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Abstract
Over a decade has passed since publication of the last review on “Cytometry in cell necrobiology.”
During these years we have witnessed many substantial developments in the field of cell necrobiology
such as remarkable advancements in cytometric technologies and improvements in analytical
biochemistry. The latest innovative platforms such as laser scanning cytometry, multispectral
imaging cytometry, spectroscopic cytometry, and microfluidic Lab-on-a-Chip solutions rapidly
emerge as highly advantageous tools in cell necrobiology studies. Furthermore, we have recently
gained substantial knowledge on alternative cell demise modes such as caspase-independent
apoptosis-like programmed cell death (PCD), autophagy, necrosis-like PCD, or mitotic catastrophe,
all with profound connotations to pathogenesis and treatment. Although detection of classical,
caspase-dependent apoptosis is still the major ground for the advancement of cytometric techniques,
there is an increasing demand for novel analytical tools to rapidly quantify noncanonical modes of
cell death. This review highlights the key developments warranting a renaissance and evolution of
cytometric techniques in the field of cell necrobiology.
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The term cell necrobiology has been introduced in late 1990s to collectively define: “various
modes of cell death; the biological changes which predispose, precede, and accompany cell
death; as well as the consequences and tissue response to cell death” (1,2). Our prior reviews
on the subject of cytometry in cell necrobiology received wide recognition and the term cell
necrobiology became even included in a free encyclopedia Wikipedia
http://en.wikipedia.org/wiki/Necrobiology. It also inspired the renowned artist Julie Newdoll,
the author of numerous cover page illustrations to Nature and Cell journals, to create a series
of artworks devoted to necrobiology (available at: www.brushwithscience.com).
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Undoubtedly, the speed and wealth of multiparameter data collection contributed to the
dramatic expansion and popularity of cytometric techniques in studies of cell death (1–4).
Cytometry, however, still remains a viable and dynamic field of engineering where
advancements prove beneficial for both the basic biology and clinical diagnostics (5–7).
Expectedly, the current pace in development of novel cytometric systems will open new
horizons for cell biology, clinical diagnostics, and drug discovery (8,9). We expect that this
comprehensive update of our earlier reviews reporting advances in the field will be of interest
to many researchers in diverse areas of biology, biophysics, biotechnology, and medicine.

THE BIOLOGY OF CELL DEATH
Cells are archetypically known to disassemble in two morphologically and biochemically
distinct processes: apoptosis and necrosis (1,10,11). Both were initially identified based on
characteristic changes in cell morphology (1,10). Figure 1 outlines major morphological and
molecular changes occurring during apoptosis versus accidental cell death (herein termed
necrosis). Alterations in cellular parameters, as presented in Figure 1, also become a basis for
development of a variety of markers for fluorescence microscopy and flow cytometry (1–4).
Despite subsequent introduction of numerous molecular assays, the morphological changes,
detected by light and electron microscopy, still remain the “gold standard” to differentiate these
two distinct modes of cell death (1,12). Noteworthy, recent reports led to the characterization
of alternative cell demise modes such as caspase-independent apoptosis-like programmed cell
death (PCD), autophagy, necrosis-like PCD, and mitotic catastrophe (Table 1) (13–16).
Although still a matter of debate, these noncanonical pathways appear to have wide reaching
connotations in pathogenesis and treatment of human diseases (11,17,18). Moreover, they
present an increasingly complex network of molecular cross-talks reflecting in a diversity of
phenotypes. These discoveries raised also an ongoing debate aiming at the classification of cell
death programs (19,20). It must be acknowledged that the general term apoptosis, commonly
exploited in many research articles, tends sometimes to misinterpret the actual mechanisms
underlying cellular suicide (13,19,20). It is, thus, postulated to restrict the term apoptosis to
only the traditional cascade featuring all canonical “hallmarks of apoptotic cell death,” such
as (i) activation of caspases as an absolute marker of cell death; (ii) high degree of compaction
of chromatin; (iii) activation of endonucleases(s) causing internucleosomal DNA cleavage and
extensive DNA fragmentation; (iv) appearance of distinctive cellular morphology with
preservation of organelles, (v) cell shrinkage, (vi) plasma membrane blebbing, and (vii) nuclear
fragmentation followed by formation of apoptotic bodies (Table 1) (13,19–21).

Nevertheless, single cytometric assays such as the estimation of sub-G1 fraction or Annexin
V binding are still being exploited in many research articles to solely characterize and quantify
cell death (1,2,4). Moreover, data obtained from such single assays are persistently referred to
as “apoptotic cells.” In view of the new discoveries dependence on single cytometric readouts
can lead to substantial analytical artifacts (2,4). As discussed earlier, it was only recently
proposed to define apoptosis as a “caspase mediated cell death” (19). Logically, caspase
activation would be the most specific marker of apoptosis (22). There are, however, many
examples of cell death that resembles classical apoptosis, yet there is no evidence of caspase
activation (11,13,23). Similarly, externalization of posphatidylserine residues as detected by
Annexin V binding is not an absolute marker of apoptosis. Extensive DNA fragmentation is
also often considered to be a specific marker of apoptosis where labeling in the TUNEL reaction
ensures discrimination from cells that underwent primary necrosis (24). There are, however,
mushrooming examples where apoptotic or apoptotic-like cell death proceeds without
internucleosomal DNA degradation (25–29). In these instances, the intensity of cell labeling
in TUNEL assay will be inadequate to positively identify apoptotic cells (1,2).
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As evidenced by the examples the cellular disintegration represents a diverse and
interconnected pathway with many unexpected fails-safe mechanisms (13,30). Proper
experimental approaches and understanding of assays’ principles should aid to avoid
perplexing artifacts during development and exploitation of novel assays (1–4).

