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The-review concerns modern research techniques of apoptotic cell death in vitro and in vivo. Apoptosis monitoring has been shown
to be based on recording characteristic cell changes: integrity loss and depolarization of plasma membrane, phosphatidylserine and
phosphatidylethanolamine exposure on cell membrane surface, activation of caspases, mitochondrial membrane depolarization, DNA
fragmentation, the changed level of biochemical markers. The major techniques for in vitro apoptosis studies are light and electron microscopy,
flow cytometry, fluorescent microscopy, immunohistochemistry, enzyme immunoassay, Western blotting, electrophoresis and TUNEL technique.
Currently, noninvasive techniques used to study apoptosis in vivo are of great importance since they are capable of recording the process in
tissues, organs and the whole body: positron emission tomography (PET), single-photon emission computed tomography (SPECT), magnetic
resonance imaging (MRI), fluorescent spectroscopy, FLIM/FRET-imaging. Great attention is paid to the search for contrast agents specific to
various molecules of an apoptotic cascade. The nature of apoptotic reactions has been demonstrated to serve as a marker of chemotherapeutic
efficiency and help choosing chemotherapy. A combination of several techniques to study apoptotic cell death has been found to gain its
popularity, e.g. SPECT and optical imaging, PET and optical imaging, PET and MRI. In the long term, by means of these techniques it will be
possible both to determine the disease severity and also assess the treatment efficiency.
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Apoptosis is a process of a programmed cell death,
which is controlled genetically and typical for all
mammalian cells [1-3]. It plays a key role in cell growth
and differentiation, the development of the whole body
and tissue homeostasis. The knowledge of molecular
mechanisms participating in apoptosis initiation and
execution contributes to the understanding of the
processes involved in the development of many diseases
including oncological ones [3, 4]. Currently, the cell death
regulatory factors are considered as the primary targets
of antitumor action, and a type of apoptotic reactions
can serve as a marker of rational chemotherapeutic
efficiency and help choosing chemotherapy [4-7].

Now, a great number of methods enabling to discover
many mechanisms of apoptosis have been suggested
for qualitative and quantitative analysis of apoptotic
reactions in a cell [8]. These techniques are based
on recording typical cell alterations: morphological,
biochemical and molecular (Figure 1) [8, 9]. There has
been gained a great deal of evidence on apoptotic cell
death mechanisms; however, currently, most studies
concerned with cell death have been performed on
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cell cultures in vitro. In recent years, there is an active
search and development of noninvasive techniques to
investigate apoptosis in vivo suitable for studing this
process in tissues, organs and in a whole body [8, 10].

Morphological changes and plasma membrane
depolarization

Morphologically, apoptosis involves reduced cell
volume, plasma membrane shrinkage, chromatin
condensation, nuclear DNA strand breaks followed
by nuclear decomposition, cell fragmentation into
membrane vesicles with intracellular content (apoptotic
bodies) phagocytized by macrophages and adjacent
cells [5].

The most available and easiest method to detect
apoptotic cells and study their morphological
characteristics is light microscopy of histological
specimens. For this purpose thin-layer tissue sections
are used stained by Azure A or hematoxylin and eosin
[11-14].

Ultrastructural changes typical for apoptotic cells can
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be detected by electron microscopy.
Ultrastructural peculiarities of cells
in apoptosis activated by various
inductors have been demonstrated
by this method. Electron micro-
scopy is generally considered
to be more reliable technique to
study apoptosis compared to light

microscopy [15, 16]. O%\
Morphological changes can Q. U
also be studied by flow cytometry. O
The reduction of light scattering 82
intensity has been found at early O

apoptotic stages due to cytoplasm O
shrinkage. However, changes of
light scattering are not specific
markers in the development of any
cell death pathways; therefore, this
analysis is to be combined with
other methods providing precise
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identification of a molecular profile
of cell death [17].

