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Abstract An analytical strategy combining fractal geom-
etry and grey-level co-occurrence matrix (GLCM) statis-
tics was devised to investigate ultrastructural changes in
oestrogen-insensitive SK-BR3 human breast cancer cells
undergoing apoptosis in vitro. Apoptosis was induced by
1 uM calcimycin (A23187 Ca*" ionophore) and assessed
by measuring conventional cellular parameters during the
culture period. SK-BR3 cells entered the early stage of
apoptosis within 24 h of treatment with calcimycin, which
induced detectable changes in nuclear components, as doc-
umented by increased values of most GLCM parameters
and by the general reduction of the fractal dimensions. In
these affected cells, morphonuclear traits were accompa-
nied by the reduction of distinct gangliosides and loss of
unidentifiable glycolipid molecules at the cell surface. All
these changes were shown to be involved in apoptosis
before the detection of conventional markers, which were
only measurable during the active phases of apoptotic cell
death. In overtly apoptotic cells treated with 1 uM cal-
cimycin for 72 h, most nuclear components underwent
dramatic ultrastructural changes, including marginalisation
and condensation of chromatin, as reflected in a significant
reduction of their fractal dimensions. Hence, both fractal
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and GLCM analyses confirm that the morphological re-
organisation of nuclei, attributable to a loss of structural
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Introduction

The process of apoptosis is a physiological form of cell
death that occurs in all tissues. Those cells that are
committed to die undergo a series of characteristic func-
tional and morphological changes that are mostly irre-
versible (Kerr et al. 1972, 1994; Wyllie et al. 1980; Raff
1998; Schwartzman and Cidlowski 1993). Apoptosis oc-
curs rarely in living tissues and is difficult to recognise,
because it takes place rapidly in vivo and is a natural
residual process (Savill 1997; Losa and Graber 1998;
Ferguson and Anderson 1981). Unfortunately, the methods
currently available do not adequately identify the early
phases of apoptosis when the cells appear overtly normal
and healthy. In experimentally induced apoptosis of epi-
thelial and other non-lymphoid cells, fine ultrastructural
changes may occur in nuclear chromatin components and
nuclear membranes at the beginning of apoptosis. Such
changes could be evaluated by using unconventional meth-
ods of morphometry, based on fractal geometry (Mandelbrot
1983; Losa and Nonnenmacher 1996; Nonnenmacher et al.
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1994), which allows the measurement of the majority of
irregular and wrinkled cellular components by a single
descriptive parameter, the fractal dimension (FD). Several
reports have documented the use of fractal morphometry for
describing irregular morphological traits and changes in
the ultrastructural features of membrane organelles, in-
cluding chromatin and other nuclear components in var-
ious types of healthy, diseased and/or tumour cells (Baish
and Jain 2000; Cross 1994; Paumgartner et al. 1981;
Landini and Rippin 1993; Sepulcre et al. 1998). Fractal
morphometry has been employed to analyse electron-
microscopic (EM) images and to characterise nuclear eu-
chromatin and heterochromatin domains (Chan 1995;
Marinelli et al. 1998) of lymphoid cells (Maraldi et al.
1998), normal and malignant liver cell nuclei (Nielsen et al.
1999), lymphocytic nuclear membranes in Mycosis fun-
goides and chronic dermatitis (Bianciardi et al. 2002) and
pericellular membranes of healthy immune competent lym-
phocytes and human leukemic cells (Losa et al. 1992).
Recently, the fractal method was employed to document
the feasibility of using ultrastructural changes in cell sur-
face and nuclear inter(eu)chromatin to assess the early
phases of apoptosis in human breast cancer cells prior to
changes in conventional cell markers (Castelli and Losa
2001). Methods based on grey-level density discrimina-
tion have been applied to histological sections to measure
the FD of the chromatin texture of nuclei in normal and
malignant cells (Landini and Rippin 1996; Irinopoulou et al.
1993; MacAulay and Palcic 1990; Doudkine et al. 1995;
Einstein et al. 1998; Wehn et al. 1999). Grey-level co-
occurrence matrix (GLCM) statistics have been used to
estimate image textural features of nuclei and other cell
organelles from EM preparations (Chan 1995; Rigaut 1987).
Obviously, these ultrastructural changes might reflect a
variety of peculiar morphological traits and metabolic path-
ways. However, neither fractal morphometry nor GLCM
studies have been carried out on EM preparations of non-
lymphoid human cancer cells undergoing apoptosis. The
present studies aim at evaluating, by fractal geometry and
statistical analysis, the ultrastructural changes in nuclei of
oestrogen-insensitive SK-BR3 human breast cancer cells,
at the beginning and during the active phases of apoptosis
induced in vitro by calcimycin, a Ca** ionophore (Squier
and Cohen 1997; Gwag et al. 1999), and at correlating
these changes with the occurrence of cellular markers and
surface sialosphingolipids.

