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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 o!ers 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 di"cult 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 ! 105 cells per well and target cells in uncoated 6-well sus-
pension plates at 5 ! 105 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 IU/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 in a 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 bu!er (2%
glutaraldehyde containing 1 mM CaCl2 and 0.1 M sucrose
bu!ered with 0.1 MNa-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/vOsO4 in the same bu!er (without sucrose). Theywere
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 Research 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 o! 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 4 V for 3 s 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 7 h (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 lm.
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