The capabilities of positron-
emission tomography (PET), single-photon emission
computed  tomography  (SPECT) have been
demonstrated to assess the damaged structure and
depolarization of plasma membrane in apoptosis in vivo
[10, 18]. The approach is based on the use of radio-
labeled substances specific to different molecules and
accumulated in apoptotic cells. In recent years, a great
number of radioactive isotopes using various chelators
and co-ligands have been developed. In particular, to
study depolarization of cytoplasmic membrane and
intracellular pH in apoptotic cell death, a family of small
molecules ApoSense has been developed [10, 18, 19].
In 2008, a radioactive nuclide ®F-ML-10 (*®F-labeled 5-
fluoropentyl-2-methylmalonic acid) was developed on
the basis of these molecules to estimate cell membrane
depolarization by PET [20, 21]. The first human test
showed its safety, stability and fast elimination [22,
23]. Currently, clinical trials using "®F-ML-10 are being
carried out to study plasma membrane depolarization
in apoptosis of tumor cells and assess chemotherapy
efficiency [24].

To image apoptosis by SPECT in vivo, a radioactive
nuclide ?%|-labeled ML-10 was suggested. There has been
shown its absorption by Daudi tumor cells depending on
pH level in mice when treated by cyclophosphamide and
radiotherapy [25].

Phosphatidylserine and phosphatidylethanolamine
exposure on plasma membrane surface

Phospholipids of plasma membrane are characterized
by asymmetric distribution:  phosphatidylcholine
and sphingomyelin are located on an outer side of
a lipid bilayer, while phosphatidylserine (PS) and
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Figure 1. Primary cell alterations in apoptosis [8]

phosphatidylethanolamine (PE) are located on its inner
surface. In apoptosis the asymmetry breaks, PS and PE
appear on a cell membrane surface and can serve as an
indicator of apoptosis initiation [7, 8, 18, 26].

A compound used as a marker of apoptotic cells is
recombinant protein, Annexin V, with high affinity for PS.
Annexin V is a Ca?-dependent protein with molecular
weight of 35-36 kDa [18, 27]. Flow cytometry and
fluorescence microscopy using Annexin V conjugated
with a fluorescent dye, e.g., FITC, are applied to detect PS
[10, 28]. However, due to the fact that PS displacement
from an inner surface of cytoplasmic membrane to the
outer one occurs in necrosis as well, Annexin V has been
used with such cationic dyes as 7-ADD or propidium
iodide (PI), which bind to intact DNA, but they are able
to penetrate inside a cell only if cytoplasmic membrane
integrity is damaged. Combined staining by Annexin
V-FITC and PI enables to identify living cells (Annexin
V-/PI-), early proapoptotic changes (Annexin V+/PI-), late
apoptosis stage accompanied by secondary necrosis of
cells, and a necrotic type of cell death (PI*). Thus, the
technique enables to distinguish living cells from those in
apoptosis, and from necrotic cells [17, 28, 29].

Due to high affinity of Annexin V for membrane PS,
there have been developed various radioactive isotopes
with Annexin V to image PS by PET and SPECT in vivo
[9, 10]. The most extensively studied and widely used
radioisotope for apoptosis detection is *"Tc-labeled-
Annexin V, which has found its application in oncology
[18, 30]. Currently, ®mTc-HYNIC-Annexin V is the only
clinically tested radioisotope: it has undergone phases
2 and 3 of clinical trials in the treatment of patients with
lung cancer [31, 32]. All patients were found to have
increased uptake of Annexin V by a tumor; moreover,
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Figure 2. Apoptosis imaging by PET using
®F-labeled Annexin V in mice with squamous
cell carcinoma of the head and neck
UM-SCC-22B before and after doxorubicin
treatment [33]
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there were significant correlations between Annexin
V uptake and treatment results. '®F- and %Ga-labeled
Annexin V were also developed to study apoptotic cell
death in vivo [10, 18, 33] (Figure 2). Nevertheless, the
use of Annexin V in vivo presents such difficulties as
slow pharmacokinetics and high immunogenicity.