INNOVATIONS IN CYTOMETRIC TECHNOLOGIES
Last decade, in particular, has brought many innovations to the field of cytometry (5–9). Rapid
development of multispectral imaging cytometry and the slide-based cytometers offer great
hopes for improved data quality and throughput (31,32). Probably the most fascinating,
however, are prospects of spectroscopic cytometry and innovative micro- and nanofluidic
technologies (33,34). In the following section, we summarize the most important advancements
with major implications to cell necrobiology.

Flow Cytometry
Modern high-end flow cytometers are often capable of analyzing up to 16 optical parameters
from a single cell, with maximal acquisition rates reaching approximately 100,000 events per
second (7,8). Yet, probably the most striking advancement in the field of flow cytometry is the
current miniaturization and simplification of analytical components (5). Such technological
milestones bring flow cytometry out of centralized core facilities while making it more
affordable and user friendly. Importantly, near-UV, violet, green, yellow, orange, and red lasers
are becoming an increasingly affordable solution with many modular and portable designs with
two or even three excitation lines being brought to the markets (5,35–39). These trends will
surely drive the renaissance of flow cytometry and the development of new multiplexed assays.

In-Flow Imaging—Multispectral Imaging Flow Cytometry
A common drawback of flow cytometry is that the cells flow suspended in a laminar stream
of fluid and only integrated fluorescence is collected by photomultiplier tubes (PMTs) without
collecting the valuable information on subcellular and morphological features. A noteworthy
improvement, that can in many aspects revolutionize conventional flow cytometry, has recently
been proposed by Morrissey’s group at Amnis (Amnis Corp, Seattle, WA) (Fig. 2). The Image
Stream System integrates a fast in-flow imaging with the conventional layout of the flow
cytometer (31,40). At its core the time-delay-integration (TDI) technology preserves sensitivity
and image quality during imaging of fast moving cells (31,40,41) (Fig. 2). In combination with
a fast charged couple device (CCD), instead of PMTs, it is capable of simultaneously acquiring
six spectrally decomposed images from each cell (42) (Fig. 2). The proprietary “virtual sorting
mode” provides a valuable visual verification of each cell while the number of morphometric
parameters greatly surpasses that of conventional analyzers. By combining attributes of both
flow cytometry and image analysis multispectral imaging cytometry appears to be a very
attractive instrumentation for multiparameter studies on cell demise (31,40 — 43) (Fig. 2).

Raman Flow Cytometry
Nondestructive spectroscopies such as infrared microspectroscopy and Raman
microspectroscopy attract an increasing interest for a multispectral analysis of cells and tissues
(44,45). Nonresonant Raman spectroscopy is one of the most dynamically developing
technologies based on inelastic scattering of incident photons and resulting vibrational
excitation of the biomolecules (46). Energy from the excited molecule is subsequently
reemitted as a wavelength of higher wavelength. Complex biological molecules exhibit many
vibrational modes that result in characteristic Raman spectra. These provide precise chemical
fingerprints without the use of fluorescent labels (44,47). The advent of surface-enhanced
Raman spectroscopy (SERS) introduced expended opportunities for signal enhancement and
multiplexing over nonenhanced Raman scattering (47 — 49). Interestingly only a handful of
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reports have employed Raman spectroscopy to investigate cells undergoing apoptosis (50).
Furthermore, a noninvasive method of detecting necrotic cell death has recently been proposed
by Kunapareddy et al (51). The ability of Raman microspectroscopy to noninvasively track
cell cycle dynamics in living cells has also been recently investigated (52). Only recently,
Watson et al. were the first to show application of surface-enhanced Raman spectroscopy to
flow cytometry (47,53). Although still largely in its infancy, Raman Spectral Flow Cytometry
is an innovative approach to multiplexed chemical cytometry on living cells (47,53). It remains
to be seen whether Raman Spectral Flow Cytometry can find wider applications in studies of
programmed cell death.

Laser Scanning and Imaging Cytometry
Inherent limitations of traditional flow cytometry have recently fuelled the rapid development
of static, slide-based cytometers that combine advantages of flow cytometry (FCM) and
fluorescence image analysis (FIA) (32). Laser scanning cytometer (LSC) was a brainchild of
Louis Kamentsky who in early 1990s constructed the first model of this cytometer (32). Its
construction led to technological breakthrough that paved the way to more advanced LSC
instruments such as iCys™ Research Imaging Cytometer or iCyte™ Automated Imaging
Cytometer. LSC is a microscope, slide-based cytometer featuring the ability to spatially analyze
fluorescence of large numbers of adherent cells (32,54). By having many attributes of both
flow cytometry and fluorescent imaging, LSC appears to be an optimal instrumentation for
multiparameter cell necrobiology studies as described by us earlier (54). LSC has recently
found interesting applications in clinical pathology, tissue microarrays, and in the analysis of
living-cell microar-rays (55,56). Combination with the latter provides a budding outlook for a
very high throughput and multidimensional analysis on rare populations of cells (57—59).

Since the pioneering introduction of LSC other innovative scanning cytometers have been
developed including microplate laser scanning cytometer Accumen eX3 (TTP Lab-Tech,
Melbourn, UK). This innovative technology employs cytometric principles rather than
conventional image analysis to collect high-content data. Multiple laser configuration and up
to 12 detection channels offer a noteworthy advancement toward a fast and user-friendly
approach to high content scanning cytometry. There are also several other innovative scanning,
event-based systems that include i.e. the LEAP™ and Celigo™ systems (Cyntellect Inc., San
Diego, CA), the Oper-a™ High Content Screening system (Perkin-Elmer, Waltham, MA),
InCell Analyzer 1000™ (GE Healthcare Biosciences, Pittsburgh, PA), and the BD Pathway™
435 and BD Pathway™ 855 analyzers (BD Biosciences, San Jose, CA). These are all single-
cell and moderate-throughput instruments that utilize comparable cytometric technologies.
New scanning and imaging cytometers reportedly feature increasing throughput and number
of acquisition channels that makes them especially suitable for high-content screening of cell
death features. Some of the most advanced platforms have data processing and presentation
capabilities similar to flow cytometers. When combined with slide based and/or microplate
scanning and increasing integration with Nipkow spinning disk confocal modules, these
innovative systems provide reasonable throughput and high-resolution screening capabilities
at a subcellular level.

