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Abstract

Three major morphologies of cell death have been described: apoptosis (type I), cell death associated with autophagy (type II) and
necrosis (type III). Apoptosis and cell death associated with autophagy can be distinguished by certain biochemical events. However,
necrosis is characterized mostly in negative terms by the absence of caspase activation, cytochrome ¢ release and DNA oligonucleosomal
fragmentation. A particular difficulty in defining necrosis is that in the absence of phagocytosis apoptotic cells become secondary necrotic
cells with many morphological features of primary necrosis. In this review, we present a selection of techniques that can be used to iden-
tify necrosis and to discriminate it from apoptosis. These techniques rely on the following cell death parameters: (1) morphology (time-
lapse and transmission electron microscopy and flow fluorocytometry); (2) cell surface markers (phosphatidylserine exposure versus
membrane permeability by flow fluorocytometry); (3) intracellular markers (oligonucleosomal DNA fragmentation by flow fluorocytom-
etry, caspase activation, Bid cleavage and cytochrome c release by western blotting); (4) release of extracellular markers in the superna-
tant (caspases, HMGB-1 and cytokeratin 18). Finally, we report on methods that can be used to examine interactions between dying cells
and phagocytes. We illustrate a quantitative method for detecting phagocytosis of dying cells by flow fluorocytometry. We also describe a
recently developed approach based on the use of fluid phase tracers and different kind of microscopy, transmission electron and fluores-
cence microscopy, to characterize the mechanisms used by phagocytes to internalize dying cells.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction sional phagocytes [2]. This clearance process is of outmost
importance for the development and homeostasis of organ-
isms because defective or inefficient clearance may contrib-

ute to several human pathologies, including systemic lupus

Homeostasis is maintained in multicellular organisms by
a balance between cell proliferation and cell death. Several

types of cell death have been described: apoptosis (type 1),
cell death associated with autophagy (type II), necrosis or
oncosis (type 111), mitotic catastrophe, anoikis, excitotoxic-
ity, Wallerian degeneration, and cornification of the skin
[1]. The final fate of almost any dying/dead cells regardless
of death type is engulfment by non-professional or profes-
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erythematosus [3], cystic fibrosis [4] and chronic obstructive
pulmonary disease [5].

Cells undergoing apoptosis show typical, well-defined
morphological changes, including plasma membrane bleb-
bing, chromatin condensation with margination of chro-
matin to the nuclear membrane, karyorhexis (nuclear
fragmentation), and formation of apoptotic bodies [6].
Apoptosis has been characterized by several biochemical
criteria, including different kinetics of phosphatidylserine
(PS) exposure on the outer leaflet of the plasma membrane
[7,8], changes in mitochondrial membrane permeability [9],



206 D.V. Krysko et al. | Methods 44 (2008) 205-221

release of intermembrane space mitochondrial proteins
[10], and caspase-dependent activation and nuclear translo-
cation of a caspase-activated DNase resulting in internucle-
osomal DNA cleavage [11]. Identification of these
morphological and biochemical markers of apoptosis
makes it possible to distinguish it from other forms of cell
death.

Cells undergoing death associated with autophagy are
characterized by the presence of double membrane auto-
phagic vacuoles. Autophagy is foremost a survival mecha-
nism that is activated in cells subjected to nutrient or
obligate growth factor deprivation. When cellular stress
continues, cell death may continue by autophagy alone,
or else it often becomes associated with features of apopto-
tic or necrotic cell death [12]. Specific biochemical markers
have been determined for cell death associated with
autophagy, such as delocalization of GFP-LC3 to the auto-
phagosomes [13] or the lipidation of LC3, as detected by
band shift in western blots [14,15].

In contrast, necrosis is characterized by rapid cyto-
plasmic swelling and is therefore also often referred to
as oncosis. It culminates in rupture of the plasma mem-
brane and organelle breakdown [16]. Necrosis has long
been described as a consequence of extreme physico-
chemical stress, such as heat, osmotic shock, mechanical
stress, freeze thawing and high concentration of hydro-
gen peroxide. In these conditions, cell death occurs
quickly due to the direct effect of the stress on the cell,
and therefore this cell death process has been described
as accidental and uncontrolled. However, many different
cellular stimuli (TNF on certain cell lines, dSRNA, IFN-
v, ATP depletion, ischemia) have been shown to induce a
necrotic process that follows defined steps and signaling
events reminiscent of a true cell death program [17]. This
induced necrotic cell death results from extensive cross-
talk between several biochemical and molecular events
at different cellular levels, and it is as controlled and pro-
grammed as apoptosis (reviewed in [18]). It is important
to distinguish necrosis from other forms of cell death,
particularly because it is often associated with unwar-
ranted loss of cells in human pathologies [18-20]. It
can also lead to local inflammation due to release from
dead cells of intracellular factors, the so-called damage
associated molecular patterns that alert the innate
immune system. However, there is no clear biochemical
definition of necrotic cell death and consequently no
positive biochemical makers that unambiguously discrim-
inate necrosis from apoptosis. Another problem is that
even the interpretation of dying cell morphology may
be complex, because in the absence of phagocytosis
apoptotic cells proceed to a stage called secondary necro-
sis, which shares many features of primary necrosis. In
this review we describe a selection of techniques for dis-
crimination of necrosis from apoptosis, and we stress
that accurate discrimination is only possible through an
integrated approach based on several morphological
and biochemical parameters.

2. Methods for analysis of cell morphology

In this section we will describe the use of time-lapse
microscopy, flow fluorocytometry and transmission elec-
tron microscopy as means for distinguishing between apop-
totic and necrotic cell death by analyzing cell morphology.
Throughout this article we will use as an example the
L929sA fibrosarcoma cell line, in which apoptotic as well
as necrotic cell death can be induced. Necrotic cell death
is induced in L929sA cells by stimulation of TNFRI,
whereas in L929sA cells transfected with human Fas
(L929sAhFas), the apoptotic cell death pathway is induced
by clustering of Fas caused by agonistic anti-Fas antibodies
[21].

2.1. Time-lapse microscopy

Time-lapse imaging is a technique that specifies a prede-
fined delay between acquisition of images. This technique
allows monitoring of morphological changes in individual
cells in a dynamic and comparative manner and reveals dif-
ferences between apoptosis and necrosis. Time-lapse
images can be recorded by using differential interference
contrast (DIC) optics either alone or in combination with
epifluorescence microscopy.

The time-lapse microscope used in this study consists of
a Leica ASMDW live cell imaging system (Leica Microsys-
tems, Mannheim, Germany), which includes a DM IRE2
microscope equipped with an HCX PL APO 63x/1.3 glyc-
erin corrected 37 °C objective and a 12 bit Coolsnap HQ
Camera. The microscope contains a temperature and
CO, controlled incubator chamber.

2.1.1. Differential interference contrast (DIC) microscopy

The DIC optics create a virtual relief image that allows
morphological analysis of transparent objects. Using DIC
mode the following parameters can be analyzed: (1) mor-
phological changes that are specific for apoptosis or necro-
sis; (2) the duration and order of onset of subcellular
events, such as rounding up of cells, formation of apoptotic
bodies, and formation of balloon-like structures.

2.1.1.1. Sample preparation. For time-lapse microscopy, the
cells (4 x 10° cells per chamber) were seeded two days
before analysis in an 8-chambered cover glass (Lab-Tek®
Chambered #1.0 Borosilicate Cover Glass System, Nunc)
to allow the cells to attach to the bottom and become flat-
tened so that a better morphological profile can be
obtained. Then cell death was induced. For example,
necrosis and apoptosis can be induced in L929sAhFas cells
by TNF (1000 IU/ml) and agonistic anti-Fas antibody
(BioCheck GmbH, anti-Fas, 125 ng/ml), respectively.
Recombinant human TNF was produced in Escherichia
coli and purified to at least 99% homogeneity. The specific
biological activity was 2.3 x 10’ IU/mg as determined in a
standardized cytotoxicity assay on L929sA cells. Immedi-
ately after adding cell death stimuli, place the chambered
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cover glass in the time-lapse microscope. The cells are
imaged using 3 D (x, y and z) time-lapse microscopy with
DIC optics.