In recent years, there has been the search for
low-molecular compounds for apoptosis analysis [34].
In 1995, PSBP-0, a peptide consisting of 14 amino
acids, was derived from PS carboxylase [35]. In 2011
it was modified and acquired high affinity for PS [36].
The studies have shown the level of a radioisotope
SAAC(*"Tc)-PSBP-6 in mice with melanoma to be
higher after therapy. It indicates that the peptide
can be used to study an early tumor response to
chemotherapy [37].

Duramycin, a tetracyclic peptide consisting of 19 amino
acids, with molecular weight of 2 kDa, was developed
to identify PS on cell membrane surface by PET [38]. In
2008 *mTc-labeled Duramycin with HYNIC as a ligand
was used to image apoptosis in vivo [39, 40]. Later on,
F-labeled Duramycin — ['®F]JFPDuramycin — was
suggested as a novel radioisotope for apoptosis imaging
[41]. It was successfully used to study the apoptosis of
tumor cells after cyclophosphamide and cisplatin therapy
in mice by PET. However, pharmacokinetics showed
accumulation of [*®*F]FPDuramycin in the liver and spleen
that limits its application in vivo.

Another technique used to study apoptosis in cells
in vivo is optical imaging [42, 43]. Recently developed
optical imaging methods provide apoptosis imaging in
animal tissues and a whole body [10]. In recent years,
increasingly greater attention of researchers in this field
is given to the combination of different near infrared
fluorophores and ligands [44]. Annexin V labeled by Cy
5.5, a near infrared fluorophore, was used for apoptosis
optical imaging in vivo [45]. In particular, it was used
to study apoptosis in tumors during chemotherapy by
fluorescence tomography. The increase of a fluorescent
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signal was found in treated tumors compared to the
control [46].

Magnetic resonance imaging (MRI) is also applied for
apoptosis imaging in vivo. Biotinylated Annexin V bound
to Gd-DTPA-labeled liposomes is used to identify PS
on plasma membrane surface [47, 48]. Supermagnetic
iron oxide nanoparticles conjugated with C2A-domain
of Synaptotagmin, protein specific to PS, are used for
MRI [49]. Apoptosis imaged by MRI was demonstrated
in isolated tumor cells in vitro and in the tumors in vivo
treated by chemotherapeutic agents. Higher contrast
accumulation has been shown in a tumor compared to
the control [50].

Caspase activation

In most cases, in animal and human cells apoptosis
is related to proteolytic activation of a caspase cascade.
Caspases is a family of evolutionarily conserved cysteine
proteases, which specifically cleave a peptide bond
formed after aspartic acid residues [51]. Caspases are
divided into two main groups: caspases-1 (caspase-1, 4,
5, 13 and 14) and caspase-2 playing a key role in the
apoptosis process (caspase-2, 3, 6-10). The second
group is subdivided into initiator (caspase-2, 8, 9 and
10) and effector (caspase-3, 6 and 7) caspases [51, 52].
Different mechanisms of apoptosis induction through
membrane receptors or mitochondria cross at caspase-3
level, therefore the measurement of its activity is the most
informative method to reveal apoptosis [6, 10].

Caspase-3 activity can be determined by
immunohistochemistry (IHC), enzyme-linked immuno-
sorbent assay (ELISA) or Western blotting using
mono- and polyclonal antibodies specific to caspase-3.
However, these techniques do not make it possible to
record the enzyme activation changes [28, 29, 53-55].