Capacitance and Impedance Cytometry
Recent reports suggest that early apoptotic changes in composition of phospholipids in plasma
membrane can be detected with much greater sensitivity using dielectric spectroscopy than
using fluorescently conjugated Annexin V (60,61). Measuring electrical properties of cells
emerges, thus, as a pioneering way to develop label-free assays (62).

Capacitance cytometry is one of such innovative approaches. It is based on a linear relationship
between the nuclear DNA content and the change in capacitance evoked by the cell passage
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across a 1-kHz electric field (62). DNA is a highly charged molecule and in low-frequency AC
electric field, its polarization response can be measured with a great precision. Comparisons
made with flow cytometry have already demonstrated sensitivity of this technique in
measurements of DNA content (62). Capacitance measurements require no cell processing and
can be readily performed on live cells making it applicable for the real-time monitoring of the
effects of pharmacological agents on cell cycle distribution (62).

Another emerging electric spectroscopy relies on local changes of the ionic environment at the
electrode-solution interface that affect the impedance value of the electrode (63). The
xCELLigence system (ACEA Biosciences, San Diego, CA and Roche Applied Science,
Penzberg, Germany) based on these principles allows a label-free and nondestructive analysis
of adherent cells on microelectrode arrays (63,64). It offers several advantages such as (i)
avoidance of fluorescent labels and subsequent imaging, (ii) real-time kinetic monitoring of
cytotoxicity, (iii) potential for sequential drug challenge, and (iv) straightforward automation
(65). A disadvantage of this innovative technology is, however, the restriction to only adherent
cells. Moreover, impedance cytometry, being in principle a bulk technique, measures the
average impedance value and cannot be used to characterize or quantify e.g. apoptotic cell
death. This technology can nevertheless prove very valuable in kinetic screening of anticancer
drugs and readily detect drugs that induce irreversible or reversible cell cycle arrest such as
senescence (66).

Application of dielectric spectroscopy to flow cytometry has recently been implemented by
Cheung et al. at the Institute of Microelectronics and Microsystems (Lausanne, Switzerland)
(61). Polarization of flowing cells in an alternatecurrent (AC) electric field, results in the
accumulation of charges at the boundaries between the plasma membrane and the aqueous
medium. Analysis of the amplitude, opacity, and phase information is subsequently used in
Impedance Spectroscopy Flow Cytometer (Axetris, Kaegiswil, Switzerland) for discrimination
between different cell subpopulations without the use of fluorescent markers (61).

Microfluidic (Lab-on-a-Chip) Cytometry
The advent of microfluidic and nanofluidic technologies (Lab-on-a-Chip, LOC) is one of the
most innovative cytometric approaches to the analysis of rare cells and organelles. LOC devices
promise greatly reduced equipment costs, increased sensitivity, and throughput by
implementing parallel processing (67—69). Most importantly, as only low cell numbers and
operational reagent volumes are required, dynamic cytomics on a single-cell level finally
appears within investigational reach (67—69). Microfluidics has already been named the
emerging technology with multitude applications in high-throughput drug screening routines;
content-rich personalized clinical diagnostics, and improved analytical capabilities for
resource-poor areas (70). It also provides exceptional evolutionary avenues for microfluidic
flow cytometry (µFACS), cell sorting, and revolutionary cell microarrays (33,34).
Mushrooming reports have demonstrated chip-based flow cytometers and cell sorters with both
electro-osmotic and hydrodynamic-driven flows (33,34,71). Microcytometers are, however,
often criticized by much lower detection sensitivities than conventional analyzers, particularly
for FITC fluorescence (>2,000,000 MESF of FITC, as opposed to <500 MESF, respectively)
(72). This can lead to unambiguous discrimination of dim fluorescent events. In our recent
work, we have proven that sensitivity of µFACS is adequate to detect subtle changes in
fluorescence intensity during microcytometric analysis of apoptosis (73). Noteworthy, a
dramatic leap forward in µFACS has recently been made by the group of Takeda at On-chip
Biotechnologies (Tokyo, Japan) by introducing a user-friendly chip-based system with (i)
hydrodynamic sheath focusing, (ii) multilaser excitation, (ii) up to four color detection, and
(iv) detection with fluorescence area, height, and width parameters for all fluorescent channels
(Fig. 3) (74,75). Sensitivity of this portable microfluidic cytometer falls within specifications
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of conventional flow cytometers (FITC < 600 MESF, PE< 200 MESF). Interestingly, this is
also the very first µFACS that includes true Forward Site Scatter and Side Site Scatter detection
(74,75). Moreover, an innovative chip design facilitates the collection of cells after flow
cytometric analysis, feature not attainable in any conventional system (Fig. 3) (74,75).

Such technological innovations dramatically improve throughput and open new opportunities
for cell necrobiology field. We have recently reported application of µFACS technology
(Caliper LabChip®, Caliper Life Sciences, Hopkinton, MA) in rapid, two-color quantification
of apoptosis on very small cell samples (73). This technology allows for a simultaneous analysis
of up to six low volume and independent samples on disposable cartridge chips without laser
aligning or operator engagement (33,73).

An increasing interest also attracts live-cell microarray technology that rapidly change modern
cytomics and cytometry. In our most recent study, we have reported the development of
microfluidic cell arrays (microfluidic array cytometers) for the kinetic analysis of apoptosis
(76,77). These microfabricated chips were tailored for dynamic observations of individually
positioned cells during sequential pharmacological stimuli, while greatly reducing both number
of cells and reagents required to conduct dynamic studies on a single-cell level (76,77). We
anticipate that a new generation of cytometers will prospectively employ microfluidic and
nanofluidic systems with integrated on-chip cell culture, drug delivery, cytometric analysis,
and sorting modules (71,76).