Apoptosis is characterized by rounding up of the cells,
blebbing, and formation of apoptotic bodies, which culmi-
nates in formation of a balloon-like structure, indicating
the loss of plasma membrane integrity and development
of secondary necrosis. In contrast, cellular swelling and
formation of a balloon-like structure characterize necrosis.
These distinct morphological features of apoptotic versus
necrotic cell death can be viewed in time-lapse movies of
L929sAhFas cells (apoptosis morphology.avi; necrosis
morphology.avi).

2.1.2. Combination of differential interference contrast
(DIC) and epifluorescence microscopy

Combination of DIC with epifluorescence mode allows the
use of fluorescent probes and makes it possible to link specific
morphological features of cell death with particular molecu-
lar or subcellular cell death events. Many fluorescent probes
are available from Invitrogen, including propidium iodide
(PI) or Sytox green (to determine plasma membrane perme-
ability), Annexin V-Alexa Fluor 488 (to monitor phosphati-
dylserine exposure), LysoTracker (to visualize lysosomal
integrity), tetramethylrosamine (TMRM) (to measure mito-
chondrial depolarization), and carboxy-H,DCFDA (to
detect production of reactive oxygen species).

2.1.2.1. Sample preparation. Cells are seeded as described
above for DIC mode. To monitor morphological changes
and membrane permeability in parallel, PI was added to
a final concentration of 3 uM simultaneously with the cell
death stimuli. PI is a fluorescent membrane-impermeant
dye that stains the nuclei by intercalating between the
stacked bases of nucleic acid. Since PI enters the cell only
if the cell membrane becomes permeable, it is widely used
in cell death research to measure the integrity of the plasma
membrane. When bound to nucleic acids, the absorption
maximum for PI is 535 nm and the fluorescence emission
maximum is 617 nm. Three-dimensional time-lapse micros-
copy was performed using a combination of DIC and epi-
fluorescence optics. The amount of light to which the cells
are exposed should be optimized for each cell type and for
each fluorescent probe in order to reduce phototoxicity and
photobleaching, so that no cell death is observed in control
conditions without stimuli. This means low exposure times,
low lamp voltage, a small number of z-sections and time
frames, and binning of pixels on the CCD camera. Binning
allows charges from adjacent pixels to be combined, which
allows shorter exposure times. The advantage of this tech-
nique is that you need shorter exposure times because sen-
sitivity increases with the binning factor, which translates
into reduced phototoxicity, although at the expense of
reduced spatial resolution.

Staining of the nucleus with PI allows discrimination
between primary and secondary necrosis. Because second-
ary necrotic cells had already passed through an apoptotic

stage, their nuclei are fragmented and/or condensed. More-
over, the DNA had undergone internucleosomal cleavage
and chromatin structure is lost, and so nuclei stain homog-
enously with PI. Necrotic cells have uncondensed nuclei
with prominent nucleoli. The distinct pattern of PI staining
of apoptotic and necrotic L929sAhFas cells can be viewed
in time-lapse movies (apoptosis_Pl.avi and
necrosis_Pl.avi).

2.2. Flow fluorocytometry

The different morphologies of apoptotic and necrotic
cells can also be detected by analyzing their light-scattering
properties in flow fluorocytometry. The forward scatter is
commonly used to approximate cell size, which permits dis-
tinction of apoptotic blebs from apoptotic cells. The
amount of side scatter of laser light generally correlates
with the degree of granularity of a cell. A typical FACS
Calibur flow fluorocytometer (Becton Dickinson) can ana-
lyze at least five different parameters: (I) forward scattered
light (FSC, indicates cell size), (I1) side scattered light (SSC,
indicates granularity), (III) FL1 (green fluorescence; used
for FITC, R123, GFP), (IV) FL2 (red fluorescence; used
for PI, CMTMros, PE), and (V) FL3 (far red fluorescence,
used for PI, Cy-Chrome). Cell size and granularity can be
studied in combination with markers of membrane integ-
rity. For example, PI is excited with a xenon or mercury-
arc lamp or with the 488 line of an argon-ion laser and
can be detected in the FL2 or FL3 channel of a flow fluor-
ocytometer (FACSCalibur flow fluorocytometer, Becton
Dickinson). PI has a broad emission spectrum, which is
problematic if it is used in combination with other fluoro-
chromes. Only fluorochromes with a clearly distinct emis-
sion spectrum or with only a small emission spectrum
overlap can be used. A small emission overlap can be com-
pensated during flow fluorocytometric measurements by
changing the detector or amplifier gain of any of the fluo-
rescence parameters (FL1, FL2 or FL3). To check or
adjust the compensation, control samples labeled singly
with each color are used, as well as unlabeled samples.
Data are typically stored in computer memory, which per-
mits the reanalysis of the data after collection.

2.2.1. Sample preparation

Flow fluorocytometry of adherent cell lines requires
detachment of the cells from the culture flask or plate. In
order to work faster during kinetics and to avoid interfer-
ing manipulations, such as trypsin and EDTA treatment,
which could lead to damage or permeabilization of the
cells, it is advisable when doing FACS analysis to grow
adherent cells in suspension. Importantly, the ability of
the adherent cells to grow in suspension should be tested
beforehand. Cells were seeded at 1.5 x 10° cells/ml per well
the day before analysis in uncoated 24-well suspension
plates (Sarstedt) to avoid attachment of the cells to the bot-
tom. The next day apoptotic or necrotic cell death was
induced. Cell samples from suspension cultures were ana-
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lyzed at regular intervals on the flow fluorocytometer. For
this a volume of 270 pl of cells from the 24-well suspension
plate was transferred to a 5-ml polypropylene round bot-
tom tube, and 30 pl of PI was added from a 10x solution
prepared from a 3 mM stock. It is important to stress that
secondary necrosis is the end stage of apoptosis, and that it
displays the same features as necrotic cells, such as loss of

membrane integrity and leakage of proteins in the superna-
tant [8]. It is advisable to perform kinetics studies to detect
the different features of apoptotic and necrotic cells (dis-
cussed later). The flow fluorocytometer was set up for a
dot plot with forward and sideward scatters both on a lin-
ear scale to determine cell size and granularity (Fig. 1). PI
was detected in FL3 channel at 610 nm, e.g. on a FAC-
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Fig. 1. Analysis of cell morphology versus cell permeability by flow fluorocytometry. Cells were analyzed by flow fluorocytometry for changes in size
(forward scatter) and granularity (side scatter), as well as for loss of membrane integrity by using propidium iodide uptake (FL3). At time point zero the
viable cell population, which consisted mainly of PI-negative cells, was detected within the region of analysis. After 2 h of apoptosis induction by anti-Fas
antibodies, L929sAhFas cells exhibited blebbing (A-D), which caused increased diffraction of the laser beam, as manifested in spreading of the dots (B).
The release of apoptotic particles is detected by the appearance of a population of small PI-negative dots (the absence of DNA) in the lower left corner of

the dot plot (B). Condensation of the nucleus, shrinkage of the cells and forma
of PI-positive red dots in the lower left corner on the dot plot (C). The populat

tion of apoptotic bodies containing DNA is represented by the population
ion of secondary necrotic cells (D) clearly co-localized with the population

of primary necrotic cells (H). The time at which PI-positive cells appeared is indicated in red on the dot plots. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this paper.)
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SCalibur flow fluorocytometer (Becton Dickinson)
equipped with a water-cooled argon-ion laser at 488 nm.
To clearly see the dead cells on the dot plot, PI-positive
cells are gated, e.g. in red, in the FL3 histogram. The region
of analysis was gated (R1), and gating must be large
enough in order to measure both living and dying cell
populations.

2.3. Transmission electron microscopy

Transmission electron microscopic (TEM) analysis has
been considered a ‘golden standard’ in cell death research.
It provides two- and three-dimensional (using Fourier
methods) images of the inside of cells, which makes it pos-
sible to understand biological structure—function relation-
ships at cellular, subcellular and molecular levels [22,23].
Although TEM is time consuming and requires more
expensive equipment, it offers much higher resolving power
(0.1-0.4 nm), thereby providing much more detailed infor-
mation about cell morphology. TEM is considered the
most accurate method for distinguishing apoptosis from
necrosis in cell cultures. However, preparation of dying
cells for electron microscopy may be difficult because dying
cells typically detach from their substrate, and spinning
down these floating cells may cause damage to their origi-
nal morphology. Below we suggest a method that helps to
circumvent this problem by using macrophages attached to
the bottom of tissue culture plates to capture dying apop-
totic and necrotic cells. The samples were viewed with a
Jeol 1200 EXII TEM at an accelerating voltage of 80 kV.