Flow cytometry using high-specific peptide substrates
or inhibitors labeled by fluorophore is a widely applied
technique to study caspase activity [17].
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In recent years, the changes of apoptosis in living
cells are imaged by fluorescence imaging (microscopy,
tomography) and fluorescence spectroscopy. For this
purpose fluorescent proteins are widely used as markers
of caspase-3 activation. The main approach is the usage
of the so called FRET (Forster resonance energy transfer)
sensors consisting of a pair of proteins (a donor and an
acceptor) bound by a peptide sequence DEVD. In bound
state, an exited donor transfers energy by a resonance
mechanism to an acceptor resulting in a donor’s reduced
fluorescence intensity, while acceptor’s fluorescence
increases [56—63]. In addition, fluorescence lifetime of a
donor in FRET-pair is lower compared to its free state
[59, 64]. When apoptosis and caspase-3 activation are
initiated, DEVD sequence is cleaved, and FRET-reaction
becomes impossible. The most popular FRET-sensor
to detect caspase-3 activation is SCAT3 consisting of
proteins ECFP and Venus [63, 65-69]. Recently, there
has been suggested a sensor to study simultaneously
the activity of caspase-8 and caspase-3 consisting of
fluorescent proteins seCFP, Venus and mRFP1 bound
by the linkers IETD and DEVD [70]. The use of FRET-
sensors and fluorescence imaging techniques enable
to observe spatiotemporal dynamics of caspase-3
activation in individual living cells in vitro and in vivo by
the change of fluorescence intensity or lifetime. It should
be noted that time-resolved fluorescence imaging FLIM
(fluorescence lifetime imaging microscopy) is considered
to be one of the most precise methods to assess
FRET-reaction efficiency [59, 66, 71-77] (Figure 3). In
particular, apoptosis activation using chemotherapeutic
agents in different tumor cells in vitro and in vivo has
been shown by this technique [58, 59, 66].

Light penetration depth is of primary importance for in
vivo optical imaging of apoptosis in organs and tissues.
Animal tissues are known to be more transparent in
red and near infrared spectral range, therefore, in
recent years, researchers have aimed their efforts at
developing fluorescent proteins and FRET-sensors
working in this range. The following fluorescent proteins
emitting in an orange-red range have been isolated:
mRFP, Katushka, mKate2, IFP1.4, iRFP670, iRFP682,
iRFP702, iRFP720, etc. [78-80]. Their usage enables
to increase imaging depth and reduce the effect of
autofluorescence of tissues and a toxic effect of probing
radiation [81-86].

Another approach to the assessment of caspase
activity consists in the usage of different radioisotope-
labeled substances. In 2001 there were appeared new
data on activity and selectivity of some isatin analogs
of caspase-3. In 2008, "®F-labeled analog of isatin was
synthesized and described. A radioisotope ['®F]ICMT-11
was used to study apoptosis in vitro and on animals in vivo
by PET. In vivo study using ["®F]ICMT-11 revealed higher
caspase-3 activity in tumor cells after cyclophosphamide
therapy. Moreover, a signal was increasing within the first
24 h after chemotherapy in mice with B-cell lymphoma
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Figure 3. FLIM/FRET-imaging of apoptosis in 3D-culture of
Hela tumor cells expressing ECFP-DEVD-EYFP, before and
after staurosporine action in vitro: (a) fluorescence intensity;
(b) fluorescence lifetime; bar size: 50 pm [76]

38C13 [87]. Preclinical studies of ["®F]ICMT-11 showed
its safety for human [88].

Progress in magnetic resonance imaging 'H-MRI
is being carried out to image the activity of apoptotic
cascade enzymes. However, a significant limitation of
the technique is a high background signal, therefore,
many researchers pay much attention to the use of °F-
MRI. "®F-MRI-contrast Gd-DOTA-DEVD-Tfb consisting of
Gd*-complex, a peptide group DEVD and '®F-containing
group (Tfb) was synthesized to determine caspase-3
activity. When DEVD-sequence is cleaved by caspase-
3, "F-MRI-peak is higher and sharper indicating the
disturbance of a paramagnetic effect between Gd** and
®F [10].