Materials and methods
Reagents

IMDM medium, gentamycin and fetal calf serum (FCS)
were obtained from Seromed (Oxoid, Basel, Switzerland).
DME/F-12 w/o phenol red was obtained from Sigma
(Buchs, Switzerland). Calcimycin (A23187) was pur-
chased from Calbiochem (Juro Supply, Lucerne, Switzer-
land), annexin-V-fluorescein isothiocynate (FITC) from

Nexins Research (Hoeven, The Netherlands), terminal de-
oxynucleotidyl transferase (TdT) and fluorescein-11-dUTP
from Amersham (Diibendorf, Switzerland). Standard GM;
and GM; gangliosides were obtained from Matreya (Basel,
Switzerland) and GD;, and GT,;, from Fidia Research
Laboratories (Abano, Italy). All other chemicals and re-
agents of the finest grade of purity were purchased from
Sigma and Fluka (Buchs, Switzerland), whereas organic
solvents and 10x10 cm Silica gel 60 high-performance
thin-layer chromatography (HPTLC) plates were purchased
from Merck (Dietikon, Switzerland).

Cell cultures

Oestrogen-insensitive SK-BR-3 human mammary cancer
cells were cultured in flasks in IMDM supplemented with
2 mM L-glutamine, 10% heat-inactivated FCS and 10 pg/
ml gentamycin at 37°C in a humid 5% CO, atmosphere.
Cells (10° cells/ml or 2x10* cells/cm?) were cultured for
48 h in DME/F-12 medium without phenol red supple-
mented with 5% heat-inactivated FCS prior to experiments.
The medium was removed and the cells were rinsed with
DME/F-12. They were then incubated in DME/F-12
supplemented with 5% heat-inactivated FCS containing
1 uM calcimycin (inducer of experimental apoptosis) in
dimethylsuphoxide (DMSO), whereas control cells were
grown in medium plus an equivalent final concentration of
DMSO (0.1%).

Treated and control cells were harvested by mild tryp-
sinisation and rinsed. Viability was assessed by trypan blue
exclusion. Cells were counted in a Neubauer chamber.

Cellular characterisation of apoptosis

Four different conventional methods were applied for
measuring apoptosis in SK-BR-3 cells, namely intermedi-
ate permeability to propidium iodide (PI) and annexin-V as
membrane events and TUNEL and sub-Gy/G; peak per-
taining to nuclear chromatin.

Membrane permeability assay

The change in the permeability of the plasma membrane to
PI was used to differentiate living from apoptotic and dead
cells (Graber and Losa 1995; Ormerod et al. 1992). SK-
BR-3 cells (5x10°) were washed in 0.9% NaCl (pH 7.4),
suspended in 5 pg/ml PIin 0.9% NacCl, incubated for 7 min
in the dark at room temperature, centrifuged and suspended
in 0.9% NaCl. PI uptake was analysed in a FACScan
(Becton and Dickinson, Basel, Switzerland) equipped with
CELLQuest software. Three distinct populations of living,
apoptotic and dead cells corresponding to cells with low,
intermediate and high levels of permeability to PI were
displayed in a two-parameter dot plot, i.e. PI fluorescence
(FL-2H) versus cell dimension (FSC).



