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18.1            Introduction 

 Initially, it was assumed that apoptosis was the only regulated mode of cell death 
(Kerr et al.  1972 ), while necrosis according to standard textbooks was considered to 
be accidental following physicochemical injury and was essentially unregulated 
(Dave et al.  2012 ). Hence it was largely disregarded as a phenomenon that could be 
specifi cally targeted, until the fi rst evidence of its molecular regulation arose (Laster 
et al.  1988 ; Schulze-Osthoff et al.  1993 ; Vercammen et al.  1998a ,  b ). Later on, the 
discovery of receptor-interacting protein kinase-1 (RIPK1) and RIPK3 as key medi-
ators of necrotic cell death (Holler et al.  2000 ; Cho et al.  2009 ; Zhang et al.  2009 ), 
the identifi cation of chemical inhibitors of necrotic cell death and its targets 
(Degterev et al.  2005 ,  2008 ; Wang et al.  2007 ; You et al.  2008 ), and the fi nding of 
pathologies associated with regulated necrosis (Degterev et al.  2005 ; You et al. 
 2008 ; Takahashi et al.  2012 ) resulted in a general acceptance of necrosis being also 
the result of a molecularly regulated process (Vandenabeele et al.  2010 ). One of the 
best studied forms of regulated necrosis (RN) is initiated by the kinase activity of 
RIPK1 and -3 and has been coined necroptosis. However, the discovery of the role 
of RIPK1 and RIPK3 in necroptosis also allowed the distinction of other types of 
RN that could not be inhibited by the RIPK1 inhibitor necrostatin-1 (Nec-1), such 
as H 2 O 2 -induced necrosis (Vanden Berghe et al.  2010 ), MNNG-induced 
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PARP- hyperactivation (parthanatos) (Xu et al.  2010 ; Sosna et al.  2013 ), and ferroptosis 
(Dixon et al.  2012 ). Due to the complexity of cell death signaling and the existence 
of many deviations, switches, and overlapping mechanisms, there is currently not a 
single method that at once discriminates between apoptosis and RN. To determine 
how cells die, we propose to follow a fl ow chart (Fig.  18.1 ), which covers three 
subsequent steps: (I) determining cell death rate and sensitivity, (II) observing the 
morphological features, and (III) analyzing the molecular signaling events involved. 
We discuss different approaches for each of these three main steps in further detail 
in this chapter. For detailed protocols on these methods, we refer to a more technical 
methodology paper (Vanden Berghe et al.  2013 ).

18.2        Three Steps to Determine Cell Death Modality 

18.2.1     Detection of Cell Death (Step I) 

 The fi rst step in analyzing cell death processes is to determine the cell death rate and 
sensitivity (Fig.  18.1 , part I). Traditionally, cell survival, clonogenic, and membrane 
permeability assays are used to assess the cell death rate. Cell survival assays measure 
metabolic activity such as mitochondrial succinate dehydrogenase activity using a 
colorimetric substrate, while clonogenic assays typically stain colonies of cells that 
expanded from cells that are resistant to or recovered from a cell death challenge and 
retained the proliferation potential. Therefore, senescent cells or cells arrested in G 1  or 
G 2  will not score in a clonogenicity assay, although the cells did not undergo cell 
death. Regarding metabolic measurements, some drugs or targeted genes may affect 
metabolism or proliferation without inducing cell death. Also these conditions may 
lead to misinterpretation using metabolic readouts without really refl ecting cell death 
induction. Therefore, membrane permeability assays are more reliable, as they mea-
sure the end stage of the cell death process itself, viz . , cell membrane rupture. 
Generally, the available equipment, cell type, scientifi c question, and scale of the 
experiment all contribute to the fi nal choice of cell death assay (Table  18.1 ).

18.2.1.1       Reduction of Tetrazolium Salts Measured by Spectrophotometry 

 This assay measures mitochondrial succinate dehydrogenase activity in cells, 
which refl ects cell viability. Succinate dehydrogenase is part of the Krebs cycle 
and  complex II at the inner mitochondrial membrane. 3-(4,5-Dimethylthiazol-2-yl)-
2,5- diphenyltetrazolium bromide (MTT) is a pale yellow substrate that is reduced by 
succinate dehydrogenase in living cells and reverted to a dark blue formazan  product. 
Alternative substrates, such as (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tet-
razolium-5-carboxanilide) (XTT), 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and water-soluble tetrazolium 
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salts (WSTs), are also often used. They have advantages over the non-soluble MTT 
in that they can be directly quantifi ed and do not need  dissolving in 10 % SDS/HCl. 
The major disadvantage of these viability assays, especially at the early stages of 
apoptotic cell death, is that dead cells often still have partially intact succinate dehy-
drogenase activity, which is erroneously scored as survival. Some conditions and 
some compounds may also modulate mitochondrial respiration or the Krebs cycle, 
resulting in increased or decreased succinate dehydrogenase activity, misleadingly 
appearing to be cell death-modulating conditions. For instance, resveratrol enhances 
the MTT-reducing ability of cells, although it induces growth arrest (Bernhard et al. 
 2003 ). MTT conversion is also affected by cell density and exhaustion of medium, 
which can result in underestimation of cell viability. Media containing phenol red 
also absorb light in the same wavelengths as the MTT/MTS/WST products, at 
~750 nm (Pick and Keisari  1980 ). This can elevate background signals and hence 
reduce the dynamic range of the assay. The latter issue can be circumvented by 
using media free of phenol red or by subtracting background absorbance measured 
at 630–690 nm.  

