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Precisely identifying the type of programmed cell death is one of the key questions in contemporary biomedical
research. We developed a straightforward approach allowing quantitative discrimination between two types of
cell death on the single cell level: apoptosis and necroptosis. This method uses the combination of imaging flow
cytometry with classical Annexin V/propidium iodide staining, which allows for the ascertainment of typical
features of dying cells: exposure of the phospholipid phosphatidylserine and the loss of membrane integrity.
Image-based analysis of nuclearmorphology enables us to distinguish between secondary necrotic/late apoptotic
and necroptotic cells directly in one assay. This is a major advantage compared to other contemporary
approaches of necroptosis detection, which require a parallel application of several methods. This approach
can be used for the quantitative assessment of cell death in cell and systems biology studies of signal transduction
networks.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Programmed cell death (PCD) is essential for regulation of homeo-
stasis and elimination of unneeded, damaged, or infected cells in multi-
cellular organisms (Galluzzi et al., 2014). PCD deregulation contributes
to cancer, as well as neurodegenerative and autoimmune diseases.
Apoptosis is one of the best studied forms of programmed cell death
which depends on the activation of cysteine-dependent aspartate-
specific proteases - caspases (Krammer et al., 2007; Lavrik and
Krammer, 2012; Schleich et al., 2012). Apoptosis can be triggered by a
number of factors including chemotherapeutic drugs, growth factor
withdrawal and death receptor (DR) activation. Recently, major prog-
ress has been achieved in the investigation of non-apoptotic forms of
cell death, particularly programmed necrosis or necroptosis (Ofengeim
and Yuan, 2013; Galluzzi et al., 2011). Necroptosis is crucially dependent
on the activation of both kinases RIP1 and RIP3, leading to oligomeriza-
tion of the pseudokinaseMLKL and subsequently plasmamembrane rup-
ture (Cho et al., 2011; Moriwaki and Chan, 2013; Vandenabeele et al.,
2010; Wang et al., 2014). Specific inhibitors of the necroptotic signaling
pathway, necrostatins, were developed to target the kinase activity
receptor; PI, propidium iodide;
, mixed lineage kinase domain-
er fas ligand.
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of RIP1 (Degterev et al., 2005, 2008). However, despite the fascinating
progress in understanding necroptotic signaling, a straightforwardmeth-
odology to distinguish between these two types of cell death is currently
missing (Vanden Berghe et al., 2010, 2013; Makarov et al., 2013). A com-
bination of several pharmacological and transgenicmethods of PCD anal-
ysis is implemented conventionally to distinguish between apoptosis or
necroptosis and is mostly associated with a number of technical difficul-
ties (Galluzzi et al., 2014). Here we describe an imaging flow cytometry-
based approach allowing for the ultimate quantitative distinction be-
tween programmed necrosis and apoptosis at the single cell level.

Cells undergoing apoptosis or necrosis have clearly distinct
morphological features. The hallmarks of the apoptotic pathway
are phosphatidylserine exposure on the cellular surface occurring
at the initial or early apoptosis stages, which is followed bymembrane
blebbing, nuclear fragmentation, decreased cellular volume and a forma-
tion of apoptotic bodies (Krammer et al., 2007).Morphological features of
programmed necrosis include early plasmamembrane rupture, rapid cy-
toplasmic and nuclear swelling and organelle breakdown (Vandenabeele
et al., 2010). In this work tomeasure cell death we used the imaging flow
cytometer FlowSight® (Amnis®, part of EMDMillipore) for cell death de-
tection. FlowSight® belongs to the cutting edge imaging flow cytometers
that provide unique opportunities in detecting and preparing images of
individual cells analyzed from the bulk cell population. The combination
of microscopy and flow cytometry in one device makes it possible to
take images of a bright field and up to 10 fluorescence channels in 20×
magnification of several thousand cells in a short period of time. In addi-
tion, various image features can be analyzed, providing valuable
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information on cellular functions. Hence, this method uses the powerful
combination of two techniques: the high-throughput measurement of a
large number of cells byflowcytometry and the informationonmicrosco-
py images including automated analysis. This cutting edge technology in
combination with the classical Annexin V/propidium iodide staining
allowed us to establish the method for distinguishing apoptosis and
necroptosis at the single cell level.