Annexin-V labelling

Annexin-V is an adhesion molecule that binds tightly to the
phosphatidylserine on the outer leaflet of the plasma
membrane in the presence of Ca®". SK-BR-3 cells (2x10°)
were washed with cold 0.9% NaCl and incubated for
15 min at room temperature with Ca®"-binding buffer con-
taining annexin-V-FITC (diluted 10-fold) and 1 pg/ml PI
(Vermes et al. 1995). The stained cells were analysed for
annexin-V-FITC in the fluorescence channel 1 (FL-1H)
and for PI in the FL-2H channel with a FACScan (Becton
and Dickinson) equipped with CELLQuest software.

TdT-mediated dUTP nick end labelling assay

DNA strand breaks were labelled at 3'-OH ends with
fluorescein-deoxynucleotide (dUTP) by exogenous TdT ac-
cording to a slightly modified version of a published meth-
od (Gorczyca et al. 1993). SK-BR-3 cells (untreated or
treated with calcimycin) were fixed in 0.5% formaldehyde
in phosphate-buffered saline (PBS pH 7.4) for 20 min at
room temperature, rinsed with PBS and post-fixed with
70% ethanol for 24 h at —20°C. Following fixation, the
cells were rinsed twice with PBS containing 0.5% bovine
serum albumin and 0.1% sodium azide. Cells (10°) were
resuspended in 50 pl of a solution containing 100 mM
sodium cacodylate (pH 7.2), 2 mM CoCl,, 0.5 mM mer-
captoethanol, 0.5 nmoles FITC-labelled dUTP and 10 U
TdT and incubated in the dark for 30 min at 37°C. Finally,
the cells were rinsed twice with 0.1% Triton X-100 in
PBS and then resuspended in PBS. Data were collected on
a FACScan cytometer with a standard argon laser and a
band-pass filter for FL1-H. Data analysis was performed
with CELLQuest software. A control was carried out by
omitting TdT.

Cell cycle and sub-Go/G; peak

Cells (10°) were incubated at room temperature for 30 min
in hypotonic 0.1% sodium citrate containing RNAse
(5 U/ml), 0.1%, Triton X-100 and 50 pg/ml PI (Graber
and Losa 1995). The percentages of cells in each phase
of the cell cycle were measured by flow cytometric anal-
ysis on a FACScan (Becton and Dickinson) equipped with
CELLQuest software for acquisition and ModFit LT 2.0
(Verity Software House, Topsham, USA) for the evalua-
tion of the cell cycle on a fluorescence-2 channel/area (FL-
2A). Multiplets were discriminated by gating the events
on a linear plot FL-2A versus fluorescence-2/width (FL-
2W). Nuclei from human peripheral blood lymphocytes
were used as an internal DNA standard. The sub-diploid
Go/G; area was determined by measuring cellular events
on a log histogram on FL-2H according to an established
method (Nicoletti et al. 1991).
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Sphingolipids analysis
Extraction of total lipids

Total lipid extracts (TLE) were prepared from homogenates
of 107 SK-BR-3 cells by using the chloroform-methanol
method (Miithing 1996). Membrane pellets obtained from
cell homogenates centrifuged at 100,000 g were suspended
in 1 ml water. Methanol (5 ml) was added followed by 5 ml
chloroform. The mixture was sonicated for 5 min in a bath
sonicator and left to extract overnight at 4°C. Samples were
centrifuged (750 g, 10 min, 4°C) to remove protein and
particulate matter. The pellet was extracted with 10 ml
chloroform-methanol (1:1) and then with 10 ml chloro-
form/methanol (2:1). The combined extracts were evapo-
rated to dryness. The residues were dissolved in about 1/4
volumes of chloroform/methanol (1:1) and left to stand
overnight at —20°C. Insoluble material was removed by
centrifugation (750 g, 10 min, 4°C). The final clear lipid
extract was evaporated to dryness and used to separate
glycosphingolipids.