18.2.1.2     Dye Exclusion Methods 

 Trypan blue is a naphthalene sulfonate, impermeable to intact cell membranes and 
named after its ability to kill trypanosomes in animal models (Wainwright  2010 ). 
The negatively charged dye stains dead cells blue, which can be visualized under a 
light microscope and counted with a hemocytometer. Note that viable cells may stain 
light blue after more than 5-min exposure to the dye and may even die after 30 min 
of exposure to trypan blue (Awad et al.  2011 ). Although this method is most com-
monly used as a cell viability check during routine cell culture maintenance, devices 
for (semi)automated measurements of cell death using trypan blue are currently 
available (Louis and Siegel  2011 ). A major advantage of this method is its accessibility: 
a light microscope is all that is required. Unfortunately, the time- dependent toxicity 
of the dye may result in an overestimation of cell death. 

 Several types of fl uorescent dyes exist that are excluded by an intact cell mem-
brane. Such dyes can intercalate with DNA, can covalently bind to cellular proteins 
(amine-reactive dyes), or are trapped in viable cells after loading the dye ester and 
subsequent enzymatic processing (e.g., acetomethoxy-calcein). Although most 
DNA-intercalating dyes are non-fi xable (except ethidium monoazide), they typi-
cally display an increase in intensity upon binding to DNA (up to 1,000-fold). As 
such, they do not require sequential washing steps and can even be added directly to 
the medium in multiwell-based assays. DNA-intercalating dyes include Sytox ®  
probes, propidium iodide (PI), and 7-amino actinomycin D (7-AAD) and are all 
±1 kDa in size. Fixation of PI-stained cells has been reported (Shen et al.  2011 ) but 
requires intensive washing before fi xation. The amine-reactive dyes, such as LIVE/
DEAD ®  stains, are routinely used with fi xation procedures but also require washing 
steps before fi xation and have a lower signal-to-noise ratio (50- to 80-fold increase 
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   Table 18.1    Main characteristics, advantages, and disadvantages of cell death    assays   

 Light microscopy  Plate reader  Flow cytometer  HCI microscopy 

 Cell type  Suspension or 
adherent 

 Suspension or 
adherent 

 Suspension or 
trypsinized 
adherent 

 Adherent or 
suspension 
(coated surface) 

 Exp. size  Small  Medium to large  Medium to large  Small to medium 
 Dye  Trypan blue  Fluorescent 

exclusion 
 Fluorescent 

exclusion 
 Fluorescent 

exclusion 
 Advantage  Cheap  Fast  Multiparameter  Multiparameter/

morphology 
 Disadvantage  Time consuming, 

dye toxicity 
 Quenching/

autofl uorescence 
 Quenching/

autofl uores-
cence 

 Data processing 
labor intensive 

 Measures  Single cell  Population only  Single cell and 
population 

 Single cell and 
population 

 Application  Viability check, 
quality 
control 

 Inhibitor study 
determination 
IC50 

 Analysis of 
blood cells or 
suspension 
cells 

 Qualitative and 
quantitative 
analysis 

of signal in dead cells versus living cells) as compared to unfi xed DNA-intercalating 
dyes (Perfetto et al.  2006 ). 

 Fluorescent exclusion dyes can be analyzed by image- or fl ow-based cytometers 
or fl uorescent plate readers. The latter approach may involve risks: certain chemical 
compounds may quench the fl uorescent exclusion dyes or they may be autofl uores-
cent, resulting in, respectively, under- or overestimation of the actual cell death. It is 
therefore advisable to visually inspect fl uorescent cell death assays by light/fl uores-
cent microscopy as well or to complement them by a cell survival assay. Image- or 
fl ow-based cytometers have the advantage that they allow to monitor other param-
eters simultaneously, but they are more complicated to use and to extract data. 
Cytometric methods will be discussed in more detail in the following sections.  

18.2.1.3     Determining Cell Death In Vivo 

 Few studies address the direct visualization of necrotic cell death in vivo using fl uo-
rescent techniques (Cordeiro et al.  2010 ), because fl uorescent light penetrates 
poorly through tissues of a living animal and because most fl uorescent membrane 
exclusion dyes are not fi xable. Therefore, most reports on direct measurement of 
necrotic cell death in vivo are based on radiolabeling (Table  18.2 ). These markers 
have been developed for a clinical setting, so often it is not clear whether they detect 
cell death in general or specifi cally apoptosis or necrosis. However, some probes 
exist that accumulate in regions that correspond with caspase activation in postmor-
tem examination. These either bind to activated caspases (Smith et al.  2008 ; Cohen 
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et al.  2009 ; Grimberg et al.  2009 ; Nguyen et al.  2009 ) or exposed phosphatidyl 
serine (Blankenberg et al.  1999 ). It is important to note that caspase activation also 
occurs in physiological settings without involvement of cell death, such as infl am-
mation (Lamkanfi  et al.  2007 ; Kuranaga  2012 ). As such, confi rmation of cell death 
occurring in these regions where caspases are active is required. On the other hand, 
probes have been described that accumulate in necrotic regions induced by various 
insults (De Saint-Hubert et al.  2009 ) but not in cell death regions induced by 
apoptosis- inducing stimuli (Prinsen et al.  2011 ). Some of these markers, such as the 
metalloporphyrins can also be detected with nonradioactive nuclear magnetic reso-
nance (NMR) (Ni et al.  1997 ). Diffusion-weighted magnetic resonance imaging can 
also detect cell death without injecting contrast markers (Chiaradia et al.  2013 ), but 
no real distinction between apoptotic and necrotic cell regions can be made 
(Wendland et al.  2008 ).