2. Material and methods

2.1. Cell culture and cell death induction

282 Jurkat cells were cultivated at 37 °C and 5% CO2 in RPMI media
(Biochrom) with 10% heat-inactivated FCS (Life Technologies) and 1%
penicillin/streptomycin (Merck Millipore). CD95-mediated apoptosis
was triggered via administration of 100 ng CD95L (SuperFasLigand
(SFL), Enzo) for 16 h, while CD95L-mediated necroptosis was induced
by 100 ng SFL for 16 h after pre-incubation of pan-caspase inhibitor
zVAD-fmk (50 μM) (Bachem) and IAP antagonist BV6 (5 μM) (kindly
provided by Genentech, Inc.) for 1 h.

2.2. Annexin V/propidium iodide staining

0.5–1 × 106 cells were stimulated to induce cell death. At an appro-
priate time point, cells were harvested by transferring them with the
complete medium into 1.5 ml reaction tubes. Cells were centrifuged at
500 ×g for 5 min at 4 °C and the supernatant was aspirated. Cells were
washed with 1 ml PBS and resuspended in 100 μl staining buffer
(Annexin V-FLUOS staining Kit, Roche) by mixing 2 μl of Annexin-V-
FLUOS and 2 μl propidium iodide (PI) in incubation buffer according to
manufacturer's instructions. The cells were incubated for 15 min at
room temperature and protected from light. After centrifugation at
500 ×g for 5 min at 4 °C, the staining buffer was aspirated and cells
were resuspended in 100 μl PBS. Samples were not stored, but analyzed
immediately.

2.3. Quantification of necroptotic, early and late apoptotic cell populations

Sampleswere analyzedwith the imagingflow cytometer FlowSight®
(Amnis®, part of EMDMillipore). The 488 nm laser was used for excita-
tion. Debris and doublets were gated out. Bright field (430–480 nm),
Annexin V-FLUOS (505–560 nm) and PI (595–642 nm) channel were
measured and at least 10,000 events of single cells per sample were
collected. Color compensation is necessary as FLUOS andPI have overlap-
ping emission spectra. Additional single-labeled samples were prepared,
which contain dead cells and serve as a positive control for single stain-
ing of Annexin V-FLUOS or PI, respectively. Color compensationwas used
to eliminate false positive FLUOS-fluorescence in the channel inwhich PI
is acquired. For analysis the IDEAS version 6.0 was used. Gating strategy
was the following. First, focused single cells are identified (usinggradient
root mean square of the bright field image then bright field area and
Table 1
| Description of the functions used for image-based analysis of PI-stained nucleus (source: Am

Feature/mask Description

Contrast feature The contrast feature measures the sharpness quality of an image by d
focused objects. For every pixel, the slopes of the pixel intensities are

Morphology mask The morphology mask includes all pixels within the outermost image
use in calculating the values of overall shape-based features.

Intensity feature The intensity feature is the sum of the background subtracted pixel va
Threshold mask The threshold mask is used to exclude pixels, based on a percentage o

starting mask when creating the threshold mask.
Gradient RMS The gradient root mean square (RMS) feature measures the sharpness q

for the selection of focused objects. The gradient RMS feature is compu
Area The number of microns squared in a mask is equal to the area. The nu
Aspect ratio Aspect Ratio is the value of Minor Axis divided by the one of the Majo
aspect ratio, respectively) (Table 1, Suppl. Fig. 1). Depending on fluores-
cence intensity of Annexin V-FLUOS and PI, the populations can be dis-
tinguished into double negative (healthy) cells, Annexin-V positive
(early apoptotic cells) and double positive (late apoptotic and
necroptotic) cells. Using the image based features intensity threshold
(N30%) and contrast morphology for the PI-channel, discrimination be-
tween late apoptotic and necroptotic cell of the double positive popula-
tion is achieved. (Please find a detailed definition of the IDEAS features
in Table 1.).