2.3.1. Sample preparation

Macrophages were seeded in adherent 6-well plates at
5 x 10° cells per well and target cells in uncoated 6-well sus-
pension plates at 5 x 10° cells per well. The target cells were
grown in suspension plates so that the population of dying
cells could be transferred easily to the well containing
attached macrophages. Apoptosis and necrosis were
induced in target L929sAhFas cells either by agonistic

anti-Fas antibody (250 ng/ml, for at least 1 h) or mTNF
(10,000 TU/ml, for at least 7 h), respectively. The choice of
time points depend on the kinetics of cell death and have
to be optimized for each cell line and death inducer. A cocul-
ture of macrophages with target cells was established ina 1:1
ratio and incubated for at least 1 h. After that, cocultures of
macrophages and target cells were fixed overnight at 4 °C in
the 6-well plate by immersion in TEM fixation buffer (2%
glutaraldehyde containing 1 mM CaCl, and 0.1 M sucrose
buffered with 0.1 M Na-cacodylate, pH 7.4). Following sev-
eral rinses in 100 mM Na-cacodylate containing 7.5% w/v
sucrose, the samples were post-fixed overnight at 4 °C in
1% w/v OsO, in the same buffer (without sucrose). They were
then washed several times in 100 mM Na-cacodylate con-
taining 7.5% w/v sucrose and dehydrated in a graded series
of ethanol (50% for 15 min, 70% for 20 min, 90% for
30 min and 100% for 90 min). Following infiltration
with 100% ethanol, they were infiltrated with a mixture
of ethanol and LX-112 resin (Ladd Resecarch Industries,
USA) as follows: 1:1 for 30 min and 1:2 for 30 min. It
was finally infiltrated with 100% resin for 120 min, and
then polymerized for at least 48 h at 60 °C. Finally, the
plastic was broken off of the polymerized block, sawed
into pieces to fit the ultramicrotome holders, and ultra
thin sections of 60 nm were mounted on formvar-coated
100-mesh copper grids. The samples were evaporated in
a JEOL (JEC-530) autocarbocoater at 4V for 3s and
then stained with uranyl acetate (7.5% in bi-distilled
water, 1 drop per grid for 20 min) and Reynold’s lead
citrate (1 drop per grid for 10 min). The semi-thin sec-
tions were examined by TEM.

Two of the earliest classic ultrastructural changes detect-
able in apoptosis are formation of uniformly dense masses
of chromatin distributed against the nuclear envelope [24]
and persistence of a nucleolar structure until the very late
stages [25]. Apoptotic cells (Fig. 2B) are typically charac-
terized by the loss of specialized surface structures, such
as microvilli and cell-cell contacts, condensation of cyto-
plasm, and formation of membrane-bound apoptotic

Fig. 2. Analysis of cell morphology of apoptotic and necrotic cells by transmission electron microscopy. Unstimulated L929sAhFas fibrosarcoma cell (A)
and cells exposed either to agonistic anti-Fas for 1 h (B) or to hTNF for 7h (C). (A) The cell shows microvilli protruding from the entire surface, a
smoothly outlined nucleus with chromatin in the form of heterochromatin and well-preserved cytoplasmic organelles. (B) Apoptotic cell with sharply
delineated masses of condensed chromatin, convolution of the cellular surface and formation of apoptotic bodies. Note the nucleolus (arrow head) near a
cup-shaped chromatin margination. (C) Necrotic cell near the macrophage (asterisk) with clumps of chromatin with ill-defined edges, swollen

mitochondria and loss of plasma membrane integrity. Scale, bars: 1 um.
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bodies of different sizes containing well-preserved but com-
pacted cytoplasmic organelles and/or nuclear fragments
[24,26]. Necrosis is morphologically distinct from apoptosis
and is characterized by a general swelling of the cell (onco-
sis) and of the cytoplasmic organelles, and rapid loss of
plasma membrane integrity (Fig. 2C). Remarkably, nuclear
morphology remains relatively unchanged until later
stages, when chromatin condenses into small irregular
pieces [27].

3. Methods for analysis of cell surface markers

Phosphatidylserine (PS) is an aminophospholipid that
resides in the inner leaflet of the plasma membrane of
living cells. During apoptotic cell death, PS is actively
externalized to the outer surface of the plasma mem-
brane, where its presence is required for recognition
and engulfment of dying cells [2]. Several possible mech-
anisms for PS exposure have been proposed, including a
coordinate increase in phospholipid flip—flop due to inac-
tivation of the aminophospholipid translocase; flip refers
to inward and flop to outward movement [28]. Recently,
a new mechanism of PS exposure has been discovered in
Caenorhabditis elegans [29]. These workers identified a
tat-1 gene that might encode an aminophospholipid
transporter, because knocking down this gene abrogated
PS exposure on apoptotic cells and reduced clearance of
dead cell corpses.

PS is an early marker of apoptotic cells death. It can
be detected by using annexin V, a Ca’'-dependent
phospholipid-biding protein, conjugated with various flu-
orochromes, such as fluorescein isothiocyanate, FP48§8,
Alexa Fluor dyes, phycoerythin and carbocyanines.
Green fluorescent annexin V (Alexa Fluor 488-conju-
gated Annexin V) is the most widely used target-specific
probe for measuring PS exposure. Combining annexin V
Alexa Fluor with PI can help to distinguish between
apoptosis and necrosis [30]. During apoptosis, there is
a lag period between PS positivity and PI positivity,
while in necrotic cells both events coincide. However, it
is important to mention that in some cellular systems
necrotic cells, while remaining PI negative, also external-
ize PS [31]. The reason for this is not clear, but weaker
necrotic signaling probably favors the detection of PS
exposure with absence of rapid membrane permeabiliza-
tion (Krysko and Vandenabeele, unpublished observa-
tions). Thus PS'/PI” staining might not discriminate
between apoptosis and necrosis in some cases, and for
that reason more than one cell death marker should be
used to characterize cell death types. This approach is
discussed in Section 3.1. We would like to point out that
PS exposure on dying cells could also be detected in vivo.
Annexin V and its derivatives, labeled with '2*1, '*°1,
1241 I8F and **™Tc, are used in a broad range of imag-
ing applications in apoptosis research, such as single-
photon emission computed tomography, autoradiography
and positron emission tomography [32,33].

Below we describe an assay that measures cell mem-
brane permeability and phosphatidylserine (PS) exposure
by flow fluorocytometry, for the purpose of discriminating
apoptosis from necrosis Fig. 3.

3.1. Analysis of PS exposure versus cell permeability by flow
fluorocytometry (FACS)

Measurement of cell death by using Annexin V may be
substantially affected by calcium concentration, time of
incubation on ice, and type of medium [34]. Therefore,
the lowest possible concentration of calcium should be
used, usually not exceeding 1.8 mM, and it must be added
only 10 min before analysis. Moreover, the binding buffer
should be a simple balanced salt solution containing Na,
K, Cl, and Mg; HEPES-based buffers should be used,
rather than phosphate buffers [34]. For time-lapse applica-
tions the assay can also be done in cell culture medium.
Measurements in RPMI 1640 medium are not recom-
mended because of the relatively high concentration of
phosphate and low concentration of Ca*". DMEM and
Medium 199 satisfy the PS-binding conditions of annexin
V-Alexa and so they can be used for real-time imaging.