   Cell death can also be measured in vivo by indirect markers, such as the release 
of intracellular content in the blood fl ow. These can be general cell death markers 
such as the release of cytosolic lactate dehydrogenase, lysosomal hexosaminidase 
(Kuenzler et al.  2002 ), and mitochondrial DNA (Zhang et al.  2010 ; Duprez et al. 
 2011 ; Krysko et al.  2011 ) or biomarkers supposed to be more specifi c for necrosis 
such as HMGB1 (Scaffi di et al.  2002 ), IL-33 (Luthi et al.  2009 ), IL-1α (Cohen et al. 
 2010 ), and cyclophilin A (Christofferson and Yuan  2010 ). Note that HMGB1 can 
also be released by macrophages in the absence of cell death (Andersson et al. 
 2000 ). Moreover, in the case of massive apoptosis with insuffi cient phagocytic 
capacity, apoptotic cells can lose their confi nement and evolve to secondary necro-
sis, during which intracellular content is also released. However, in contrast to 
necrosis, cells that undergo secondary necrosis did undergo a wave of caspase- 
mediated proteolysis resulting in the cleavage of certain cellular proteins.   

18.2.2     Discrimination of Apoptosis Versus Necrosis 
(Step II) 

 Next to the detection of cell death, we want to defi ne the cell death modality. 
Typically, morphologic examination (Fig.  18.1 , part II Morphology), followed by 
some biochemical approaches (Fig.  18.1 , part III Molecular signaling events), will 
allow to pinpoint whether the cells die by apoptosis, necroptosis, or another form 
of RN. Generally, it is important to combine several methods from each of the 
main categories described below in order to reach a valid conclusion. In addition, 
we want to emphasize that cells should be analyzed at different time points, 
because these cell death features change over time: absence of apoptotic hallmarks 
should be confi rmed over the entire course of the cell death process for a validation 
of necrotic cell death. Moreover, some inhibitors may block one cell death modal-
ity (necroptosis or apoptosis) and allow a switch to another cell death modality 
(e.g., the pan-caspase inhibitor zVAD-fmk blocks Fas-induced apoptosis in L929 
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cells, but allows a switch to necrosis) (Vanden Berghe et al.  2003 ,  2010 ). Many 
more examples of such cell death modality switches have been reported 
(Vanlangenakker et al.  2011a ; Dondelinger et al.  2013 ; Remijsen et al.  2014 ). This 
illustrates that although the extent of cell death may have not been changed at the 
endpoint, the type of cell death clearly is. 

18.2.2.1    Morphologic Analysis by Light Microscopy 

 Differences in morphology between apoptotic and necrotic cell death were the 
 initial clues that different cellular processes were ongoing (Fig.  18.1 , part II). 
Today, these morphological differences are still the most important telltale signal of 
necrotic cell death. The typical rounding and swelling of the cells, together with 
increased cytoplasmic granularity and intact nuclei, are easy to recognize even by 
light microscopy (Fig.  18.2a, b ). These early events are followed by a rapid loss of 
plasma membrane integrity, which is visualized by the uptake of PI and clear 
nuclear staining (Fig.  18.2c ). In contrast, apoptotic cells shrink, show membrane 
ruffl ing and nuclear condensation, form apoptotic bodies (membrane-bound vesi-
cles that contain compacted organelles and nuclear components), and expose phos-
phatidyl serine (Fig.  18.2d–e ) (Wyllie  1981 ). The morphological necrotic events 
until today still form the best distinctive marker of necrosis and can be considered 
as a quick and easy fi rst checkpoint to discriminate apoptotic and necrotic cell 
death. Apoptotic cells in the absence of phagocytic cells can proceed to secondary 
necrosis, in which cells have lost plasma membrane integrity, but even at this stage 
clear morphologic markers of apoptosis can be appreciated such as nuclear frag-
mentation and presence of apoptotic bodies containing nuclear DNA (compare 
Fig.  18.2c and f ).

18.2.2.2        Morphologic and Multiparametric Analysis by Multiplex 
Methods 

 Considering the dynamic behavior of dying cells, it is important to document the 
entire process by, e.g., live cell imaging or by high-content cytometry (HCC). This 
will avoid erroneous categorization of apoptotic cells as necrotic, because they also 
proceed to a secondary necrotic phase upon plasma membrane rupture in the 
absence of suffi cient phagocytic activity. Notice that these live cell imaging and 
HCC techniques can be extended by using fl uorescent probes to monitor cell death- 
related biochemical events such as plasma membrane rupture, lysosomal mem-
brane rupture (using lysotracker ® ), loss of mitochondrial membrane potential 
(using tetramethylrosamine methyl ester, TMRM), generation of reactive oxygen 
species (ROS, using carboxy-H 2 DCFDA or DHR123), phosphatidyl serine expo-
sure (using fl uorescently labeled Annexin V), or calcium fl uxes (Fluo-3)—all 
probes are available at Life Technologies (Vanden Berghe et al.  2010 ). Secondary 
necrotic cells still retain some apoptotic features, such as condensed and 
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fragmented nuclei (see Fig.  18.2f ), loss of chromatin structure (due to caspase-medi-
ated cleavage of lamins), and internucleosomal cleavage (due to the activity of the 
caspase-activated DNase). Condensation of the nuclei and loss of chromatin struc-
ture result in an intense but homogeneous staining with Hoechst or PI. In contrast, 

a

b

c

d

e

f

  Fig. 18.2    Main morphological characteristics of necrotic and apoptotic cell death observed by 
(fl uorescence) light microscopy, illustrated in the L929 model system. Necrosis is characterized by 
( a ) cellular rounding, swelling, and an increased granularity; ( b ) minor changes to the nucleus and 
phosphatidyl serine (PS) exposure on the plasma membrane; and, fi nally, ( c ) nuclear swelling, 
continued PS exposure, and rupture of the plasma membrane. Apoptosis is recognized by ( d ) cel-
lular shrinking, formation of cell membrane ruffl es and blebs, ( e ) nuclear condensation, PS expo-
sure, and ( f ) nuclear fragmentation, PS exposure, and plasma membrane rupture (secondary 
necrosis). Notice that secondary necrotic cells still have condensed and fragmented nuclei caused 
by the apoptotic process, which is in strong contrast to the normal to swollen nuclei observed dur-
ing primary necrosis       
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primary necrotic cells still retain their chromatin structure and are stained less 
intensely by Hoechst or PI, initially featuring brightly stained nucleoli after mem-
brane permeabilization (time-lapse movies available at   http://www.youtube.com/
user/dmbrUPVA?ob = 0    ). 