3. Results

3.1. Using Annexin V/propidium iodide staining to identify healthy and
dying cells

CD95 is a member of the DR family. Triggering CD95 induces cell
death in the sensitive cells. To induce apoptosis Jurkat cells were
stimulated with 100 ng CD95L for 16 h. To trigger necroptosis, Jurkat
cells stimulated with 100 ng CD95L for 16 h after pre-incubation
with 5 μM IAP antagonist BV6 and 50 μM caspase inhibitor zVAD-
fmk for 1 h. This was followed by the conventional Annexin
V-FLUOS and propidium iodide (PI) staining of the cells and imaging
flow cytometry. Annexin V is a protein that binds to the phospholip-
id phosphatidylserine, but cannot enter the cell. Phosphatidylserine is
located at the inner side of the membrane. However, upon apoptosis
induction, its normal distribution in the cell is perturbed and it
becomes exposed at the outer membrane. This feature is used in
Annexin V staining for the detection of early apoptotic cells. The
membrane-impermeable dye PI binds directly to the DNA, which is
only possible upon membrane damage, occurring at late apoptotic
or early necroptotic events. We could clearly monitor major stages
of cell death. Non-stimulated cells have a round morphology
observed in the bright field channel. In addition, they could be
categorized as double negative because neither Annexin V, nor PI
staining could be detected (Fig. 1a). Early apoptotic cells lose their
round shape and form the first apoptotic "blebs", which can be mon-
itored in the bright field channel (Fig. 1b). Furthermore, Annexin V
staining could be detected at this stage, indicating phosphatidylserine
exposure. At early apoptotic stage, the membrane remains intact,
preventing PI staining; thus, early apoptotic cells can be classified
as single positive or Annexin V positive (Fig. 1b). At next stage, if
apoptosis had taken place in vivo, apoptotic cells would have been
phagocytized by macrophages or neighboring cells. However, this
does not occur under cell culture conditions (Poon et al., 2014). In
the latter case, cells typically undergo so-called secondary necrosis,
which is accompanied by outer membrane rupture. Due to the mem-
brane damage, PI can penetrate into the cells and thereby be detect-
ed. Thus, these cells are double positive, e.g. Annexin V/PI-stained
(Figs. 1c, 2a). Notably, upon necroptosis/programmed necrosis induc-
tion, cells can be classified as double positive as well, as their plasma
membrane is damaged and not only PI, but also Annexin V penetrate
nis® Imaging Flow Cytometer).

etecting large changes of pixel values in the image and is useful for the selection of
computed using the 3 × 3 block around the pixel.
contour. This mask, which is used in fluorescence images, is highly recommended for

lues within the masked area of the image.
f the range of intensity values as defined by the starting mask. The user chooses the

uality of an image by detecting large changes of pixel values in the image and is useful
ted using the average gradient of a pixel normalized for variations in intensity levels.
mber of pixels is converted to μm2. Note that 1 pixel = 1 μm2.
r Axis and describes how round or oblong an object is.



Fig. 1. Representative pictures of cells undergoing apoptosis and necroptosis. (a) Double negative healthy cells, (b) Annexin V positive early apoptotic cells, (c) double positive late apo-
ptotic cells and (d) double positive necroptotic cells, like identified in Fig. 2, are shown. PI = propidium iodide. To trigger apoptosis Jurkat cells were stimulatedwith 100 ng CD95 Ligand
(CD95L) for 16h. To triggernecroptosis Jurkat cells stimulatedwith 100ngCD95L for 16 h after pre-incubationwith 5 μMIAP antagonist BV6 and50 μMcaspase inhibitor zVAD-fmk for 1 h.
The representative images for four populations are shown. Annexin V and PI staining and analysis with FlowSight® (Amnis®, part of EMDMillipore) were then performed as described.
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inside the cell, the latter of which binds to phosphatidylserine from
the inner side of the membrane (Figs. 1d, 2a). Noteworthy, it is not
possible to distinguish between secondary necrotic/late apoptotic
and necrotic cells in this double positive population using classical
flow cytometry.