3.1.1. Cell preparation

In order to analyze on flow fluorocytometry PS-expo-
sure versus cell permeability, 1.929sAhFas cells were
seeded as described in Section 2.2. The next day, the cells
were stimulated with TNF (1000 IU/ml) or anti-Fas
(125 ng/ml) and analyzed at regular intervals on a flow
fluorocytometer. For this, 1.5-3 x 10° cells were trans-
ferred to an Eppendorf tube, centrifuged for 5 min at
250g at 4 °C, and resuspended in 1 ml ice-cold Annexin
V-binding buffer (10mM HEPES NaOH, pH 74,
150 mM NaCl, 5SmM KCI, I mM MgCl, and 1.8 mM
CaCl,). Cells were kept on ice to stop further biochemical
activity within the cells. Then the cells were centrifuged
for 5min at 250g at 4 °C and resuspended in 270 pl of
Annexin V-binding buffer containing 1 pg/ml of Annexin
V-Alexa Fluor 488. After incubation for 5 min on ice in
the dark, and just before flow fluorocytometric analysis,
30 ul of PI from a 10x solution (prepared from a 3 mM
PI stock) was added to the cell suspension. The samples
were analyzed by generating a dot plot showing Annexin
V-Alexa (FL1) versus PI (FL3), and defining quadrants
that divide cell populations according to Annexin V and
PI positivity. Single-stained cells should be included in
the experiment to set up compensation and quadrant
markers, i.e. cells stained only with Annexin V-Alexa
(no PI added) and cells stained only with PI (no Annexin
V-Alexa added). The absorption maximum for Anexin V-
Alexa Fluor is 495 nm, and its fluorescence emission max-
imum is 519 nm. PI bound to nucleic acids has absorption
and fluorescence emission maxima of 535 nm and 617 nm,
respectively. FL1 (520 nm) and FL3 (610 nm) channels
detect Annexin-V-Alexa staining and PI uptake, respec-
tively, on a FACSCalibur flow fluorocytometer (Becton
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Dickinson) equipped with a water-cooled argon-ion laser
at 488 nm. The dynamics and interrelation between PS
exposure and PI permeability during apoptosis and necro-
sis in L929sAhFas cells can be seen on time-lapse movies
(apoptosis_PS_Pl.avi and necrosis_PS_PlL.avi).

4. Methods for analysis of intracellular markers

In this section we will describe the use of intracellular
markers, such as fragmentation of DNA, activation of
caspases, cleavage of Bid into its truncated pro-apoptotic
form (tBid), and release of cytochrome c; all these can help
distinguish between apoptosis and necrosis. None of these
events occurs in TNFR1-induced necrotic cell death [8]. In
addition to determining the activation pattern of different
caspases, the cleavage pattern of a variety of substrates,
such as PARP and ICAD, can also be examined [35]. It
is important to stress that measuring mitochondrial mem-
brane potential (TMRM, rhodaminel23, JC-1, Molecular
Probes) or ROS production (dihydrorhodaminel23) does
not distinguish the mode of cell death [36,37] and therefore
are not described in this review. In both cell death path-
ways the membrane potential of the mitochondria drops
and the cells start producing ROS [8,38].

4.1. Analysis of DN A fragmentation by flow fluorocytometry
(FACS)

What most distinguishes apoptosis from necrosis is
DNA fragmentation and formation of high molecular
weight (>50 kbp) and nucleosome-sized (200 bp) DNA
fragments [39,40]. There are several biochemical techniques
based on agarose gel electrophoresis for detection of DNA
ladders [41]. However, these techniques are time consum-
ing. We describe an easy and quantitative way to analyze
DNA fragmentation based on flow fluorocytometric detec-
tion of DNA hypoploidy after adding PI to the dying cells
and permeabilizing them by freeze-thawing. PI intercalates
in the DNA and the size of DNA fragments appears as a
hypoploid DNA histogram. This technique allows discrim-
ination between apoptotic and necrotic cell death.

Cell preparation. After seeding the cells and inducing cell
death as described in Section 2.2, 270 ul of cells were trans-
ferred in suspension from the 24-well plate to a 5-ml poly-
propylene round bottom tube and combined with 30 pl of
10x PI solution prepared from a 3-mM stock. The tubes
were freeze-thawed once by placing them briefly in liquid
nitrogen. This procedure permeabilizes the cells and stains
them with PI. The samples were then analyzed by flow flu-
orocytometry (Fig. 4). The experimental setup was the
same as the one described in Section 2.2.

4.2. Analysis of caspase activation
Caspases are a family of cysteine aspartate-specific pro-

teases. They are synthesized as zymogens, and they consist
of a prodomain of variable length, followed by a p20 and a

p10 unit that contain the residues essential for substrate
recognition and catalytic activity. They are activated either
by proximity-induced auto-proteolysis by interacting with
a platform of adaptor proteins through a protein interac-
tion motif in the prodomain (DED, death effector domain;
or CARD, caspase recruitment domain), or by cleavage by
upstream proteases in an intracellular cascade. These pro-
teolytic activities lead to separation of the prodomain from
the p20 and pl0 subunits, which then form an active het-
erotetramer [35]. In the following sections we will describe
how caspase activity could be investigated by western blot-
ting and by the use of fluorogenic substrates.

4.2.1. Western blot

4.2.1.1. Sample preparation. On day zero, 6 x 10° cells per
well are seeded in 6-well suspension tissue culture plates.
The next day the cells are stimulated and collected in 1.5-
ml Eppendorf tubes at regular time intervals. Then the cell
suspension is centrifuged for 5 min at 250g, medium is aspi-
rated, the cells are washed with 1 ml of cold PBS, centri-
fuged again, and the PBS is aspirated. The cells are lysed
in 150 pl of cold caspase lysis buffer and kept on ice to stop
further biochemical activity, or else they can be frozen
before analysis. Cell lysis and processing should be stan-
dardized with respect to volumes and to the number of
seeded cells, and no correction should be applied to protein
content because in the later stages of cell death the cells
start to leak cytosolic proteins in the supernatant (dis-
cussed later). After lysis, cell debris is removed by centrifu-
gation for 10 min at 20,800g at 4 °C, the remaining cytosol
is transferred to another Eppendorf tube, 0.2 volume of 5x
Laemmli buffer is added, and the mixture is boiled for 5—
10 min. Laemmli-buffer 5x contains 312.5 mM Tris—HCI,
pH 6.8, 10% SDS, 50% glycerol and 20% B-mercapto-etha-
nol. Equal volumes are loaded on 12.5% SDS-polyacryl-
amide gels, and after separation the proteins are
transferred to a nitrocellulose membrane. The different
caspases are detected with the appropriate antibodies:
anti-human caspase-3 (BioSource) and anti-human cas-
pase-7 (StressGen Biotechnologies Corporation). The sig-
nal is revealed with Chemiluminescence Reagent Plus
(PerkinElmer Life Sciences, Boston, USA).

Activation of initiator procaspases results in the
appearance of a prodomain, and p20 and pl0 subunits.
Proteolytic activation of effector procaspases leads even-
tually to the appearance of a typical p20 and pl0 sub-
units. Depending on the antibody used, one or all
proteolytic fragments can be detected. There are also
antibodies that specifically recognize the activated forms
of caspases (PharMingen). It is important to mention
that activated caspase-3 could also be detected in situ
by immunohistochemistry to discriminate between apop-
tosis and necrosis (antibodies available from companies
such as Cell Signaling Technology) [42].

When apoptosis was induced by anti-Fas, the activa-
tion of caspase-3 and -7 was characterized by the appear-
ance of the p20 subunit [8]. In contrast, in necrosis,
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which is induced by stimulation of TNFRI1, p30 caspase-
3 and -7 are not activated and thus a p20 subunit does
not appear [8]. Procaspases and activated caspases are
also released from primary and secondary necrotic cells,
respectively, and can be detected in their supernatants
(see Section 5.2.).

4.2.2. Fluorometry

To measure the activity of caspases instead of their prote-
olytic activation state, one can use fluorogenic substrates for
caspases. These substrates contain the minimal amino acid
composition corresponding to the cleavage site of a typical
substrate coupled to 7-amino-4-methylcoumarin (AMC)
or 7-amino-4-trifluoromethylcoumarin (AFC). Hydrolysis
of the peptide substrate releases free AMC or AFC, the fluo-
rescence of which can be measured in a fluorometer.