 Cytometers can be either image based or fl ow based and can measure multiple 
parameters simultaneously when using fl uorescent probes, and this on a cell-by-cell 
basis. This provides a high resolution at the level of the cell population and thus 
delivers meaningful insights into intrinsically heterogeneous responses, such as the 
response of individual cells in a population to a cell death stimulus. Flow cytometry 
requires the use of cells in suspension, possibly enhancing the risk of artifacts from 
manipulation when working with adherent cell cultures. However, fl uorescence 
measurements using fl ow cytometry have a broad dynamic range and allow good 
separation of positive and negative cell populations. As cellular, nuclear, and organ-
elle morphological aspects are key to get insight into an ongoing cell death modal-
ity, high-content imaging systems became extremely useful in the analysis of cell 
death. These instruments combine multiparameter, automated image acquisition in 
different cell plate formats and at selective optical resolutions, with automated 
image analysis algorithms that calculate morphological as well as fl uorescence 
intensity parameters. Depending on the optical resolution and acquisition speed 
required, data on large cell populations can be processed and analyzed. Assays on 
high-content imaging systems allow combination of the cell death endpoint 
 measurement with measurements of mitochondrial function, nuclear morphology, 
lysosomal rupture, PS exposure, autophagy, caspase activity reporters, or any other 
fl uorescence-based parameter.  

18.2.2.3    Morphologic Analysis by Electron Microscopy 

 Although morphologic analysis using light microscopy might be indicative of 
necrotic cell death, transmission electron microscopy (TEM) is still the most accu-
rate but labor-intensive method for differentiating between apoptosis and necrosis in 
cell culture, because it allows the visualization of two-dimensional structures at the 
cellular and subcellular level. Necrotic cells are characterized by swollen organelles 
and irregular chromatin condensation, while in apoptotic cells, organelles are com-
pacted in the apoptotic bodies and uniformly dense masses of chromatin are distrib-
uted against the nuclear envelope (karyopyknosis) (Cummings et al.  1997 ; Krysko 
et al.  2003 ). Recent evolutions in electron microscopy such as focused ion beam/
scanning electron microscopy (FIB/SEM) have even rendered 3-dimensional images 
of tissues at the ultrastructural level (Knott et al.  2011 ), and the creation of electron-
dense protein tags allows direct visualization of proteins of interest in both fl uores-
cent light and EM (Shu et al.  2011 ). Dying cells that detach during the cell death 
process may represent a technical challenge for EM: centrifugation of these cells 
may change their ultrastructural appearance. Fortunately, a method has been devel-
oped to trap detached cells by adherent macrophages, thus tethering them to a solid 
substrate, suitable for fi xation (Vanden Berghe et al.  2013 ). Although TEM presents 
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the most detailed view of morphological changes during cell death, it is a complex 
and time-consuming method, requiring expert knowledge to recognize subcellular 
structures, and not suitable for routine examination of cell death processes.  

18.2.2.4     DNA Fragmentation Analysis by Electrophoresis, 
Flow Cytometry, or TUNEL Assay 

 DNA fragmentation is considered a hallmark of apoptotic cell death and results in 
fragments of more than 5 kbp and nucleosomal sized fragments of multiples of 
200 bp responsible for the typical DNA ladder pattern (Nagata  2000 ,  2002 ), which 
normally does not occur during necrotic cell death. These DNA ladders can be 
detected by agarose gel electrophoresis (Walker et al.  1999 ), but this method does 
not allow a quantitative analysis on the single-cell level, a disadvantage that can be 
overcome by fl ow cytometry or terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick-end labeling (TUNEL) assay. 

 The fl ow cytometry method visualizes the DNA fragmentation that occurs during 
apoptosis but not during necrosis. DNA degradation in apoptotic cells causes genera-
tion of small DNA fragments (Nicoletti et al.  1991 ). The mean intensity of PI seems 
to drop due to DNA and nuclear fragmentation (referred to as “hypoploid popula-
tion”). This method will only work properly after permeabilization of all cells, such 
as achieved by a freeze–thaw cycle, since apoptotic cells maintain membrane integ-
rity after DNA fragmentation. Due to its increase in intensity after binding to DNA, 
there is no need to remove the PI after staining (Vanden Berghe et al.  2013 ). 

 The TUNEL assay is a frequently used histochemical method to demonstrate 
apoptosis in in vivo-derived samples. In this assay, terminal deoxynucleotidyl trans-
ferase recognizes nicks in the DNA and adds dUTPs, modifi ed with bromine, biotin, 
or fl uorophores, which are then directly visualized or indirectly using fl uorescent or 
peroxidase-coupled streptavidin or antibodies (Gavrieli et al.  1992 ). It is noteworthy 
that extracellular DNAse activity (Napirei et al.  2004 ), active gene transcription 
(Kockx et al.  1998 ), or even inappropriate processing of samples may also result in 
a positive TUNEL signal. The same holds true for caspase-independent release of 
EndoG by ischemic cardiomyocytes (Zhang et al.  2011 ) and AIF-mediated DNA 
processing in a caspase-independent manner during hippocampal neuronal cell 
death (Thal et al.  2011 ). As such, the TUNEL assay is not suffi cient as the only 
biochemical proof of apoptosis.  