3.2. Image based analysis of PI-stained nuclei to discriminate late apoptotic
and necroptotic cells

To distinguish between apoptotic and necroptotic cells in our ap-
proach, we use differences in their morphology. Importantly, Annexin
V/PI-stained double positive late apoptotic cells are different from
double positive necroptotic cells (Fig. 1c, d). Indeed, the late apoptotic
cells are shrunken, characterized by Annexin V positive apoptotic blebs
and spots with high intensity of PI staining, reflecting condensed
chromatin at the later apoptotic stages (Figs. 1c, 2a). In the case of
necroptotic cells, the PI staining is more diffuse and thereby an even
more intensefluorescence signal is detected (Figs. 1d, 2a).We found spe-
cial parameters that allow for distinguishing between these two popula-
tions (Fig. 2a, Table 1). Using the feature “contrast morphology” of the
analysis software IDEAS (Table 1), we have derived a quantitative pa-
rameter that characterizes the difference between diffuse staining of
the swollen necroptotic nuclei and the sharpness of the condensed apo-
ptotic nuclei. The feature “intensity threshold” of IDEAS Software
(Table 1) gave rise to the second parameter that is based on the differ-
ence in fluorescence intensity of the PI-signal between apoptotic and
necroptotic cells. Indeed, apoptotic nuclei have only small areas of high
PI-intensity due to chromatin condensation, while the swollen
necroptotic nuclei show bright PI staining all over the nuclear area. Ap-
plying these two parameters to a dot plot diagram of the double positive

Image of Fig. 1
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population, the late apoptotic cells appear in a distinct population with
high “contrast morphology” and low “intensity threshold”, while the
necroptotic cells are foundwith low “contrastmorphology” andhigh “in-
tensity threshold” (Fig. 2). Collectively, using these two parameters we
could clearly distinguish between late apoptotic and necroptotic popula-
tions and quantitatively determine the degree of apoptosis or
necroptosis.

The healthy, necroptotic, early and late apoptotic cell populations
can be distinguished easily with the presented method. While the un-
treated sample mostly contains double negative healthy cells (Fig. 2b),
the CD95L-treatment induces a high amount of early apoptotic and
late apoptotic cells (Fig. 2c). Image based analysis of the double positive
population corresponding to the late apoptotic cells reveals a 1:1 ratio of
late apoptotic to necrotic cells. In contrast, the stimulation of cells with
CD95L in the presence of the pan-caspase inhibitor zVAD-fmk and IAP
antagonist BV6 leads to a clear necroptotic switch, as most of the cells
appear in the double positive necroptotic population (Fig. 2d).

4. Discussion

This approach provides a major advance compared to comprehen-
sive approaches of cell death detection, as the latter require a combina-
tion of several methods in order to ultimately determine the type of cell
death (Galluzzi et al., 2014). Necroptotic cell death has to be analyzed
indirectly by combining morphological and biochemical assays in
time-consuming kinetics and/or under pharmacological or genetic inhi-
bition of key apoptotic and necroptotic players such as the caspase-
inhibitors zVAD-fmk, QVD-oph, the RIPK1-inhibitors Nec-1, Nec-1 s or
the genetic knockout of Caspase-8, FADD, RIPK3 and MLKL. Hence, the
proof of necroptotic cell death can be quite challenging and can hardly
be performed quantitatively (Makarov et al., 2013). Determination of
the morphological features of cell death by microscopy is an important
tool to discriminate apoptotic and necroptotic cells, but very subjective
and time-consuming when done in a quantitative manner (Makarov
et al., 2013). Our method analyzes biochemical and morphological fea-
tures of dying cells directly in one measurement by combining classical
flow cytometry andmicroscopy, thereby allowing for the quantification
of several thousand cells in a short period of time, together with an
objective analysis of pictures by image-based features (George et al.,
2004). Additionally, this method includes a simple staining procedure,
obtaining rapid and reproducible results.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jim.2015.04.025.
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