Ganglioside and glycosphingolipid isolation

Gangliosides and glycosphingolipids were isolated by the
method of (Ladisch and Gillard 1985) as modified by
(Wagener et al. 1996). The TLE was dispersed in di-
isopropyl ether and 1-butanol (6/4 (v/v)), vortexed and
sonicated. The resulting opalescent suspension was mixed
with 17.5 mM NaCl (half the volume of organic solvent)
and vortexed and sonicated for several minutes until the
TLE was completely dissolved. The mixture was cen-
trifuged (750 g, 10 min, 4°C) and the upper organic phase
containing neutral lipids and phospholipids was carefully
removed with a Pasteur pipette. The lower aqueous phase
containing the gangliosides, together with a small amount
of emulsion at the interface was extracted with the original
volume of organic solvent mixture and centrifuged again.
A total of three extractions produced a clear thin-layer
chromatography (TLC) pattern of the gangliosides. The
clear to slight opalescent aqueous phase was lyophilised
and dissolved in 2 ml water-methanol (1:1) by sonication.
Salts were removed by passage through a C8-plus cartridge
(Waters, Switzerland; Wagener et al. 1996). The column
was prepared according to the manufacturer’s instructions.
Samples were loaded, washed with 20 ml water, concen-
trated in a stream of nitrogen and eluted with 3 ml methanol
and 6 ml chloroform-methanol (1:1).

TLC protocol
The isolated glycosphingolipids were separated by TLC on

10x10 cm HPTLC plates that had been activated by heating
to 110°C for 45 min. The plates were first eluted with
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Fig. 1 Electron micrographs of
SK-BR-3 cells, untreated

(a) and treated (b) with 1 pM
calcimycin for 24 h. x10,580

(1 cm=0.94 pum)

Fig. 2 Images of nuclear components segmented by grey-level
threshold from electron micrographs of a calcimycin-treated nucleus
(24 h). Nucleoli were interactively removed. a Perinuclear mem-
brane. b, ¢ Nuclear membrane-bound heterochromatin space and
outline. d, e Scattered heterochromatin space and outline. f, g Total
heterochromatin space and outline. h, i Inter(eu)chromatin space and
outline. x10,580

methanol to remove impurities. Concentrated glycosphin-
golipid samples were then applied with a 100-pl precision
micro syringe (Hamilton, Bonaduz, Switzerland) mounted
on a Linomat IV (Camag, Muttenz, Switzerland) and
separated with a mixture of CHCl;-MeOH—-0.25% CacCl,
(60:40:9).

Staining

The TLC plates were dried and spots of lipids were
revealed by spraying with a glacial acetic acid-sulphuric
acid H,SOy-anysaldeyde 50:1:0.3 v/v solution in a fume
cupboard and by heating the plates at 120°C for 15 min in
drying cabinet. Gangliosides appeared as green—brown
spots. The ganglioside spots changed colour to brown after
several hours in air, unlike oligosaccharides (green), cho-
lesterol (blue) or phospholipids (pale-violet).

Densitometry

Glycosphingolipids were analysed quantitatively by den-
sitometric scanning by using an Apple OneScanner (8 bit
depth) and an NIH Image 1.59 program (developed at the
US National Institutes of Health and available on the
Internet at http://www.rsb.info.nih.gov./nih-image). Known
amounts of individual gangliosides were used as stan-
dards and a calibration curve was established for each glyco-
sphingolipid. The formula OD=log;, (255/255 grey level),
based on the Lambert-Beer law, allowed the conversion
of the grey-level pixel values derived from single bands
to a calibrated range (0—-2.71 OD units) of optical densi-
ty (OD) values. Glycosphingolipids from breast cancer
cells were evaluated quantitatively from the correspon-
dent peak area identified on HPTLC plates.