18.2.2.5    Analysis of Caspase Activation 

 Caspases are cysteine-containing aspartate-specifi c proteases that drive multiple 
cellular processes such as apoptosis, pyroptosis, proliferation, and differentiation 
depending on the caspase involved and cellular context (Lamkanfi  et al.  2007 ; 
Crawford and Wells  2011 ). Caspases consist of a p20 and a p10 subunit that contain 
the residues essential for substrate recognition and catalytic activity and a 
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prodomain of variable length. Proteolytic activation results in the physical separation 
of the p10, p20, and prodomain subunits, forming active heterotrimers in an antipar-
allel orientation (Kersse et al.  2011 ). Although all caspases require an aspartate at 
the P1 site of their substrates, the preference for other upstream amino acid residues 
(P4–P2) in their substrates varies between different caspases, thus defi ning different 
substrate specifi cities for different caspases. Activation of the two major execu-
tioner caspases (caspase-3 and -7) in dying cells is a hallmark of apoptosis and 
therefore a strong argument in favor. The activity of caspases is transient, and thus 
analysis in function of time, covering the entire course of the cell death process, is 
required. Caspase activation can be monitored by fl uorometry (fl uorescently labeled 
substrates), antibody-based methods, or reporter assays. 

 A fl uorometric caspase activation assay uses the preferred tetrapeptide substrate 
for the caspase of interest, where the aspartic residue at P1 is coupled to 7-amino- 4-
methylcoumarin (AMC) or 7-amino-4-trifl uoromethylcoumarin (AFC) by a peptide 
bond. If the caspase under investigation is active, it hydrolyzes this peptide bond 
after the P1 aspartic acid, thus releasing free AMC or AFC. Free AMC or AFC can 
be excited to fl uorescence, which can be measured in plate-based fl uorometers. 
Notice that some caspases (such as caspase-3) have higher absolute  k  cat  \K  m  values in 
general, presumably due to a higher intrinsic catalytic effi ciency (Stennicke et al. 
 2000 ), which overrules the supposed specifi city of tetrapeptide substrates for the 
different caspases (Pop et al.  2008 ; Pop and Salvesen  2009 ). Therefore researchers 
should be aware that the limited specifi city of these small peptide substrates does 
not allow conclusion on the identity of caspases involved. 

 Fortunately, antibody-based techniques for caspase activation became avail-
able and allow the direct detection of activated caspases or the products of their 
proteolytic activity. Western blot is a commonly used technique requiring anti-
bodies raised against epitopes created after proteolytic caspase activation, includ-
ing both cleaved caspases and their processed substrates. ELISA-based methods 
require antibodies that recognize epitopes specifi c for proteolytic cleavage by 
caspases but are faster and more quantitative than western blots. Activated cas-
pases can also be detected via histochemistry on fi xed cells or tissue samples 
(Nagata  2000 ). Monitoring activation of the apoptotic executioner caspase-3 and 
processing of its prototype substrate PARP-1 (116 kDa), generating the charac-
teristic 89 kDa cleavage fragment, is the most reliable approach to confi rm or to 
rule out apoptosis. 

 A special and very useful case of an antibody-based assay for epithelial cell 
death involves cytokeratin 18 (CK18), which is cleaved during apoptosis (neo- 
epitope detectable with M30-Apoptosense ®  assay) but released in its non-cleaved 
form during necrosis (detectable by M65 ®  ELISA). Both M30 and M65 are com-
mercialized by Peviva AB (Bromma, Sweden), which also provides standard cali-
bration material to normalize both assays. A high M30:M65 ratio corresponds to 
induction of apoptosis in cultured cells, while a low M30:M65 ratio is representa-
tive for necrosis induction. In vivo detection of caspase-cleaved CK18 is also 
 possible in plasma and by immunohistochemistry (Cummings et al.  2008 ).  
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18.2.2.6     Caspase Activity Measurement Using Fluorescence- 
and Luminescence-Based Reporter Assays 

 Caspase activity can be monitored by genetically encoded reporter constructs, 
 usually based on Förster resonance energy transfer (FRET) (Rehm et al.  2003 ; 
Laussmann et al.  2011 ). These reporters contain a caspase-cleavage site between 
both fl uorescent proteins that make up the FRET pair; after caspase activation, the 
fl uorescent proteins are physically separated and diffuse apart, thus reducing the 
signal of the FRET acceptor when exciting with light of the donor-excitation wave-
length. Importantly, both fl uorescent proteins can be excited by light of their own 
excitation wavelength, which allows distinguishing proteasomal degradation of the 
acceptor from  bona fi de  caspase activation. FRET can be measured on live or fi xed 
cells both by fl uorescent (confocal) microscopy and fl ow cytometry. The Casper3-BG 
vector (FP970; Evrogen) was successfully used to demonstrate cell death switches 
between apoptosis and necrosis in the L929 model system (Vanlangenakker et al. 
 2011a ). Casper3-BG consists of a blue fl uorescent protein connected by a DEVD 
sequence with a green fl uorescent protein. During apoptosis, caspase-3 processes 
DEVD, eliminates FRET, and increases the blue/green ratio (Fig.  18.3a ). However, 
PI-positive cells should be excluded from the FRET analysis (Fig.  18.3b ). Other 
similar FRET-based probes monitoring caspase-1 (Mahajan et al.  1999 ), caspase-6/8 
(He et al.  2004 ), or caspase- 9 (Figueroa et al.  2011 ; Wu et al.  2011 ) activity are also 
available. Simultaneous monitoring of caspase-8 and caspase-3 activity in single 
cells is also possible using a dual-FRET system (Kominami et al.  2012 ). Once a 
stable cell line has been  generated, the FRET technology allows easy, fast, and reli-
able discrimination between apoptosis and necrosis. A disadvantage is that FRET 
signals can be quite weak and diffi cult to detect, requiring stable high expression 
levels. Fluorescent reporter probes based on a quenching peptide that is removed 
after activation of caspases have been developed for caspase-6 and -7, but these 
appear to have a very low signal- to-noise ratio (Wu et al.  2013 ).