Mitochondrial membrane depolarization

Mitochondria are known to play a key role in apoptosis
[10, 89, 90]. The damage of mitochondrial membrane
potential Aym and permeability of mitochondrial
membrane can result from an oxidative stress or
chemotherapy leading to the release of membrane-
associated proteins including cytochrome c [91, 92].
Mitochondrial membrane depolarization occurs at early
apoptotic stages and before the primary morphological
and biochemical alterations. Membrane potential
monitoring can give the information about the kinetics of
apoptotic processes in the tissues under study [8].

Membrane-bound lipophilic cationic fluorophores,
in  particular rhodamine 123 (Rh123); 3.3-
dihexyloxacarbocyanine (DIOC®6); 5.5",6.6'-tetra-
chloro-1.1’;  3.3'-tetraethylbenzimidazole-carbocyanine
iodide (JC-1) and other fluorescent dyes (e.g., TMRE,
TMRM) are used to detect Aym due to their capability
to accumulate in mitochondria as probe molecules; they
enable to record Aym by fluorescence intensity [28, 29,
55, 93]. Moreover, Aym analysis is carried out both in
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single cells and also in isolated mitochondria by flow
cytometry.

In 2007, '®F-labeled phosphonium cation ('®F-FBNnTP)
was used for noninvasive study of mitochondrial
membrane potential by PET [94]. Phosphonium cations
can penetrate through a lipid bilayer due to their
lipophilicity and a positive charge, and accumulate inside
mitochondria. When membrane potential is lost during
apoptosis, the concentration of phosphonium cations
in a cell decreases. In 2009, ®F-FBnTP was applied in
treatment of prostate carcinoma in mice in vivo [95].

DNA fragmentation

During apoptosis, under the action of endonucleases,
there are numerous DNA strand breaks resulting in
the formation of many 3’-ends [96]. TUNEL technique
(terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick-end labeling), or terminal deoxynucleotidyl
end labeling is widely applied to reveal the process
[65]. The principle of TUNEL technique is in specific
binding to 3’-end of a broken biotin-labeled deoxyuridine
triphosphate DNA strand. Such binding is catalyzed by
deoxynucleotidyl transferase. The method is considered
to be safe and specific for apoptosis detection, since it
aims at verification of a primary event: DNA breakdown
under Mg*/Ca®*-dependent endonucleases resulting
in the formation of fragments, their size being multiple
of a nucleosome [10-12, 97, 98]. One of recent
modifications of TUNEL technique enables to detect
DNA fragmentation in a sample containing just 5 ng of
DNA, so that the sensitivity of the method is over 200
times as high than a routine staining procedure.

It should be noted that oligonucleosome degradation
of chromatin is revealed well before apoptosis signs
become visible by means of light microscopy, and can
be detected by electrophoresis [99, 100]. A discrete
“ladder”, the fragments of which have the size multiple
of 200 base pairs (one nucleosome), can serve as an
evidence of apoptosis that can be proved by markers
of molecular weight. The necessity of such control
arises from the fact that when DNA is damaged by
deoxyribonucleases observed in necrosis, “a ladder” can
also be revealed though the ladder is oligonucleosome
one rather than oligonucleotide, the weight of the
fragments being multiple of one base. These conditions
necessitate controlling the results of TUNEL and DNA
electrophoresis by light microscopy with the verification
of apoptotic morphological signs.

The release of mono- and oligonucleotide DNA
fragments from the nucleus in cytoplasm of apoptotic
cells can be studied by IHC and ELISA using mono-
and polyclonal antibodies specific for nucleosome DNA
fragments contained in lysate of apoptotic cells [100].
The sensitivity of the method is over 500 times as
high compared to DNA fragmentation revealed by gel-
electrophoresis. An essential advantage of the technique
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is the possibility to analyze simultaneously more
samples, while the main disadvantage is the necessity to
analyze fresh samples, since their storage can result in
significant weakening of reactivity.