ADVANCEMENT IN ANALYTICAL BIOCHEMISTRY
Recently, many innovative fluorescent assays have been introduced to characterize and
quantify programmed cell death. Below we outline only a handful of the noteworthy
developments that probe characteristic features of programmed cell demise.

Cell Membrane, Annexin V, and Beyond
The overlapping spectra of organic fluorochromes profoundly hamper the proliferation of
multiplexed apoptotic assays. Development of semiconductor nanocrystals commonly called
Quantum Dots (QD) has recently superseded the common problem of spectral mismatch (78,
79). Successful attempts have already been made to implement semiconductor nanocrystals in
multiparameter flow cytometry (80). Annexin V conjugates are so far sole examples of QD
application in cell necrobiology and they attract considerable attention in both cytometric and
time-lapse imaging studies (78—80).

A recent development from Upstate (Waltham, MA) introduced fluorescently labeled
monoclonal antibodies against phosphatidylserine residues that alleviates dependence on
calcium-supplemented buffers without compromising sensitivity of detection. Progress is also
being made in the field of inorganic zinc coordination complexes (fluorescent Zn2+-
dipicolyamines, DPA) that under Ca2+-free conditions selectively bind to membranes enriched
in anionic phospholipids (81,82). Finally, a small cationic molecule merocyanine 540 (MC540)
emerges as a new probe to detect membrane phospholipids rearrangements in apoptotic cells
(83).

A new assay based on selective membrane permeability to substituted cyanine probes YO-
PRO 1 and PO-PRO 1 has recently been developed (Fig. 4) (84). Entry of YO-PRO 1 cation
(629 Da) into early apoptotic cell probably depends on the activation of P2X7 ion-gated
channel, an event concurrent with scramblase activation and phosphatidylserine externalization
(85). Early changes in lipid composition, structural relaxation, or even impaired active dye
efflux cannot be, however, excluded (84,86,87). Interestingly, our recent studies revealed that
the time-window of apoptosis detection by YO-PRO 1 is substantially wider than assessed by
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Annexin V conjugates and coincides with the loss of ΔΨm as detected by tetramethylrhodamine
(TMRM) probe (Fig. 4). Caution should be, however, exercised as dye uptake and/or efflux
may vary between different cell types and some cells may not exhibit differential staining with
YO-PRO 1 during apoptosis.

Detection of Activated Caspases
One of the hallmarks of classical apoptosis is the activation of unique cysteine aspartyl-specific
proteases having a conserved QACXG consensus site containing active cysteine, called
caspases (from cysteinyl aspartate-specific proteases; Fig. 1).

Under normal physiological conditions, caspases are constitutively expressed in the cytoplasm
as zymogens with very low intrinsic activity. They become activated upon transcatalytic
cleavage followed by dimerization. Several methods have recently been developed to detect
activation of caspases by flow and laser scanning cytometry (3,4).

Fluorogenic caspase substrates—Recently some innovative fluorogenic substrates,
designed to measure caspases activation in living cells, have become commercially available.
While certain substrates can be used to detect activation of multiple caspases (pan-caspase
probes), other have the peptide moieties that make them specific for particular caspases (88–
94). There is currently a wide choice of the substrates with different excitation and emission
spectra suitable to be used in combination with other fluorochromes for multiparametric
analyses. In principle, these peptide substrates are not fluorescent but upon the cleavage by
caspase they generate fluorescing products (88–94). Two currently available on the market
reagents include the Phi-PhiLux system (OncoImmunin Inc, Gaithersburg, MD) and the
NucView 488 system (Biotium Inc, Hayward, CA).

The PhiPhiLux system utilizes xanthenes dyes forming H-type dimmers that exhibit
fluorescence quenching associated with their formation (89,93). Two xanthenes dyes such as
rhodamine fluorophores are separated by caspase recognition and cleavage sequence.
Proximity enforced formation of H-type rhodamine dimers results in the formation of a
quenched and cell permeant caspase substrate (89,93). Upon cleavage of the liker by the
activated caspases both rhodamine molecules are released and become highly fluorescent
(89,93). Importantly, cleaved fluorescent fragments are well retained on the side of the
membrane where the cleavage took place, which provides an opportunity to detect low-level,
compartmentalized caspase activity in living cells (93).

The NucView488 system is based on a new DNA-binding dye (NucView 488) directly linked
to the caspase-3 recognition peptide DEVD (90). NucView488 probe is a derivative of thiazole
orange and when attached to negatively charged group of Ac-DEVD, its DNA binding ability
is inactivated. Substrate cleavage by active caspase-3 initiates dye release, restoration of its
high positive charge and translocation to the nucleus. Upon binding to DNA, NucView488
becomes highly fluorescent (90).

Immunocytochemical detection of the caspase cleavage products (“death
substrates”)—Another approach to detect caspase activation relies on detection of the
specific cleavage products, e.g. such as of poly(ADP-ribose)polymerase (PARP-1). PARP-1
is a nuclear enzyme involved in DNA repair that is activated in response to DNA damage.
During apoptosis, PARP-1 is cleaved, primarily by caspase-3, to the specific 89-kDa and 24-
kDa products (95,96). For many years, the electrophoretic detection of these PARP-1 products
served as hallmark of apoptotic mode of cell death. The Ab recognizing the 89-kDa product
became has been later adapted as a probe identifying apoptotic cells by cytometry (97). The
multiparameter analysis of the cells differentially stained for PARP-1 p89 and DNA makes it
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possible not only to identify and quantify apoptotic cells, but also to correlate apoptosis with
the cell cycle phase.