   Recently, other reporter constructs for caspase-1 and caspase-3/7 based on lucif-
erase activity have been published, GloSensor and iGLuc (Bartok et al.  2013 ; 
Galban et al.  2013 ). The GloSensor system was created by inserting the caspase-3/7 
recognition sequence in the middle of the  Photuris pennsylvanica  luciferase, which 
inactivates the luciferase. After processing by caspase-3/7, both parts of the lucif-
erase can reconstitute the active luciferase and a 50- to 100-fold induction of lucif-
erase activity was observed (Bartok et al.  2013 ). This system was successfully used 
in a compound screening and to monitor caspase-3/7 activation in an in vivo mouse 
model of pancreatitis (Galban et al.  2013 ). The second system, iGLuc, is a fusion 
between pro-IL-1β and Gaussia luciferase, which forms nonluminescent aggre-
gates. After overexpression of caspase-1 or activation of the infl ammasome, pro-
IL- 1β is processed, releasing the mature IL-1β fused to luciferase from the 
aggregates and resulting in a 571-fold increase in luminescence (Bartok et al. 
 2013 ). iGLuc was successfully used to monitor infl ammasome activation in vivo in 
a mouse infection model with  Listeria  (Bartok et al.  2013 ). The system can be 
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modifi ed to report on the activity of other caspases, such as caspase-3, by replacing 
the caspase-1 substrate recognition site with another one, i.e., DEVDG for cas-
pase-3 (Bartok et al.  2013 ). Of note, the iGLuc system has a higher signal-to-noise 
ratio than the GloSensor system, which is probably related to the formation of 
nonluminescent aggregates in the iGLuc system, effectively reducing the back-
ground signal. 

 The specifi city of the genetically encoded reporter probes for the intended target 
protease versus other off-target protease remains to be evaluated for most reporters. 
As they are based on the short peptide substrates, the specifi city might be an issue 
especially in conditions of massive caspase-3 activation which has a high catalytic 
turnover (Pop et al.  2008 ; Pop and Salvesen  2009 ). Indeed, a FRET reporter con-
struct with the preferred in vitro substrate recognition sequence of caspase-2 
(VDVAD) appears to be cleaved mainly by effector caspases and caspase-8 when 
transfected in cells (Delgado et al.  2013 ).  
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  Fig. 18.3    FRET-based reporter system for the detection of caspase activation: a blue fl uorescent 
protein is connected to a green fl uorescent protein by a caspase-3 target sequence (DEVD). ( a ) During 
apoptosis, activated caspase-3 physically separates both fl uorophores of the FRET pair, resulting in 
an increased blue/green ratio, and, fi nally, propidium iodide (PI) positivity. After a freeze–thaw 
cycle, PI intensity also indicates the hypoploidy status of the cell population (not shown). ( b ) Flow 
cytometry allows quantifi cation of the blue/green intensity ratio on PI-negative cells       
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18.2.2.7    Potential New Markers of Necrosis 

 In contrast to the proteolytic caspase cascade in apoptosis, the necroptotic signaling 
cascade is a kinase cascade. This kinase cascade is initiated by RIPK1 kinase activity 
(Degterev et al.  2005 ,  2008 ), involves the formation of an RIPK1–RIPK3 containing 
necrosis complex (“necrosome”) in an RIPK1 activity-dependent manner (Cho et al. 
 2009 ), and proceeds with the phosphorylation and activation of MLKL at Thr357 
and Ser358 (Sun et al.  2012 ). Phosphorylation of RIPK1 and RIPK3 is visualized on 
western blot by the appearance of a second band running slightly above the steady-
state band (Cho et al.  2009 ; He et al.  2009 ; Zhang et al.  2009 ). Another as yet to be 
validated approach of detection of necroptosis-specifi c phosphorylation events will 
be the use of phospho-specifi c antibodies directed against necroptosis-specifi c phos-
phorylation events such as the RIPK3 phosphorylation site on MLKL (Thr357 and 
Ser358) (Sun et al.  2012 ), the autophosphorylation sites of RIPK1 (Ser14/15, Ser20, 
Ser161, and Ser166) (Degterev et al.  2008 ), or RIPK3 (Ser227) (Sun et al.  2012 ) to 
probe for RIPK1, RIPK3, or MLKL phosphorylation in multiple applications, such 
as immunohistochemistry, fl ow cytometry, or total cell extracts by ELISA, multiplex 
bead arrays, or western blot. These phospho- specifi c markers of necroptosis may 
form the longed-for parameter of necroptosis. However, in view of the role of RIPK3 
and MLKL in regulating infl ammasome activation in particular conditions of IAP 
inhibition or absence of caspase-8, rigorous controls may be required again (   Vince 
et al. Immunity  2012 ; Kang et al. Immunity  2013 ). Similar to the FRET-based prote-
ase reporters, kinase activity reporters (KARs) for RIPK1- or RIPK3- mediated phos-
phorylation events could be developed (Morris  2013 ). These KARs are based on a 
FRET pair fl anking a phosphorylation target sequence and a phosphoamino acid-
binding domain (PAABD). When kinases phosphorylate the target sequence, the 
PAABD binding brings the FRET pair in each other’s neighborhood and increased 
fl uorescence is detected (Sipieter et al  2013 , Sipieter et al  2014 ). Similar KARs 
based on split luciferase have been described as well. These luciferase-based KARs 
have the advantage that they can be used for in vivo reporting as well (Herbst et al. 
 2011 ; Williams et al.  2013 ).  