The first synthetic substrates designed and used to mea-
sure and analyze caspase activities were based on the cleav-
age sites of the initial cellular protein substrates that were
identified [35,43]. They usually consisted of a tetrapeptide
with aspartate at position P1 (XXXD) conjugated to a fluo-
rogenic AMC or AFC. In this way acetyl(Ac)-DEVD-AMC
was identified as a preferred substrate for caspase-3 and -7,
Ac-LEHD-AMC for caspase-5, Ac-YVAD-AMC for cas-
pase-1 and -4, Ac-IETD-AMC for caspase-8 and -6, and
Ac-WEHD-AMC for caspase-1, -4 and -5 [35]. The specific-
ity of the substrates is not always restricted to those men-
tioned by the manufactures [44]. The problem is that
substrate specificity is lost outside a certain range of caspase
concentration. High concentrations of caspase-3 will also
cleave Ac-IETD-AMC, the caspase-8 and -6 substrate.
Therefore, enzymatic measurements of caspase activities
should be combined with western blotting to identify the
presence and activation status of the caspase (see Section
4.2.1). In addition, active caspases and procaspases are
released from primary or secondary cells and can be
detected in their supernatants (see Section 5.2).

4.2.2.1. Sample preparation. The cells are seeded and pro-
cessed as described in Section 4.2.1. After centrifuging
the cells for 5 min at 250g and removing the PBS, the cells
are lysed in 150 pl cold caspase lysis buffer (1% NP-40,
10 mM Tris—HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,).
The following protease inhibitors should be added to cas-
pase lysis buffer directly before cell lysis: 1 mM PMSF,
0.3 mM aprotinin, and 1 mM leupeptin. Pefablock prote-
ase inhibitors or other total protease inhibitor mixes should
not be used because they interfere with caspase activity. In
order to block the catalytic cysteine of caspases, 1 mM of
oxidized glutathione (GS-SG) is added to prevent the acti-
vation of caspase cascades during lysis, which is carried out
on ice to stop further biochemical activity. At this stage the
samples can be frozen for storage. Importantly, before
measurement of caspase activity in CSF buffer, 10 mM
dithiothreitol is added to remove the GSH from the cata-
lytic cysteine. Next the cell debris is removed by centrifug-
ing the lysate for 10 min at 20,800g (4 °C) and the cytosol is

transferred to another Eppendorf tube (cytosolic cell
lysate). Caspase activity is measured by incubating 10 pg
cytosolic cell lysate with 50 uM of the fluorogenic sub-
strate, e.g. Ac-DEVD-AMC, in 150 pl CFS-buffer. Dithio-
threitol (DTT) is added to a final concentration of 10 mM.
Caspase fluorogenic substrates are prepared as 100 mM
stock solution in DMSO: Ac-DEVD-AMC, Ac-LEHD-
AMC, Ac-YVAD-AMC, Ac-IETD-AMC and Ac-
WEHD-AMC (Peptide Institute, Osaka, Japan). The
release of fluorescent AMC is monitored every 2 min for
1 h in a fluorometer at 37 °C (e.g. CytoFluor, PerSeptive
Biosystems), using a filter with an excitation wavelength
of 360 nm and another with an emission wavelength of
460 nm. The data are expressed as the time-rate of increase
in fluorescence (Afluorescence/min) [8,45]. Note that cas-
pase activity is only detected in apoptotic conditions.
CSF buffer: 10 mM HEPES NaOH, pH 7.4, 220 mM man-
nitol, 68 mM sucrose, 2 mM MgCl,, 2 mM NaCl, 2.5 mM
H,KPO,4, 0.5 mM EGTA, 0.5 mM sodium pyruvate and
0.5mM L-glutamine. PBS: 8 g/L NaCl, 0.2 ¢g/L KCI,
2.89 g/L Na,HPO,-12H»0 and 0.2 g/L. KH,PO,.

4.3. Analysis of Bid cleavage and cytochrome c release by
western blotting

To determine the role of the mitochondrial apoptotic
pathway, one can investigate the engagement of the mito-
chondria at the different stages: Bid proteolytic activation,
tBid translocation and cytochrome c¢ release. In order to
detect the release of cytochrome ¢ in the cytosol, the orga-
nelle and cytosolic fractions should be separated without
causing release of cytochrome ¢ from the mitochondria as
an artifacts of organelle preparation. It is advisable to
use a mild detergent, digitonin, at a concentration of
0.02%, which permeabilizes the plasma membrane but
leaves the mitochondria and lysosomes intact. The concen-
tration of digitonin and the required lysis period has to be
optimized for each cell type. Serial concentrations of digi-
tonin should be tested to select the condition in which
the outer membrane is permeabilized (detection of cyto-
solic proteins, e.g. actin), while the mitochondrial or lyso-
somal membranes remain intact (no detection of
mitochondrial proteins, e.g. COX, or lysosomal proteins,
e.g. hexosaminidase).

4.3.1. Sample preparation

The cells are seeded as described in Section 4.2.1. After
centrifugation for 5 min at 250g and removing PBS, the
cells are lysed in 100 pl of 0.02% digitonin dissolved in
CFS buffer and left on ice for 1 min to stop biochemical
activity. Then the lysate is centrifuged for 10 min at
20,800g (4 °C) and the cytosol is transferred to an Eppen-
dorf tube. One-fifth volume of 5x Laemmli buffer is added
to the cytosolic lysate and 100 ul 1x Laemmli buffer to the
remaining organelle fraction. The samples are boiled for 5-
10 min and equal volumes of the organelle fraction or cyto-
solic cell lysate are loaded per lane on 12.5% SDS-poly-
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acrylamide gels. After electroblotting the proteins to a
nitrocellulose membrane, detect Bid cleavage and cyto-
chrome ¢ with appropriate antibodies from R&D Systems
and Pharmingen, respectively. Reveal the signal with
Chemiluminescence Reagent Plus (PerkinElmer Life Sci-
ences, Boston, USA).

Induction of apoptosis by anti-Fas antibodies leads to early
cleavage of full length Bid into its pro-apoptotic truncated
form (tBid). tBid can be detected in the cytosolic fraction only
briefly and in small amounts. Most of tBid becomes rapidly
associated with the organelle fraction. To accurately detect
the engagement of Bid, it is advisable to analyze both the dis-
appearance of Bid from the cytosol and the appearance of tBid
in the organelle fraction. In necrotic cells, no cleavage of p22
Bid is detectable either in the cytosol or in the organelle frac-
tion. During the late stages of necrosis, Bid disappears from
the cytosol due to leakage and a small amount of tBid becomes
detectable in the organelle fraction, probably due to alterna-
tive Bid cleavage by lysosomal proteases [46]. Remarkably,
the appearance of tBid in the organelle fraction during anti-
Fas induced apoptosis coincides with the release of cyto-
chrome c¢ into the cytosol. During secondary necrosis of
anti-Fas-stimulated cells, cytochrome ¢ also accumulates in
the culture supernatant. TNFR1-induced necrosis does not
result in detectable release of cytochrome ¢ in the cytosol.
However, in the late necrotic phase of TNF-stimulated cells,
cytochrome ¢ accumulates in the culture supernatant from
the moment that the plasma membrane loses its integrity. Rep-
resentative western blots of tBid cleavage and cytochrome ¢
release can be found in the article of Denecker et al. [8].

5. Methods for analysis of extracellular markers

If apoptotic cells are not taken up by phagocytosis, they
become secondary necrotic cells with many features of pri-
mary necrotic cells (discussed in Section 3.1). For example,
the plasma membrane becomes permeabilized, with conse-
quent leakage of large amounts of intracellular contents,
which have many biological effects, e.g. induction of
immune responses and chemoattraction of antigen present-
ing cells [47]. Detection of lactate dehydrogenase (LDH)
release may provide an easy method for determining the
extent of cell death irrespective of the type of cell death,
as discussed below. However, the detection in the superna-
tant of certain factors released either from primary or from
secondary necrotic cells may be instrumental for character-
izing these cell death types. In this section we will describe
the detection of caspases-3 and -7, a high mobility group
box 1 protein (HMGB-1), and cytokeratin 18 (CK18) in
the supernatant of primary or secondary necrotic cells.

