes. After staining, cells were
imaged using a 20x objective in the DAPI, GFP and TR channels.
Images represent an optically zoomed portion of the image area.
Composite images depict overlaid GFP and DAPI channels.

Application Note
As observed in Figure 5, RAW G9 cells have a
spindle shape, as depicted by the phalloidin stained
cytoskeleton. In untreated cells RelA-GFP is primarily
localized in their cytoplasm as GFP fluorescence can be
observed the length of the cells. A halo of fluorescence
surrounds the nucleus of many cells with relatively low
amounts of GFP in the nuclear region. Stimulation with
3 ng/mL LPS for 60 minutes results in the movement
of GFP fluorescent signal from the cytoplasm to the
nucleus. Bright GFP fluorescence is now observed in
the nuclear region, with a diminishment of signal in the
cytoplasmic region, as observed from the composite
images. This consolidation is not the result of changes
in cell morphology as the cytoskeleton exhibits the
same spindle shape with LPS stimulation. Another
item to note is that there exists a certain degree of
stimulation in untreated cells, with a small proportion
(typically <10%) exhibiting substantial nuclear GFP
fluorescence.
Likewise, not all cells seem to be
stimulated with LPS treatment, with approximately 15%
seeming to be refractive.

Cellular Imaging, Live Cell Imaging
Live cell imaging can also be used in this application
using the same image capture, processing and analysis
metrics. Figure 6 demonstrates the dynamic movement
of RelA-GFP to the nucleus with LPS stimulation in live
cells. Over time, significant amounts of the observed
GFP signal moves from the cytoplasm to the nucleus.
After 60 minutes of LPS exposure, a majority of cells
have GFP fluorescence mostly confined to the nucleus.
With continual stimulation, RelA remains in the nucleus.
Nearly all of the RelA-GFP fluorescence is observed
in the nucleus of cells stimulated for 120 minutes.
Image analysis can be used to quantify the degree
of stimulation over time. Using the ratio of mean GFP
fluorescence in the nucleus to that of the cytoplasm
as the defining criteria, cells can be denoted as
positive or negative for RelA translocation. The cut off
value is determined from unstimulated controls. As
demonstrated in Figure 7, approximately 15% of
the untreated cells exhibit some degree of nuclear
translocation. The percentage of cells positive for
nuclear translocation rapidly increases to over 80%
within 45 minutes of exposure to 100 ng/mL LPS. Once
maximal stimulation is achieved there is no observed
decrease over the time of exposure. Cells treated with
lower concentrations of LPS exhibit a lower rate of
increase in the percentage of positive cells and a lower
maximal percentage (Figure 7).

Figure 7. Kinetic Effect of LPS on RelA translocation. RAW G9cells
were stimulated with different concentrations of LPS and imaged
kinetically for 3 hours. Image analysis identified translocation positive
cells and plotted the percentage of positive cells against elapsed
time. Data points represent the mean of eight determinations.

BioTek's Gen5™ Microplate Reader and Imager Software
can be used to provide data reduction from the kinetic
data generated after image analysis. As shown in Figure
8, Gen5 can determine the area under the curve (AUC)
or integral for each LPS concentration. Note that the
AUC calculation can be performed for the entire extent
of the experiment or some portion of the total, based
on time or image cycle as desired by the investigator.
Figure 6. Time-lapse images of RAW G9 Cells stimulated with
30 ng/mL LPS.
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Temporal experiments can be performed on fixed and
stained cells by exposure to LPS for differing durations
prior to fixation. Using the same analysis criteria, Figure
11 demonstrates the delay between exposure and
measurable translocation with fixed cells, which appears
to be roughly the same as that for live cells seen in
Figure 7.

Figure 8. AUC of Percent Positive kinetic plots. The area under
the curve (AUC) or integral of the kinetic plots for each well are
automatically calculated and plotted against LPS concentration. The
blue striping represents the AUC for 100 ng/mL LPS, while the green
and red represent 10 ng/ml and 0 ng/mL respectively.

The resultant AUC values can be used to show the effect
of LPS concentration on RelA nuclear translocation.
As demonstrated in Figure 9, LPS has a concentration
dependent relationship with RAW G9 cell activation, as
measured by RelA translocation, when cells are imaged
kinetically over a period of 3 hours. There seems to be
a concentration threshold, as very little translocation
is observed at LPS concentrations less than 1 ng/mL.

Figure 11. Time course for LPS Activation of RAW G9 cells. RAW
G9 cells were treated with 30 ng/mL of LPS for various periods of time
before the fixing with 4% PFA. After fixation cells were stained with
Hoechst 33342 and imaged as described previously. Data represents
the mean and standard deviation of 8 determinations.

Likewise, LPS titrations with different activation times can
be performed with fixed cells. Figure 12 demonstrates
the results from image analysis of fixed cells. Like kinetic
experiments, where live cells are imaged, fixed cells
demonstrate a time delay between initial activation and
measureable translocation that cannot be overcome with
increasing drug concentration. As with live cell kinetic
experiments, there exists both a LPS threshold and a
time delay as RelA translocates from the cytoplasm to
the nucleus.
Figure 9. Effect of LPS concentration on Kinetic RelA Translocation.
The AUC for each LPS concentration was plotted.

RAW G9 cell activation can also be measured as an
end point determination rather than kinetically in either
live cells or after fixation with paraformaldehyde. As
observed in Figure 10, activation of RAW G9 cells
with various concentrations of LPS for 120 minutes
results in similar titration curves.
Fixation often
results in a variable attenuation of GFP fluorescence
making exact comparisons of results difficult.

Figure 10. Comparison of Fixed cell and Live Cell LPS titration. The
percentage of positive cells at 120 minutes of exposure to LPS for
each concentration was plotted from live cell imaging and fixed cell
imaging experiments. Data points represent the mean and standard
deviation of 8 determinations.
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Figure 12. Effect of Exposure time and LPS Concentration on Raw
G9 Activation with Fixed and Stained cells. RAW G9 cells were
exposed to various concentrations of LPS for different amounts of
time (min). The titration results for different activations times were
then plotted and compared. Each data point represents the mean
and standard deviation of 4 determinations.

Application Note
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Discussion
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