18.2.2.8    In Vivo Markers of Necrosis 

 Massive apoptosis saturates the phagocytic system, and secondary necrosis will 
result in the release of the same marker molecules; confi rming the absence of apop-
tosis by immunohistochemistry of particular tissues or cells is thus necessary to 
confi rm necrotic plasma markers.  Postmortem  analyses for necrotic cell death is 
possible by pathologists using hematoxylin- and eosin-stained sections (Kaiser 
et al.  1995 ; Gukovskaya et al.  1996 ). A low M30:M65 ratio of CK18 in plasma (as 
discussed above), but also in sections of tissue (  www.peviva.se     and Duan et al. 
 2003 ), may also be indicative of necrotic cell death. Although in vivo injection of PI 
has been applied (You et al.  2008 ), this is not yet a standardized easily applicable 
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technique. Recently, a fusion of Hoechst with the infrared dye IR-786 (Hoechst-IR) 
was shown to be cell membrane impermeable and specifi cally bind to released 
extracellular DNA (Dasari et al.  2010 ). Unfortunately, this dye probably also recog-
nizes secondary necrotic tissues in an LPS-GalN-induced hepatitis model (Dasari 
et al.  2010 ), underscoring the need for confi rming absence of active caspases by 
immunohistochemistry. The most conclusive postmortem evidence for necrosis can 
still be obtained by TEM, since organelle swelling, patch-like irregular chromatin 
condensation, and ruptured plasma membranes can directly be observed. Moreover, 
in vivo necroptosis is often associated with accumulation of necrotic nuclei in the 
affected tissue or organs (Gunther et al.  2011 ). 

 Real-time and direct in vivo imaging of necrotic cell death is perhaps the most 
interesting application in a clinical setting. Contrast agents which accumulate in 
necrotic tissue (necrosis-avid contrast agents) may offer a unique combination of 
identifying specifi cally primary necrotic tissue and this in real time (Prinsen et al. 
 2011 ). The main disadvantage for this technique is that the equipment and technical 
staff required for these methods are usually not accessible for small animals in an 
academic setting.   

18.2.3     Identifying Signaling Components of Regulated 
Necrosis (Step III) 

 The molecular unraveling of RN has revealed that, similar to apoptosis, it can be acti-
vated by many different triggers, which activate partly overlapping pathways, involv-
ing RIPK1/RIPK3, PARP-1, ROS, and intracellular Ca 2+  release (Table  18.3 ). Finally, 
these processes converge on a similar cellular disintegration process, characterized by 
cellular swelling, lysosomal membrane permeabilization, and cell rupture (Vanden 
Berghe et al.  2010 ; Vandenabeele et al.  2010 ; Vanlangenakker et al.  2012 ).

18.2.3.1      Pharmacological Inhibition 

 Currently, the best characterized type of RN is necroptosis. According to its 
most recent defi nition (Galluzzi et al.  2012 ), any cell death that can be inhibited 
by genetic ablation or knockdown of either RIPK1 or RIPK3 or by chemical inhibi-
tion by necrostatin-1 (Nec-1 or 5-(1H-indol-3-ylmethyl)-3-methyl-2-thioxo-4-
imidazolidinone) is defi ned as necroptosis; however, this is not exclusive. Recently, 
RIPK3-dependent (Dondelinger et al.  2013 ) and RIPK1 kinase activity-dependent 
(Wang et al.  2008 ; Duprez et al.  2012 ) apoptosis have also been reported in certain 
cellular settings. This illustrates again the need of using several independent meth-
ods, most importantly by checking morphological appearance and confi rming 
absence of caspase activity, cf. the decision tree in Fig.  18.1 . More recently, necro-
sulfonamide (NSA) was identifi ed as a new inhibitor of necroptosis in human cells, 
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which could also be used to confi rm the necroptosis typing. This compound cova-
lently binds to Cys86 of MLKL, a crucial substrate of RIPK3 (Sun et al.  2012 ). In 
vivo, injection of Nec-1 has been used a lot to prevent cell death in several disease 
models (Degterev et al.  2005 ; Smith et al.  2007 ; You et al.  2008 ; Duprez et al. 
 2011 ). Recently, a more stable and specifi c variant of Nec-1 was discovered (no off- 
target effect on immunomodulatory enzyme indoleamine 2,3-dioxygenase), i.e., 
Nec-1s (Takahashi et al.  2012 ; Degterev et al.  2013 ), which is recommended to use 
in vivo instead of Nec-1 (Vandenabeele et al.  2013 ). 

         Table 18.3    Potential alternative forms of regulated necrosis   

 Genetic 
depletion 

 Pharmacological 
depletion  Necrotic model  Refs. 