5.1. Analysis of lactate dehydrogenase release

LDH is a cytosolic enzyme present in all mammalian
cells. The plasma membrane is impermeable to LDH, and
loss of its integrity is detectable by the release of LDH into
the supernatant [48], where its enzymatic activity can be

measured. In vitro release of LDH from cells provides an
accurate measure of cell membrane integrity and cell viabil-
ity irrespective of the type of cell death. This method allows
large-scale screening of conditions to be carried out in 96-
well plates, or optimization of concentrations of inhibitors
or sensitizing reagents. LDH activity in the culture medium
can be measured by the CytoTox 96 Assay, which is based
on a coupled two-step reaction. In the first step, LDH cat-
alyzes the reduction of NAD™ to NADH and H" by oxida-
tion of lactate to pyruvate. In the second step of the
reaction, diaphorase uses the newly-formed NADH and
H™" to catalyze the reduction of a tetrazolium salt [2-p-
(iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chlo-
ride, INT] to highly-colored formazan, which absorbs
strongly at 490-520 nm. The amount of formazan formed
is proportional to the amount of LDH released into the
culture medium.

Sample preparation. The cells are seeded the day before
analysis at 2 x 10* cells in 100 pl per well in 96-well plates.
After induction of cell death, 50 pul of cell supernatant is
placed in a 96-well plate. Following addition of 50 pl of
reconstituted substrate mixture (CytoTox 96™ Assay, Pro-
mega) and incubation for 30 min at room temperature,
50 pl of stop solution is added to each well and optical den-
sity at 492 nm is measured. Results are expressed either as
optical absorbance values, or converted to international
units of enzyme with reference to a standard curve
obtained with the positive LDH control provided with
the CytoTox 96™ assay.

5.2. Analysis of caspase release

Secondary necrosis is characterized by the release into
the culture medium of the p20 subunits of caspases-3 and
-7, whereas in necrosis this does not occur and only pro-
caspases-3 and -7 can be detected in the supernatant [8].
Therefore, detection of p20 subunit of caspases-3 and -7
in the supernatant may be indicative of apoptotic cell
death. Fluorogenic substrates (discussed in Section 4.2.2)
can also be used to detect caspase release into the superna-
tant. It is important to stress that secondary necrosis is dis-
tinguished from primary necrosis by detection of caspase-3
and -7 activity in the supernatant. In the late stages of
necrosis no active caspase-3 and -7 can be observed in
the supernatant [8]. In the following sections we will
describe how caspase activity in the supernatant of dying
cells can be investigated by western blotting and by the
use of fluorogenic substrates.

5.2.1. Western blotting

5.2.1.1. Sample preparation. On day zero, 1.2 x 10° cells are
seeded per well in a 90-mm Petri dish. The next day the
cells are washed twice with serum-free medium and cell
death is induced after resuspending the cells in 7 ml of
serum-free medium. Supernatant samples are then col-
lected at regular time intervals in 15-ml tubes and centri-
fuged for Smin at 250g. Five milliliters of the
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supernatant is transferred to new 15-ml tubes. Following
centrifugation, 4 ml of supernatant is divided into 1.5-ml
Eppendorf tubes, and 0.1 volume of deoxycholate is added
in each tube from a stock of 5 mg/ml. Deoxycholic acid is
added in base form (sodium salt), and it precipitates after
addition of the stronger trichloroacetic acid. In this proto-
col, it acts as a co-precipitant and helps the protein to pre-
cipitate. These samples are then incubated on ice for
20 min, 0.1 volume of 100% trichloroacetic acid (Sigma)
is added to each tube, and the tubes are incubated on ice
for 30 min. After that, the samples are centrifuged at
20,800g for 5min at 4 °C, the supernatant is removed,
and 500 pl of ice-cold 100% acetone is added. Following
centrifugation at 20,800g for 5 min at 4 °C, the pellet is dis-
solved in 20-30 pl of sample buffer (3 volumes of 2x Lae-
mmli buffer + 1 volume of 1 M Tris—HCI), and the samples
are pooled. If the Laemmli buffer turns yellow, 1 M Tris—
HCI buffer is added 1 pl at a time until it turns blue. The
samples are boiled for 10 min and caspase activation is
analyzed by western blotting as described in Section 4.2.1.

Onset of apoptosis is characterized by activation of cas-
pase-3 and -7, which is detectable in the cytosolic fraction
(see Section 4.2.1). Upon disruption of plasma membrane
integrity and development of secondary necrosis, active
caspase-3 and -7 become detectable in the supernatant. In
contrast, in the late stages of necrosis no active caspase-3
and -7 can be observed in the supernatant [8].

5.2.2. Fluorometry

Sample preparation. The cells are seeded the day before
analysis at 2 x 10*/100 pl per well in 96-well plates. The
cells are exposed to a serial dilution of a cell death stimulus,
and caspase activity is measured by incubating at least
20 pl of supernatant with 50 pM of the fluorogenic sub-
strate, e.g. Ac-DEVD-AMC, in 150 pl CFS buffer, as
described in Section 4.2.2.

5.3. Analysis of HMGB-1 release by western blotting

The high mobility group box 1 protein (HMGB-1) is
another protein that is released only from necrotic cells but
remains bound in apoptotic cells even when they are under-
going secondary necrosis [49]. HMGB-1 acts as an architec-
tural chromatin-binding factor that bends DNA and
promotes protein assembly on specific DNA targets [49].
Once released from necrotic cells, HMGB-1 has a broad
range of biological functions, such as activation of macro-
phages through TLR2 and TLR4 [50] and chemoattraction
and activation of dendritic cells (DCs) [51]. It is also required
for processing and presentation of tumor antigens by DCs
[52]. Release of HMGB-1 is detected by western blotting.

5.4. Analysis of cytokeratin 18 release by ELISA
In live epithelial cells, cytokeratins are insoluble because

they are complexed in intermediate filaments [53]. How-
ever, during cell death CKI18 is released and can be

detected in the supernatant. Remarkably, the fate of epi-
thelial-specific intermediate filament cytokeratin (CK18)
depends on the type of cell death. The M30-Apoptosense®
assay (Peviva AB, Bromma, Sweden) specifically measures
a neo-epitope formed by caspase-cleavage of CKI18 at
Asp396 (CK18Asp396-NE M30 neo-epitope) and reflects
apoptotic cell death. This assay provides a specific method
for discriminating between apoptotic and necrotic cell
death [54]. The M65® ELISA (Peviva AB, Bromma, Swe-
den) measures soluble CK18 released from dying cells
and can be used to assess overall death of epithelial cells
due to both apoptosis and necrosis. The units of the two
assays have been calibrated against identical standard
material so that a ratio between caspase-cleaved and total
CK18 can be calculated (M30:M65 ratio). Induction of
apoptosis in cultured cells leads to release of caspase-
cleaved CK 18 and relatively high M30:M65 ratios, whereas
induction of necrosis results almost exclusively in release of
CK18 molecules that have not been cleaved by caspases
and in a low M30:M65 ratio. The M30:M65 ratio, there-
fore, reflects the type of cell death.

It is important to mention that caspase-cleaved CK18
could also be detected in vivo by immunohistochemistry
[42]. Recently, this technique has been widely used as a
pharmacodynamic biomarker of cell death induced by a
variety of different chemotherapeutic agents for different
types of cancer [54]. The protocol for detecting total
CK18 and CK18Asp396-NE can be found at www.pevi-
va.se (Peviva AB, Bromma, Sweden).

6. Methods for analysis of cell-cell interactions

Recognition and clearance of dying cells is a complex and
dynamic process coordinated by the interplay between
ligands on dying cell, bridging molecules, and receptors on
engulfing cells [2]. Dying cells can be cleared by professional
phagocytes, such as macrophages and immature DCs, or by
non-professional phagocytes, such as endothelial cells, fibro-
blasts, smooth cells, and epithelial cells. Efficient clearance of
cells undergoing either apoptotic or necrotic cell death is cru-
cial for normal homeostasis and for the modulation of
immune responses [47]. In this section we will describe an
in vitro phagocytosis assay for analysis of cell—cell interac-
tions between macrophages and dying cells. We will also
describe a two-parameter flow fluorocytometry phagocytosis
assay to quantify uptake: scanning electron microscopy to
study surface changes of phagocytes during engulfment,
and transmission electron and fluorescence microscopy in
combination with fluid phase markers to distinguish between
the different internalization mechanisms used by macro-
phages to engulf apoptotic and necrotic cells.