Immunocytochemical detection of activated caspases—Still another approach is
based on immunocytochemical detection of the epitope of activated caspases. Their activation
involves cleavage followed by assembly of the cleaved parts into the enzymatically active
heterotetramer (98). Abs specific to several activated caspases have been developed and are
commercially available. Similar to immunocytochemical detection of the PARP-1 cleavage
(p89) (97), the multiparameter analysis of caspases activation and DNA content by cytometry
allows one to correlate the activation with the cell cycle phase (99).

Fluorochrome-labeled inhibitors of caspases—Activation of caspases can also be
detected with the use of fluorochrome-labeled inhibitors of caspases (FLICA) (99,100).
Together with PhiPhiLux system and the NucView 488 system they constitute most live cell
caspase detection assays available to date. In contrast to PhiPhiLux and NucView 488,
however, FLICAs were designed as affinity ligands to the active enzyme centers of individual
caspases. Each FLICA has three functionally distinct moieties: (a) the fluorochrome
(carboxyfluorescein; FAM or sulforhodamine; SR), (b) the caspase recognition domain
comprising a four amino-acid peptide, and (c) the covalent binding moiety which consists of
chloro- or fluoromethyl ketone (CMK or FMK) that covalently binds to cysteine of the
respective caspase forming thiomethyl ketone (101). FLICAs are plasma membrane permeant
and relatively nontoxic. Several FLICAs kits are commercially available, including FAM (or
SR) VAD-FMK which contains the valyl-alanyl-aspartic acid residue sequence. This three
amino acid target sequence allows the inhibitor to bind to activated caspase-1, -3 -4, -5, -7, -8,
and -9 making it a pan-caspase marker.

Exposure of live cells to FLICAs results in the uptake of these reagents followed by their
covalent binding to cells having activated caspases, while unbound FLICAs are removed from
cells that lack activated caspases by rinsing with buffer. Concurrent probing of the plasma
membrane integrity with propidium iodide (PI) allows one to distinguish at least two sequential
stages of apoptosis, FLICA+/PI− and FLICA+/PI+. FLICA may also be used concurrently with
a probe of mitochondrial potential, such as Mitotracker Red CMXRos (99).

Because FLICAs bind covalently, they remain attached after cell fixation (with formaldehyde)
and permeabilization. The FLICA assay therefore can be combined with the analysis of the
attributes that can be measured after cell fixation e.g. such as DNA content (cell cycle phase)
or DNA fragmentation (TUNEL assay).

A caution should be exercised, however, in interpreting the specificity of FLICA binding
(102). It was recently shown that in addition to caspases, FLICAs can bind to other targets
which become accessible in the course of caspases activation (99,102). The reactivity of
fluoromethyl ketone moiety with intracellular thiols may provide some explanation of these
interactions. In this context, opening of the disulfide cysteine bridges (inter- and/or
intramolecular) may provide as yet unidentified affinity sites (102). Noncovalent hydrophobic
interactions between fluorochrome domain and intracellular targets have also been postulated
to play a role in FLICA retention (102). In any case FLICA reagents have proven to be reliable
and sensitive markers of apoptotic cell death. Necrotic cells do not exhibit FLICA staining and
caspase-3 activation assay correlates well with results obtained by fluorochrome-labeled
inhibitors of caspases. Recently, data suggest also superior applicability of FLICAs in a
plethora of multiparametric applications. Moreover, the covalent labeling of apoptotic cells
with FLICA make these probes, called FLIVO, the markers of choice for detection of apoptosis
in vivo, both in real-time and after fixation of the tissue. Nevertheless, in light of recent reports
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one should be aware that staining with FLICA apparently does not represent affinity labeling
of individual caspase active centers (102).

GFP-FRET caspase activation assay—Activation of caspases can also be assayed using
the tandem molecules of green fluorescent protein (GFP) and blue fluorescent protein (BFP),
or cyan-(CFP) and yellow-fluorescent protein (YFP), linked by a short peptide, the target of a
particular caspase (103–106). The fluorescence resonance energy transfer (FRET) between the
pairs of these fluorescent proteins when they are linked by the peptide is terminated upon
cleavage of the linker. Caspase activation, thus, is revealed by loss of FRET (103–106). The
advantage of this approach is that the marker of caspase activation is intrinsic, operating in the
live cell. The method, thus, is simple and rapid, as there is no need for cell fixation, application
of any external fluorochromes, etc. The panel of different cells lines transfected to
constitutively express the tandem FRET fluorescing proteins would represent the optimal
setting for drug screening, by monitoring caspase activation/apoptosis in the treated cells.

Phosphorylation of Histone H2AX on Ser-139 as a Marker of Apoptosis
Extensive DNA fragmentation is a hallmark of apoptosis and there are several ways to assess
it. The gold standard assay is based on labeling 3′OH termini of DNA strand breaks with
fluorochrome-tagged deoxynucleotides in the reaction utilizing terminal deoxynucleotidyl
transferase (“TUNEL” assay) (24,107). Because DNA fragmentation may lead to extraction
of small molecular weight DNA fragments from the cell or their extrusion via apoptotic bodies,
apoptotic cells are often characterized by fractional DNA content and their population on the
DNA frequency histograms is then defined as “subG1 cells.” Extensive fragmentation of DNA
during apoptosis also triggers DNA damage response (DDR). One of the characteristic features
of DDR is phosphorylation of histone H2AX on Ser-139. The extent of DNA fragmentation
and therefore H2AX phosphorylation during apoptosis is at least an order of magnitude greater
than that induced by pharmacological doses of ionizing radiation or DNA damaging drugs
(108,109). As shown in Figure 5, the immunocytochemical detection of Ser-135
phosphorylated H2AX (defined as γH2AX) using phospho-specific Ab, provides the means to
identify apoptotic cells based on their extremely high fluorescence intensity. It should be noted,
however, that during late stages of apoptosis the level of γH2AX immunofluorescence may
decline as a result of progressive proteolysis that leads to histones degradation (109).