Frequently, to detect apoptotic cells, fluorescence
microscopy with fluorescent dyes is used, the dyes
being specifically bound to DNA: DAPI, Hoechst
33342, acridine orange and ethydium bromide [63,
68]. Moreover, both vitally stained cells in suspension
and fixed preparations are studied. The detection of
condensed chromatin fluorescing brightly is a usual
apoptotic sign in fluorescence microscopy. Apoptosis
in cell suspension can be measured quantitatively by
combining DNA treatment with specific dyes and flow
cytometry. Propidium iodide is frequently used for the
treatment [16, 17].

SPECT has been shown to be used to detect DNA
damage in apoptosis in vivo [101]. Damage is detected by
a signal protein yH2AX, which binds to a damaged DNA
strand in apoptosis, and can be found by fluorophore-
or "In-DOTA-labeled antibodies. The signal has been
shown to increase in SPECT after bleomycin therapy of
breast cancer on animal models.

Biochemical markers of apoptosis

IHC, ELISA and Western blotting are applied to identify
proteins composing a cascade of biochemical processes
leading to apoptosis [54]. Based on these considerations
a conclusion is made about cell possibility to come
into apoptosis but not about the apoptosis level in a
cell population [16, 29, 67, 102]. Poly- and monoclonal
antibodies to proteins p53 — DO-7, PAB-1801 (to detect
wt p53 and mt p53), PAB-240 (to identify mt p53 alone),
etc. are normally used. In addition to antibodies to p53,
immunoglobulins to other key points of the genetic
program of apoptosis are used: bcl-2, bax, MPM-2, RB,
Fas (monoclonal antibodies ICO-160, anti-Fas, anti-
APO-1), cyclins, caspases, etc.

Fluorescence imaging and FLIM using FRET-sensors
to proapoptotic factors are used for apoptosis imaging
in living cells. In particular, there has been developed a
sensor consisting of fluorescent proteins YFP and CFP to
determine Bid activation and apoptosis induction [103].

The Table represents the information about different
techniques to detect apoptotic cell death in vitro and in
vivo.

It should be noted that recent research in this field
deals with the development of apoptosis study techniques
in vivo that is of great importance for clinical medicine.
A combination of several techniques gains its popularity,
e.g., SPECT and CT; SPECT and optical imaging; PET
and optical imaging; PET, SPECT and CT; PET and
MRI [10, 104—106]. In the long term, by means of such
combined techniques it will be possible both to determine
the disease severity and detect tumors, and also assess
the treatment efficiency and predict recurrences.
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Apoptosis study techniques in vitro and in vivo

Changes occurring
in apoptosis

In vitro techniques
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In vivo techniques

Morphological changes and plasma  Light microscopy PET
membrane depolarization Electron microscopy SPECT
Flow cytometry
Phosphatidylserine Flow cytometry PET
and phosphatidylethanolamine Fluorescence microscopy SPECT
exposure on cytoplasmic Optical imaging
membrane surface MRI
Caspase activation IHC FRET/FLIM-imaging
ELISA PET
Western blotting MRI
Flow cytometry
Fluorescence imaging
Fluorescence spectroscopy
FRET/FLIM-imaging
Mitochondrial membrane Flow cytometry PET
depolarization
DNA fragmentation TUNEL technique SPECT
Electrophoresis
IHC
ELISA

Fluorescence microscopy

Biochemical markers of apoptosis IHC
ELISA

FRET/FLIM-imaging

Western blotting
Fluorescence imaging
FRET/FLIM-imaging

Note. PET: positron-emission

tomography;

SPECT: single-photon emission computed

tomography; MRI: magnetic resonance imaging; IHC: immunohistochemistry; ELISA: enzyme-
linked immunosorbent assay; FRET: Forster resonance energy transfer; FLIM: fluorescence lifetime
imaging microscopy; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end

labeling.
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