Mathematical tools and image analysis

Transmission electron microscopy

Cells (1-5x10°%) were fixed for 2 h at 4°C in 30 g/
glutaraldehyde in 70 mg/l calcium chloride and 0.1 M
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sodium cacodylate pH 7.4, washed and post-fixed for 1 h at
room temperature in 2 g/100 ml osmium tetraoxide in
0.1 M sodium cacodylate adjusted to 340 mosm with NaCl
to reduce artefacts. They were dehydrated in an ethanol
series (70%—-100%) and propylene oxide and embedded
in Epon. Thin sections (interference colour: grey/silver)
were cut on an LKB 2128 microtome, mounted on 200-
mesh grids coated with a Formvar film and stained with
5 g/100 ml uranyl acetate for 5 min and with lead citrate
for 5 min. Negative photomicrographs were taken on plas-
tic plates (Kodak EM film 4489) with a Philips 400-ET
microscope (magnification: x4,600 for single cells; Losa
et al. 1992).

Segmentation of cell components

EM negatives of SK-BR-3 cells (untreated or treated with
calcimycin) were printed (ILFORD, paper type 3) at a final
magnification of x10,580, scanned by using a frame of
2,007x2,007 pixels with an Apple OneScanner (300 dpi/ 8
bit depth, 256 grey levels) and stored as TIFF files on a
Macintosh 8100/80 running Photoshop 2.5. Outlines of
the perinuclear membranes were traced manually by us-
ing an A5 Wacom graphics tablet and segmented by a
custom-written macro for the NIH Image 1.59 program
(developed at the US National Institutes of Health and
available from the Internet at http://www.rsb.info.nih.gov./
nih-image/). Distinct chromatin species were segmented by
thresholding the nuclear area (Kittler and Illingworth 1986)
into chromatin regions and their contour profiles (Marinelli
et al. 1998). The reliability of the histogram-based grey-

Fig. 3 Time-course expression
of membrane (PI, Annexin-V)
and nuclear (TUNEL, Sub G0/
G1 peak) apoptotic markers in
SK-BR-3 cells, untreated (U)

and treated (7) with 1 uM §ub GO/G1 T
calcimycin at 0 h (white col-
umns), 24 h (grey columns) and
72 h (black columns). Results U
(%) are means = 1 SD of three
separate experiments. Parameter
values (72 h) are significantly TUNEL T
different at P>0.001
U
Annexin-V T
U
PI T
U
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level thresholding approach had previously been assessed
on nuclear regions of interest (ROIs) randomly selected
from a single nucleus by using an NIH Image 1.61 re-
lease on a G4 Macintosh computer running MAC OS 9.
Grey-level values established from ROI images that had
been smooth-filtered and analysed by an SPSS 6.1 pro-
gram were found to fit well into two Gauss distributions
(Glasbey and Horgan 1995). The optimal grey-level thresh-
old was set at the intersection point between these two
distributions and then used to segment ROI images into two
grey-level domains, namely one domain situated below the
threshold and pertaining to the inter(eu)chromatin space
and another domain above it and pertaining to the het-
erochromatin space. The grey-level threshold (average) es-
tablished for nuclear ROIs was used to segment the whole
nucleus of breast cancer cells, after interactive removal of
nucleoli, which would have interfered with the estimation
of the fractal dimension of the nuclear chromatins (Rigaut
1987).

FD analysis

The fractal parameters of the selected cell components
were determined from digital micrographs by using the
FANAL++ package (Dollinger et al. 1998). This includes
subroutines for box-counting, data fitting and visualisa-
tion and the power law application procedure for setting
the scaling window from which a straight line can be
drawn, its slope being used to evaluate the FD (Losa and
Nonnenmacher 1996).The box-counting method was ap-
plied to entire nuclei to determine the FD of grey-level
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Table 1 Composition of gangliosides in SK-BR-3 cell lines evaluated by densitometric analysis

SK-BR-3 cells

Untreated 24 h 96 h

Ganglioside Rf pg/spot ug/107 cells pg/spot ug/107 cells pg/spot ug/107 cells
GM; 0.31 0.461+0.026 1.536+0.086 0.376+0.015 0.753+0.03 0.63240.038 0.632+0.038
X1 0.272 n.c. n.c. n.c. n.c. n.c. n.c.