Supravital Assessment of DNA Content
Measurement of many apoptotic features can be then directly correlated with the cell cycle
phase or DNA ploidy of the tumor cell population. The most common problem associated with
analysis of DNA content is the need for cell permeabilization to stain nuclei with fluorescent
probes such as PI, 7-AAD, or TO-PRO 3. This often precludes concurrent analysis with
supravital markers and/or kinetic analysis. Until very recently the only probe that permitted
for supravital estimation of DNA content on intact cells was Hoechst 33342 (110). This
fluorochrome is lipophilic, and unlike most other DNA probes, crosses the intact cell
membrane. Hoechst 33342 requires, however, costly true UV excitation line and dedicated
optics still uncommon on many flow cytometers. Moreover, while limited binding of Hoechst
to DNA of stem cells appears to be nontoxic, the interactions with nonstem cells was shown
to induce single-strand DNA breaks, particularly in combination with UV irradiation (111—
113).

The DRAQ5 is an example of new fluorochromes, developed to overcome disadvantages of
Hoechst 33342 (114) (Fig. 6). Unlike Hoechst 33342, DRAQ5 can be excited at longer a
wavelength (488 and 633 nm) which markedly extends its applications (114). It belongs,
however, to a class of the DNA intercalating agents of the anthraquinone family, very closely
related to the anticancer drug mitoxantrone (2). This raises the concerns about its applicability
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in the long-term cell culture and viable cell sorting (118). Indeed, it was recently observed that
changes in chromatin after exposure to DRAQ5 are largely incompatible with cell survival
(115,116,119). This does not, however, diminishes the value of DRAQ5 as an useful plasma
membrane permeant DNA dye for short-term experiments, especially when multiplexed with
other spectrally favorable fluorochromes (115,116,119) (Fig. 6).

Vybrant Dye Cycle probes are yet another example of cell permeable fluorochromes excited
with inexpensive violet and blue diode lasers (120—122). Vybrant DyeCycle Violet (DCV)
together with two other related dyes Vybrant DyeCycle Green (DCG) and Vybrant DyeCycle
Orange (DCO) are widely advertised for assessment of the cell cycle distribution in live cells
(Fig. 6). In our recent work we showed, however, that DCO can cause profound cytotoxic
effects in U937 and HL-60 cells that render long-term experiments impossible (117).
Moreover, the most prominent effect of treatment of carcinoma A549 cells with DCV was
suppression of cell cycle progression through G2M and S (116). Exposure to DCV can also
activate DNA damage response kinases ATM and Chk2 and phosphorylation of p53 protein
(116). In summary, we speculate that probably all supravital stochiometric DNA probes induce
varying degrees of DNA damage response and caution should be taken when designing
dynamic experiments on live cells with these probes (116).

Fixable Viability Stains
The need for sample transportation and storage often requires cell fixation. Cell fixation can
be also used to obtain information on the cell cycle phase specificity of apoptosis by a
concurrent analysis with the cellular DNA content. This makes, however, most of the supravital
methods such as i.e. the assays of plasma membrane integrity incompatible with subsequent
processing. Recently, a considerable progress has been made by the introduction of amine
reactive, fixable viability dyes (ViD) (123). Prior staining with ViD facilitates lucid
discrimination of cells with intact and damaged plasma membrane even in fixed specimens.
Reportedly, ViD probes span a broad range of visible excitation and emission spectra. Their
uptake by cells with permeabilized membranes is followed by covalent binding to cytoplasmic
amine residues that withstand formaldehyde fixation and alcohol permeabilisation procedures
(123).

Dynamic Tracking of Apoptosis
Cell death is a stochastic process initiated and executed through multiple and interconnected
signaling pathways. Majority of techniques to quantify cell death exploit the endpoint principle
where experiment is interrupted before staining is performed. This approach reveals only a
frequency of live versus apoptotic or necrotic cells at the time of cell harvesting (73,117). The
possibility to continuously track individual cells up to the point of their demise would offer a
superior sensitivity and accuracy allowing one to assess dynamics of the apoptotic process
(76,77). Reduction of sample processing steps achieved with real-time assays can be also
beneficial for preservation of fragile apoptotic population (73,76,77).

As discussed earlier in this review, several approaches to dynamically track caspase activation
in living cells have been developed. Among them are cell permeable fluorogenic caspase
substrates such as PhiPhiLux, NucView 488, and fluorochrome-labeled inhibitors of caspases.
They are all relatively nontoxic to live cells but identify cells with activated caspases. By virtue
of slowing down the process of disintegration of apoptotic cells (“stathmo-apoptosis”) FLICA
can be used to estimate kinetics apoptosis in cell populations (124). Because of paucity of
fluorescent probes that can be applied to measure extent of apoptosis in living organisms the
use in vivo FLICA reagents (defined “FLIVO”) is of particular interest (125,126). Another
group of the probes applicable to live cells are also already mentioned tandem molecules
exploiting FRET of green fluorescent proteins. These probes can be reportedly used in real-
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time or near real-time assays featuring superior sensitivity and wealth of information as
compared to standard end-point assays.

We have recently reported that also substituted cyanine SYTO probes represent a promising
class of markers that do not adversely affect normal cellular physiology. When preloaded into
cells or continuously present in medium, SYTOs do not interfere with cell viability while their
intracellular retention can be easily used for kinetic analysis of caspase-dependent apoptosis
(73,117). SYTO 16-based sorting of intact apoptotic cells provides also an innovative approach
to supravitally track progression of apoptotic cascade (73).