6.1. In vitro phagocytosis assay by flow fluorocytometry
Technical limitations and differences in experimental

approaches have hindered elucidation of the process of
dying cell clearance. Many studies use fluorescence micros-
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Fig. 3. Analysis of PS exposure versus cell permeability by flow fluorocytometry. During apoptosis there is a lag time between PS positivity and PI, but in
necrosis these events coincide. Membrane changes leading to PS exposure occur rapidly in apoptosis, and the cell population shifts from the lower left
quadrant (PI-negative/Annexin V-negative cells, A) to the lower right quadrant (PI-negative/Annexin V-positive cells, B). After PS exposure to the outer
leaflet of the cell membrane, cells start loosing their membrane integrity, and the population shifts to the upper right quadrant (PI-positive/Annexin V-
positive cells, C). During necrosis, PS exposure coincides with the permeabilization of the outer cell membrane. Consequently, cells immediately move
from the lower left quadrant (PI-negative/Annexin V-negative cells, D) to the upper right quadrant of the dot blot (PI-positive/Annexin V-positive cells, E
and F) without passing though the intermediate PI-negative/Annexin V-positive stage. L929sAhFas fibrosarcoma cells were pretreated for the indicated

durations either with anti-Fas antibody or mTNF.

copy to quantify the uptake of dying cells, by counting the
pre-stained ingested target cells inside the phagocytes in
several microscopic fields. Obviously, this technique is
labor intensive, time consuming and has a subjective com-
ponent. To overcome these limitations and to explore the

recognition and engulfment of dying cells by macrophages,
we developed a quantitative, objective approach. The pro-
tocol described below uses a two-parameter flow fluorocy-
tometry phagocytosis assay to quantify the percent of
dying cell clearance. This procedure is based on staining
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Fig. 4. A schematic representation of DNA fragmentation analysis by
flow fluorocytometry. Live non-dividing cells exhibit a clear diploid DNA
peak (2n, G1), whereas dividing cells give rise to a tetraploid peak (4n,
G2). A non-synchronized, live population of cells has a typical biphasic
peak of 2n (G1l) and 4n (G2) cells (top). The DNA is fragmented and
partially lost during apoptosis due to the formation of apoptotic bodies.
Therefore, apoptotic cells (middle) are characterized by a hypoploid DNA
fluorescence pattern (“sub-G1” peak) compared to necrotic cells (bottom),
which maintain their entire DNA content in the nucleus.

L929sAhFas target cells with Cell Tracker Green and Mf4/
4 phagocytes with Cell Tracker Orange. These reagents
pass through cell membranes, but inside the cell they are
transformed into cell-impermeant reaction products.
Mf4/4 phagocytes were characterized elsewhere [55].

6.1.1. Sample preparation

On day zero the cells are detached from the culture
flasks with Enzyme Free Cell Dissociation Buffer (Gibco
BRL), and 10-20 x 10° L929sAhFas and Mf4/4 cells are
transferred to 15-ml tubes containing complete media and
centrifuged for Smin at 250g. After the supernatant is
removed the cells are resuspended in 10 ml of serum-free
medium and centrifuged again for 5 min at 250g. The cell
pellet is resuspended in serum-free medium containing
pre-diluted dyes. The target cells and phagocytes are
stained with 0.8 uM Cell Tracker Green and 10 uM Cell
Tracker Orange, respectively, for 30 min with rotation at

37°C. Cell Tracker Green and Cell Tracker Orange
(Molecular Probes, Invitrogen) are prepared as 10 mM
stock solutions in sterile DMSO. Cell Tracker Green and
Cell Tracker Orange have Abs 492 nm/Em 517 nm and
Abs 541 nm/Em 565 nm, respectively. After staining, the
cells are washed twice with complete medium and centri-
fuged for Smin at 250g. They are next resuspended in
10 ml of complete medium and incubated for 30 min at
37 °C with rotation. At this step it is advisable to count
the macrophages and target cells. The day before coculture,
the cells are seeded: the target cells, e.g. L929sAhFas, at
2.5 x 10° cells per well in uncoated 24-well suspension tis-
sue culture plate, and Mf4/4 cells at 2.5 x 10° cells per well
in 24-well adherent plates. The target cells are grown in sus-
pension plates so that the dying cells can be transferred eas-
ily to the wells containing attached phagocytes. The
following day cell death is induced in target cells. Apopto-
sis and necrosis can be induced in L929sAhFas with anti-
Fas antibodies (2 h, 125 ng/ml) and mTNF (5 h, 1000 TU/
ml), respectively. To control cell death induction it is advis-
able to seed target cells in parallel for flow fluorocytometric
analysis as described in Sections 2.2 and 3.1. After stimula-
tion, target cells are collected, washed twice in the same
medium in which macrophages are seeded, and counted
to obtain the desired ratio of target cells to phagocytes.
The ratio of target cells to macrophages should be the same
in all samples. The target cells are added to the phagocytes
and cocultured for at least 30 min. Time kinetics should be
done when analyzing dead cell clearance. After coculture,
target cells that have not been ingested are carefully washed
away with PBS, and the phagocytes are detached with
Enzyme Free Cell Dissociation Buffer (Gibco BRL). Fol-
lowing centrifugation for 5 min at 250g (4 °C) and re-sus-
pension in ice-cold PBS, the samples are analyzed by flow
fluorocytometry. During analysis the cells should be kept
on ice and protected from light.

Apoptotic cells are taken up more rapidly and efficiently
then necrotic cells [56]. Fig. 5 shows a dot plot representa-
tion of a flow fluorocytometric analysis of coculture of
Mf4/4 cells with target cells. Target cells were treated as
follows: untreated control; anti-Fas 125 ng/ml, 2 h (apop-
totic cell death); and TNF 1000 IU/ml, 5 h (necrotic cell
death). Single positive Mf4/4 cells (red) and free target cells
(green) accumulate in regions I and 111, respectively. After
engulfing dying cells, macrophages become double positive
(red and green) and accumulate in region II. The percent-
age of double-stained macrophages out of the whole mac-
rophage population reflects the fraction of the macrophage
population involved in clearance of target cells (percent
phagocytosis) (Fig. 5). Moreover, the increase in mean
green fluorescence could be used as an estimate of the
amount cleared by phagocytes.

6.2. Analysis of internalization mechanisms

Two types of endocytosis have been observed so far.
One is internalization of large particles by phagocytosis,
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Fig. 5. Flow fluorocytometric analysis of uptake of apoptotic and necrotic cells by the Mf4/4 macrophage cell line. Dot plot representation of flow
fluorocytometric analysis of Cell Tracker Orange-stained Mf4/4 cells after 2 h coincubation with Cell Tracker Green-stained target cells treated as follows:
untreated (control); 2 h anti-Fas (apoptotic); and 5 h TNF (necrotic). Mf4/4 cells accumulate in regions I (no uptake) and II (uptake) and free target cells
in region III. The calculated percentage of double-positive Mf4/4 cells (% uptake) for control (16%), apoptotic (43%) and necrotic (27%) cells indicates the

extent to which macrophages are engaged in phagocytosis.

and the other is fluid phase uptake of small particles. Fluid
phase uptake can occur by two distinct mechanisms, either
micropinocytosis, which is the ingestion of small vesicles
via clathrin-coated pits, or macropinocytosis via pinosomes
(>0.2 um diameter) formed by membrane ruffling [57-59].
Fluid-phase pinocytosis is usually studied by detecting
the cellular accumulation of different soluble and imperme-

ant probes, such as lucifer yellow (LY) and horseradish
peroxidase (HRP) [60-64]. We recently developed a
method involving coculture of phagocytes and target dying
cells in the presence of fluid phase markers. This technique
enables us to demonstrate that apoptotic cells are internal-
ized by a zipper-like mechanism, whereas necrotic cells are
taken up by macropinocytosis [65,66]. The use of fluid
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phase markers (horseradish peroxidase and lucifer yellow)
in combination with microscopic examination is important
for accurately distinguishing between these internalization
mechanisms: if the fluid phase markers are not colocalized
with the ingested material within the same compartment,
then a zipper-like mechanism of phagocytosis was used.
Intracellular distribution of LY can be monitored in cocul-
tures of macrophages and target cells by fluorescence
microscopy, and HRP by light and transmission electron
microscopy. Transmission electron microscopy is the
method of choice for determining whether ingested mate-
rial is localized in spacious macropinosomes or in tightly
fitting phagosomes. Below we describe the use of fluid
phase markers to discriminate between the distinct mecha-
nisms macrophages use to engulf apoptotic and necrotic
cells (Fig. 6). As a quantitative control, FACS assay should
always be performed as described in Section 6.1. But first
we will start by describing a protocol for scanning electron
microscopy (SEM) because it can be used as a supplemen-
tary method for characterization of the surface changes of
macrophages during internalization of dying cells.

