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uncovered large heterogeneity in response of individual cells to the apoptotic stimuli. Analysis of the
complex and dynamic process of apoptosis requires a capacity to quantitate multiparametric data
obtained from multicolor labeling and/or fluorescent reporters of live cells in conjunction with morpho-
logical analysis. Modern methods of multiparametric apoptosis study include but are not limited to flu-
orescent microscopy, flow cytometry and imaging flow cytometry.

In the current review we discuss the image-based evaluation of apoptosis on the single-cell and pop-
ulation level by imaging flow cytometry in parallel with other techniques. The advantage of imaging flow
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Flow cytometry cytometry is its ability to interrogate multiparametric morphometric and fluorescence quantitative data
Programmed cell death in statistically robust manner. Here we describe the current status and future perspectives of this emerg-
Multicolor imaging ing field, as well as some challenges and limitations. We also highlight a number of assays and multicolor

labeling probes, utilizing both microscopy and different variants of imaging cytometry, including com-
monly based assays and novel developments in the field.
© 2016 Published by Elsevier Inc.
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1. Introduction

Apoptosis is one of the processes of programmed cell suicide
triggered by external or internal signals. Animal cells have differ-
ent suicide programs [1,2] and many excellent reports describe
several alternative cell death modes (caspase-independent
apoptosis-like programmed cell death, autophagy, programmed
necrosis or necroptosis) [3-8]. Major characteristic of apoptosis
making it different from the other pathways of cell death is pro-
longed integrity of the plasma membrane when cell structure
and metabolism are devastated by specific enzymes [9-11] and
ATP production [12]. Another hallmark of apoptosis program is
the activation of specific proteases, namely caspases and specific
DNAses. Activation of caspases happens in at least two steps with
first activation of regulatory caspase 8 and/or caspase 9 and conse-
quent activation of executive caspase 3 (and occasionally some
others - caspases 6 and 7). DNAse activation happens after activa-
tion of regulatory caspases, but might proceed independently of
them. At the end of apoptosis execution cells in vivo are usually
engulfed by other cells and gradually digested, while in vitro cells
loose plasma membrane integrity and eventually die. Morphologi-
cal features characteristic for apoptosis start with prolonged bleb-
bing, continue with shrinkage of the cytoplasm with organelles
[13,14]. Finally, shrinkage and fragmentation of cell nucleus and
in some cases fragmentation of cells with formation of apoptotic
bodies happens [15,16]. However, the aforementioned data repre-
sent the average estimation for cell population. At the single cell

level not all events have been described so far and thus some of
apoptotic events hardly could be put in line with others. Taking
into account asynchrony in the apoptosis execution more detailed
analysis becomes essential.

Modern cell death research actively uses microscopy and flow
cytometry, and particularly exciting recent development - imaging
flow cytometry (IFC). Over the past ten years IFC has undergone
rapid development and has now spatial resolution sufficient for
structure analysis at subcellular level and spectral resolution up
to 10 colors for the quantitation of multiple fluorescent parameters
in addition to bright field and side scatter.

Cytometric methods for the detection of apoptosis by single
probes were excellently reviewed by Wlodkowic and others [17],
thus we will focus mainly on the multiparameter evaluation of this
process by imaging instrumentation such as Imagestream technol-
ogy platform and multicolor fluorescent microscopy. Here we
review the IFC field, discuss the new and elegant approaches to
analyze apoptosis sequence and apoptosis regulators, and provide
evidence that multiparametric IFC in combination with more tradi-
tional microscopy and flow cytometry can serve for further under-
standing of mammalian apoptosis.

2. Apoptosis sequence

Initially apoptosis had been defined as “shrinkage necrosis” [18]
and two phases of this process were described at this time: cell
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