Autophagy and Cytometry
Autophagy is an intracellular bulk degradation system for long-lived proteins and whole
organelles (127). Emerging evidence suggests that autophagy may enhance survival of cancer
cells exposed to nutrient deprivation, hypoxia, or certain chemotherapeutics, but contribute to
cell death when induced above an acceptable for cellular homeostasis threshold (128). Accurate
estimation of autophagosome formation and/or functional catabolic autophagy emerges, thus,
as an important measurement in preclinical drug screening (129,130). To date, only a handful
of methods have been introduced to quantify autophagy, including electron and fluorescent
microscopy to follow steady-state accumulation of autophagosomes, and long-lived protein
degradation assay to access the catabolic autophagic activity (131,132). Fluorescent
microscopy is widely used to follow autophagosome accumulation using markers such as LC3
protein tagged with fluorescent proteins. Upon induction of autophagy cytoplasmatically
localized LC3-I is cleaved and lipidated to form LC3-II that associates with the isolation
membrane (131). By using, for e.g., adeno-viral delivery of LC3-GFP, it is possible to follow
the changes in LC3-GFP distribution from diffuse cytoplasmic into punctuate, the latter
indicative of autophagosome accumulation. Current methods designed to quantify autophagic
activity using LC3 are, however, time consuming, labor intensive, and require substantial
expertise in accurate data interpretation (133,134).

Recently, several attempts have been made to quantify autophagy in cells stably expressing
GFP-LC3 reporters using flow cytometry (133,134). As discussed however, in flow cytometry,
only integrated fluorescence over each cell is collected. This in turn may not be sensitive
enough to detect subtle redistribution at subcellular level. More recently, a successful attempt
has been made to employ the multispectral imaging flow cytometry to quantify autophagosome
formation (135). Authors utilized the “virtual sort” capability to enumerate cells exhibiting the
bright, punctuate spots of GFP-LC3. The in-flow imaging is the first example of an automated
and unbiased detection of autophagy in rare subpopulations of cells (135).

SUMMARY
In closing, key technological advances allowed unparallel proliferation of cytometry in studies
of cell death. Although the present array of techniques has delivered many options, there are
still numerous areas for technological improvements. Discovery of alternative cell death modes
have brought potential for development of innovative bioassays. Regrettably only the classical
caspase-dependent apoptosis has so far been a major area that drives assay development for
the cytometry. As exploration of novel therapeutic targets based on noncanonical pathways of
cell death is ongoing, there is a dire need for novel bioassays. Development of virtually inert
fluorescent probes with enhanced photostability would also open up new horizons for many
functional and real-time cytometric assays.

There is a reason to believe, that progress in novel technologies like laser scanning cytometry
(LSC), multispectral imaging cytometry, and spectroscopic cytometry is just a prelude to a
major transformation of the field in the years to come. Expectedly, we are soon to witness the
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rise of micro-and nanotechnologies with vast potential in many analytical platforms. Although
still in their infancy, these warrant a major “quantum leap” for cell necrobiology.
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Figure 1.
Morphological and biochemical hallmarks of apoptosis and accidental cell death (necrosis).
Note that some features characterizing apoptosis may not be present and depend heavily on a
particular cell type, stimuli, and cellular microenvironment.
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Figure 2.
Multispectral imaging flow cytometer. (A) Layout and key components of the ImageStream
high speed imaging system. Cells are hydrodynamically focused into a core stream and
orthogonally illuminated with lasers for side scatter (SSC) and fluorescence imaging, and
transilluminated for brightfield imaging. Light is collected from the cells with an imaging
objective lens (20×, 40×, or 60×) and projected onto a charge-coupled detector (CCD). Before
projection on the CCD, the light is passed through a spectral decomposition optical system that
directs light of different wavelengths to different lateral positions across the detector, enabling
simultaneous capture of up to six spectrally distinct images per detector. In the example shown,
cells are illuminated by spatially separated lasers resulting in the generation of two composite
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images per cell. Each image is spectrally decomposed and projected onto separate detectors,
enabling collection of up to 12 images per cell. (B) Morphology-based identification of
apoptotic cells using Image Stream. Jurkat cells in midexponential growth were left untreated
(top) or were incubated with 1 µM CPT for 6 hours, fixed and stained with PI, then collected
on the ImageStream. DNA content histograms of single cells are shown in the left panels. Cells
exhibiting nuclear fragmentation (low nuclear area and bright detail intensity) are gated in the
histograms at right, with the percentage of apoptotic cells indicated in the upper right corner
of the plot. Representative brightfield and PI image of nonapoptotic cells from the untreated
sample and apoptotic cells from the treated sample are shown at right (data courtesy of Dr. Tad
George and Dr. Brian Hall, Amnis Corporation, Seattle, WA) (31,40). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com]
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Figure 3.
Advanced microfluidic flow cytometer (Fishman-R). (A) Cross-sectional view of the
microfluidic chip. (B) Disposable microfluidic cartridge (left panel) and an optical layout of
the microcytometer (right panel). Note FSC, SSC, and four fluorescence detectors used in
combination with spatially separated solid state 473 nm and 640 nm lasers. Side scatter
detection is performed using innovative Side scattered Light detection using Edge Reflection
(SLER) technology. (C) Immunophenotyping performed on the microfluidic Fishman-R flow
cytometer as compared with conventional flow cytometer. Note that µFACS analysis requires
merely 20 µl of blood and yields comparative multiparameter data to FACS (data courtesy of
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Dr. Kazuo Takeda, On-Chip Biotechnologies Co, Tokyo, Japan) (74,75). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com]
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Figure 4.
Apoptotic changes in plasma membrane. (A) Detection of apoptosis by concurrent staining
with annexin V-APC and PI. Human B-cell lymphoma cells were untreated (left panel) or
treated with dexamethasone (right panel), as described previously (73). Cells were
subsequently stained with Annexin V—APC conjugate and PI and their far-red and red
fluorescence was measured by flow cytometry. Live cells (V) are both Annexin V and PI
negative. At early stage of apoptosis (A) the cells bind Annexin V while still excluding PI. At
late stage of apoptosis (N) they bind Annexin V-FITC and stain brightly with PI. (B) Detection
of apoptosis by concurrent staining with YO-PRO 1 and PI. Cells were treated as in A) and
supravitaly stained with YO-PRO 1 and PI probes. Their green and red fluorescence was