 RPL8  Ferrostatin-1 
(Fer-1) 

 Ferroptosis  Dixon et al. ( 2012 ) 
 IREB2 
 ATP5G3 
 ACSF2 
 CS 
 TTC35 
 GPX4  Excitotoxicity  Seiler et al. ( 2008 ) 
 Nox1  Diphenylen 

iodonium (DPI) 
 NADPH oxidase- 

induced necrosis 
 Yamashima ( 2000 ), Kim et al. ( 2007 ), 

Yazdanpanah et al. ( 2009 ), Kim 
et al. ( 2010 )  P22phox  GKT137831  Netosis 

 NDUFB8  Rotenone  Mito CI-induced 
ROS 

 Goossens et al. ( 1999 ), Vanlangenakker 
et al. ( 2011b ) 

 PLA 2   Bromoenol lactone 
(BEL) 

 Phospholipase- 
induced necrosis 

 Suffys et al. ( 1991 ), De Valck et al. 
( 1993 ), Shinzawa and Tsujimoto 
( 2003 ), Festjens et al. ( 2006 ) 

 PLD 
 Methyl-arachidonyl 

fl uorophospho-
nate (MAFP) 

 CypD  Cyclosporine A  MPT-induced 
necrosis 

 Baines et al. ( 2005 ), Nakagawa et al. 
( 2005 ), Linkermann ( 2013 )  Sanglifehrin 

 PARP1  3-Aminobenzamide  Parthanatos  Jouan-Lanhouet et al. ( 2012 ), Sosna 
et al. ( 2013 ) 

 No protein 
target 

 Desferrioxamine 
(DFO) 

 Fenton-type- 
mediated 
necrosis 

 Smith ( 1987 ), Vanden Berghe et al. 
( 2010 ) 

 No protein 
target 

 Butylated hydroxyl 
anisole (BHA) 

 ROS-induced 
necrosis 

 Goossens et al. ( 1995 ), Festjens et al. 
( 2006 ) 

  N -Acetyl-cysteine 
(NAC) 

 No protein 
target 

 Calcium chelators  Calcium-induced 
necrosis 

 Yoshioka et al. ( 2000 ), Kourtis et al. 
( 2012 )  Dantrolene 

   RPL8  ribosomal protein 8,  IREB2  iron response element binding 2,  ATP5G3  ATP synthase com-
plex subunit C3,  ACSF2  acyl-CoA synthetase family member 2,  CS  citrate synthase,  TTC35  tet-
ratricopeptide repeat domain 35,  GPX4  glutathione peroxidase 4,  NDUFB8  NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex 8,  NOX1  NADPH oxidase 1,  PLA   2   phospholipase A 2 ,  CypD  
cyclophilin D,  PARP -1 poly [ADP-ribose] polymerase 1  
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 In addition to Nec-1 and NSA that both block necroptosis (for NSA only in 
human cells), several pharmacological inhibitors having other targets than RIPK1, 
RIPK3, or MLKL (Table  18.3 ) are described to interfere with some form of RN. 
Often, these pathways occur independent of RIPK1/RIPK3 or the link with RIPK1/
RIPK3 is not known yet. In order to study which molecular pathways contribute to 
the studied form of RN, an approach using pharmacological inhibitors (Table  18.3 ) 
can give a fi rst hint. One may also consider to combine inhibitors, as often redun-
dant mechanism turns up upon interference, e.g., depletion or inhibition of both 
RIPK3 and CypD is required to block ischemia/reperfusion-induced kidney injury 
(Linkermann et al.  2013 ).  

18.2.3.2    Transgenic Approaches 

  Ripk1  −/−  mice are embryonic lethal (Kelliher et al.  1998 ), and genetic ablation in 
vitro causes a shift to apoptosis (Vanlangenakker et al.  2011a ), rendering this 
model unsuitable to demonstrate the involvement of necroptosis. The availability 
of RIPK1 kinase-dead knock-in mice will probably circumvent these issues. 
 Ripk3  −/−  mice develop normally and do not show any obvious spontaneous pheno-
types, which allowed phenotyping in a variety of pathological models involving 
necroptosis (Cho et al.  2009 ; He et al.  2009 ; Zhang et al.  2009 ; Duprez et al.  2011 ). 
In addition to RIPK1, RIPK3, and MLKL, several other genes (Table  18.3 ) contrib-
ute to some forms of RN, either independent of necrosome formation or with an as 
yet unknown link to necroptosis. Typically, a genetic depletion strategy following 
a pharmacological approach is used to confi rm which mechanisms are involved in 
the studied form of RN. Although this combined pharmacological/genetic approach 
is an easy and quick method to indicate potential involved mechanisms, one has to 
be cautious because cell death modality may shift upon interference. For example, 
blocking apoptosis can shift to necroptosis (Vercammen et al.  1998b ), or vice versa 
(Vanden Berghe et al.  2003 ; Vanlangenakker et al.  2011a ). To detect these possible 
cell death modality shifts, it is recommended to perform consistently a kinetic 
analysis to monitor potential transient caspase activation, as mentioned previously. 
Generally, three major genetic depletion strategies are followed: (1) RNA interfer-
ence-mediated knockdown, (2) defi cient cells derived from transgenic mice, and 
(3) defi cient cells generated by genome editing technologies such as zinc fi nger 
nuclease technology (Sigma-Aldrich), TALENs (Transposagen Biopharmaceuticals, 
Cellectis, and others), or CRISPR (Hsu et al.  2013 ).    

18.3     Conclusions 

 Research on RN, and in particular of necroptosis, is hampered by a lack of positive 
markers. Although some markers based on phospho-specifi c antibodies could have 
been developed years ago, none have been reported in the literature. Hence, the 
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detection of RN still depends on the combination of morphological observations, 
biochemical exclusion of caspase activation, and determination of the involved sub-
routines (Table  18.3 ). One should examine these elements over the entire course of 
the cell death process. It is important to combine several independent techniques to 
identify RN, since several genes (including RIPK1 and RIPK3) are involved in both 
apoptosis and necrosis. As a consequence, inhibition, knockdown, or genetic ablation 
of these genes may create a shift in cell death type rather than cell death inhibition. 
By following the decision tree (Fig.  18.1 ), using the approaches and pharmacologi-
cal/genetic targets (Table  18.3 ) described, researchers should be able to pinpoint 
more easily the cell death modalities and the major mechanistic pathways involved.     
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