6.2.1. Scanning electron microscopy

6.2.1.1. Sample preparation. Target cells are stimulated and
a coculture of phagocytes with target cells at a given ratio is
established as described in Section 6.1. In this protocol
unstained cells can be used. However, a flow fluorocyto-
metric assay should always be performed as described in
Section 6.1 to obtain an idea of percent engulfment. After
coincubating macrophages with target cells in a 1:1 ratio
for 2 h, the cells are briefly washed with pre-warmed PBS
and fixed in the 24-well plate for 1 h by immersion in
pre-warmed (37 °C) SEM fixation buffer (2% glutaralde-
hyde containing 0.1 M sucrose buffered with 0.1 M Na-cac-
odylate, pH 7.2). Following fixation, the samples are rinsed
twice in 0.15 M Na-cacodylate HCI buffer and post-fixed
for 90 min in 1% OsO4 in 0.15 M Na-cacodylate HCI buffer
at room temperature. Then the specimens are dehydrated
in a graded series of ethanol: 30% for 5 min, 50% for
5min, 70% for 10 min, 85% for 10 min, 95% for 10 min,
and 100% for 10 min, and then subjected to critical point
drying from liquid CO,. Finally, the samples are mounted
on SEM stubs and examined by SEM.

@
i k°§\®

Phagocytosis
“zipper”- like mechanism

Macropinocytotic
mechanism

Fig. 6. A scheme of internalization mechanisms used by macrophages to engulf apoptotic and necrotic cells. Apoptotic cells are internalized by formation
of tight fitting phagosomes that exclude lucifer yellow, a fluid phase marker. In contrast, necrotic cell material is internalized by macrophages with
formation of spacious macropinosomes that also contain lucifer yellow (green staining). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this paper.)
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SEM can reveal morphological characteristics typical of
macropinocytosis or of the zipper-like mechanism of inter-
nalization. Macrophages using a zipper-like mechanism
normally display narrow pseudopods extending over the
surface of ingested particles (e.g. apoptotic bodies) and
enclosing them on all sides. These morphological features
are highly indicative of the formation of tight fitting phago-
somes. Macrophages during macropinocytosis demon-
strate irregular surface changes and formation of
membrane ruffles, which are indicative of the formation
of spacious macropinosomes and co-ingestion of extracel-
lular fluid. In order to accurately discriminate between
macropinocytosis and the zipper-like mechanism of inter-
nalization, and to have functional data, it is important to
use fluid phase markers such as LY and HRP. These
approaches are discussed next.

6.2.2. Transmission electron microscopy in combination with
horseradish peroxidase

6.2.2.1. Sample preparation. Cells are seeded and cell death
is induced in target cells as described in Section 6.1.
Unstained cells could be used in this protocol. HRP is
added simultaneously with the target cells to the adherent
cultures of phagocytes to a final concentration 1 mg/ml,
and incubated for 2h at 37 °C. After coincubation, the
cocultures of macrophages and target cells are rinsed with
PBS buffer and fixed on ice for 1 h by immersion in TEM
fixation buffer (2% glutaraldehyde containing 1 mM CacCl,
and 0.1 M sucrose buffered with 0.1 M Na-cacodylate, pH
7.4). After the fixation and several washes in 0.1 M Na-cac-
odylate buffer (pH 7.4), the presence of HRP is revealed by
incubating the samples at 37 °C in Tris-buffer (pH 7.6) con-
taining 0.05 M DAB, 0.1% H,0, and 1 mg of aminotria-
zole to block endogenous catalase activity. The
localization of HRP is revealed cytochemically by the fol-
lowing oxidation reaction: HRP + H,O, + DAB —
HRP + 2H,0 + oxidized DAB (brownish staining). After
that, the samples are washed in Tris-buffer containing
7.5% sucrose and osmicated overnight in 2% OsQy in the
same buffer without sucrose. At this step brownish staining
is converted to a black electron dense material due to the
reaction between osmium tetroxide and oxidized DAB.
Following dehydration in a graded series of ethanol
(70%, 85%, 95%, 100%; 10 min each), the samples are infil-
trated with a mixture of ethanol and LX-112 resin (Ladd
Research Industries, USA) as follows: 1:1 for 30 min and
1:2 for 30 min. It is finally infiltrated with pure resin for
120 min and then polymerized for at least 48 h at 60 °C.
The plastic is broken from the polymerized block and
sawed into pieces to fit the ultramicrotome holders. Any
remaining plastic bits are removed from the cutting sur-
face. Semi-thin sections of 2 pm are cut and contrasted
with toluidine blue (0.1%) to examine the quality of cocul-
tures and to select an area for ultrathin sections. After that,
ultrathin sections of 60 nm are cut and mounted on form-
var-coated 100-mesh copper grids. The grids are evapo-
rated in a JEOL (JEC-530) autocarboncoater at 4 V for

3s and stained with uranyl acetate (7.5% in bi-distilled
water, 1 drop per grid for 20 min) and Reynold’s lead cit-
rate (1 drop per grid for 10 min). Now the samples are
ready for examination under the TEM.

6.2.3. Fluorescence microscopy in combination with lucifer
yellow

Target cells are stimulated as described in Section 6.1.
Lucifer yellow CH lithium salt (Molecular Probes, Invitro-
gen; final concentration 1 mg/ml) is added simultaneously
with target cells labeled with Cell Tracker Orange
(10 uM, prepared as described in Section 6.1) to the unla-
beled adherent cultures of phagocytes and cocultured for
2 h at 37 °C. It is advisable to seed phagocytes on insertion
glasses to make preparation for the microscope easier.
After coincubation, adherent cocultures are rinsed five
times with PBS and fixed in fixation buffer (3.8% freshly
prepared paraformaldehyde in PBS, pH 7.4) for 15 min
at room temperature. The adherent cocultures are rinsed
three times in PBS and mounted on coverslips using Vecta-
shield mounting medium for fluorescence with DAPI H-
1200 (Vector Burlingame). DIC and fluorescence images
are obtained with a confocal microscope. To detect stain-
ing, the following filter sets are used: for lucifer yellow
BP 470/40, FT 500, 525/50; for Cell Tracker Red BP
515/560, FT 580, LP 590; for DAPI BP 340-380, FT 400,
LP 425. It is advisable to take images at different z-levels
for obtaining 3D information. Blind de-convolution
(MLE-algorithm) and 3D rotations using the Leica Deblur
software are performed. Since primary and secondary
necrotic cells could show some background staining, quan-
tify LY fluorescence of primary and secondary necrotic
cells by determining the average fluorescence intensity,
and then correct all images for background staining using
the Metamorph 5.0 software or free software Image J
(http://rsb.info.nih.gov/ij/).

7. Concluding remarks

Distinguishing necrosis from apoptosis should never be
based on either morphological or biochemical criteria
alone, but rather should take into account and integrate
all available data. Accumulating evidence supports the
concept that necrotic cell death is programmed. Therefore,
unraveling molecular players and defining biochemical
pathways in necrosis will provide us with powerful and spe-
cific methods for necrotic cell identification and help us to
distinguish it positively from other forms of cell death.
Many other interesting results are expected on the bio-
chemical, cellular and (patho) physiological aspects of
necrotic cell death.
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