Wlodkowic et al. Page 24

Cytometry A. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measured by flow cytometry. Live cells (V) are both YO-PRO 1 and PI negative. Early
apoptotic cells (A) are permeant to YO-PRO 1, but still exclude PI. Late apoptotic/ secondary
necrotic cells (N) are permeant to both probes (double positive events). (C) Comparison
between Annexin V and YO-PRO 1 based assays (for details refer to text). Cells were treated
as in (A) and supravitally stained with Annexin V-APC, YO-PRO 1, and PI probes. PI positive
cells were electronically excluded from subsequent analysis. Note that essentially all cells that
responded to dexamethasone by increase in Annexin V binding were YO-PRO 1 positive.
Nevertheless, large fraction of YO-PRO 1 positive cells did not bind Annexin V (arrow). These
data indicate that time-window for YO-PRO 1 assay is wider than for Annexin V binding, and
precedes the latter. For details refer to text.
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Figure 5.
Identification of apoptotic cells based on high level of expression of γH2AX. Leukemic HL-60
cells were untreated (Ctrl) or treated with 150 nM topotecan (Tpt) for 1 or 3 hours. Expression
of γH2AX and of activated (cleaved) caspase-3 (caspase-3*) was detected
immunocytochemically using fluorochromes of different emission wavelength, DNA was
counterstained with DAPI, fluorescence measured by laser scanning cytometry. Induction of
primary DNA double-strand breaks (Pr-DSB) by Tpt triggers H2AX phosphorylation
(induction of γH2AX) which is evident after 1 hour. DNA fragmentation during apoptosis
which occurs after 3 hours generates high number of DSB which leads to an additional, very
intense response by expression of γH2AX. Apoptotic cells, Ap, are characterized by both,
activation of caspase-3 and very high level of γH2AX. The dashed straight lines show the
maximal threshold of γH2AX and caspase-3* expression (mean + 3 SD) of the untreated cells.
Compared with early apoptotic cells expression of γH2AX is reduced during late phase of
apoptosis (108—110).
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Figure 6.
Supravital assessment of DNA content. (A) Comparison between propidium iodide (PI),
DRAQ5, and DyeCycle Orange (DCO) probes. Human histiocytic leukemia U937 cells were
challenged with topoisomerase II inhibitor (Etoposide); topoisomerase I inhibitor
(Camptothecin), or left untreated (Control). Cells were live stained with DRAQ5 and DCO for
20 minutes at RT. For PI staining cells were harvested, permeabilized in 70% EtOH, and
digested with RNase A. Note that resolution of DNA profile when using DRAQ5 and DCO is
satisfactory to assess cell cycle block in response to Etoposide and Camptothecin. Interestingly
both DRAQ5 and DCO permit also for supravital assessment of sub-G1 fraction. (B)
Comparison between DRAQ5 and ethidium bromide in a HTS screen of selected anticancer
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drugs. Note that permeabilisation and fixation result in loss of informative cells in the sub-G1
fraction (thick arrow). The same population is retained when DRAQ5 is applied supravitaly
for DNA content analysis (data courtesy of Roy Edward, Biostatus Limited Shepshed, UK)
(114—117). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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Table 1

Current concepts on the complexity of cell demise modes

CELL DEMISE MODE DISTINCTIVE MORPHOLOGICAL FEATURES DISTINCTIVE BIOCHEMICAL FEATURES

Classical apoptosis Strong condensation of chromatin, cell
    shrinkage; preservation of cellular
    organelle; cell membrane blebbing;
    formation of apoptotic bodies

Absolute requirement of caspase cascade
    activation; internucleosomal DNA
    fragmentation; phosphatidylserine exposure

Caspase-independent
    apoptosis-like
    programmed cell death

Chromatin condensation less
    pronounced than in classical apoptosis;
    varying gradation and combination of
    apoptotic features possible

Activation of caspases not necessary to
    execute the program although possible;
    common activation of other proteases:
    cathepsins, calpains, serine proteases;
    DNA fragmentation less pronounced;
    phosphatidylserine exposure often observed

Autophagy Partial chromatin condensation;
    formation of double/multilayered
    autophagosome vacuoles dependent
    on ATG genes; cell membrane
    blebbing possible

Initially perceived as caspase independent
    although recent reports indicate possible
    cross-talk with classical apoptosis; lack of
    DNA fragmentation; increased lysosomal activity

Mitotic catastrophe Formation of giant polykaryons;
    lack of chromatin condensation;
    lack of cell membrane blebbing

At initial stages caspase independent
    although final rerouting to caspase
    dependent execution is possible; initiated
    by a violation of G2 checkpoint of the
    cell cycle and premature entry to mitosis

Necrosis-like programmed
    cell death (classified also
    as aborted apoptosis)

Lack of geometric chromatin
    condensation or condensation
    forming loose speckles; varying
    scale and combination of apoptotic
    features possible

Initial caspase cascade activation possible
    with common subsequent inhibition and
    rerouting to alternative pathways;
    predominantly random degradation of
    DNA; phosphatidylserine exposure possible

Necrosis (classified also
    as accidental cell
    death or cell lysis)

Lack of geometric chromatin
    condensation, dissolution of
    chromatin; organelle and cell
    swelling; lack of cell membrane
    blebbing; rapid rupture of
    plasma membrane

Lack of protease cascade activation;
    random degradation of DNA (no DNA
    laddering); rapid and uncontrolled
    release of cell constituents

Senescence (“cell zombie”) Appearance of characteristic
    heterochromatic foci; characteristic
    flattened cytoplasm; increased
    cellular granularity; lack of cell
    membrane blebbing

Caspase independent; initiated by a
    shortening of telomeres and cell entry into
    irreversible cell cycle arrest (replicative
    senescence); profound changes in
    metabolism and activation of senescence-
    associated β-galactosidase (SA-β-gal)
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