X2 0.197 - - - - n.c. n.c.

GM, 0.13 0.059+0.002 0.196+0.006 - - 0.078+0.002 0.078+0.001
X3 0.076 n.c. n.c. n.c. n.c. - -

GD,, 0.046 0.123+0.004 0.409+0.013 0.076+0.005 0.152+0.011 0.58340.028 0.583+0.028
GTp 0.009 - - - - - -

X4 0.003 n.c. n.c. n.c. n.c. n.c. n.c.

SK-BR-3 cells were treated with 1 pM calcimycin for 24 or 96 h. Results are means+SD of three separate experiments (Rf retention factor of

known gangliosides and unidentified sphingolipid spots, X7, X2, X3,

X4 unidentified sphingolipid constituents, n.c. spot not evaluated

because of unavailability of standard ganglioside, — undetectable spot)

threshold-segmented images of perinuclear membrane
outlines and of intranuclear chromatin components, total
heterochromatin (HC), nuclear-membrane-bound hetero-
chromatin (NMBHC), scattered heterochromatin (SHC)
and inter(eu)chromatin (IC). The FANAL++ program was
run on a workstation equipped with Linux S.U.S.E 6.2.
(Fig. 1; Dollinger et al. 1998; Baumann et al. 1994).

GLCM analysis

The GLCM represents second-order statistics (Haralick
et al. 1973; Conners et al. 1984; Carstensen 1992) and has
become one of the best known and most widely used
texture features (Haralick et al. 1973). It is based on the
repeated occurrence of certain grey-level configurations in
the texture, which serves to estimate image textural features
(Pican et al. 1998). The GXG GLCM py for a displacement
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Fig. 4 HPTLC of gangliosides in MCF-7 and SK-BR-3 cells (lanes
1 standard gangliosides GM,, GM,, GD, and GT}y, lane 2 MCF-7
cells, lane 3 untreated SKBR-3 cells, lane 4 1-day treatment with
1 uM calcimycin, lane 5 4-day treatment with 1 uM calcimycin)

vector (d, 0) is defined as follows: the entry (i, j) of pq4 is the
number of occurrences of the pair of grey levels 1 and j that
lie a distance (d, 0) apart (Tuceryan and Jain 1998). As the
name suggests, the GLCM is constructed from the image
by estimating the pair-wise statistics of pixel intensity.
Each element (i, j) of the matrix represents an estimate of
the probability that two pixels with a specified separation
have grey levels i and j. The separation is usually speci-
fied by a displacement, d, and an angle, 8. Thus, GLCM &
(d, ©)=[p (i,j |d, ©)] and ®(d, 0) will be a square matrix of
side equal to the number of grey levels in the image and
will usually not be symmetrical. The GLCM analysis
includes statistical parameters such as angular second mo-
ment, contrast, correlation, variance, inverse difference
moment, Sum average, sum entropy, sum variance, entropy,
difference variance, difference entropy, measure of corre-
lation 1 and measure of correlation 2 (Haralick et al. 1973;
Castelli 2001).

GLCM was applied to analyse the textural features of
intranuclear ROIs, as defined above. All the above textural
features were calculated with the pgmtexture routine in the
netpbm graphic package (Castelli 2001). The average value
of each parameter from the pooled four angles 0 (6=0°,
45°,90°, 135°) was calculated at defined distances, d (d=1,
2,3,4,5,10, 100).

Statistics

Data were analysed by a #-test and by the Mann-Whitney
U-test (two-tail P values) with SPSS 6.1 software.

Results
Cellular parameters of apoptosis

The progression of apoptosis from the initial (24 h treat-
ment) to active phases was followed in SK-BR-3 cells by
measuring the behaviour of four different parameters in
cells cultured for 96 h with 1 uM calcimycin. No changes



Fig. 5 FDs of various chroma-
tin domains in control untreated
cells (white columns, n=14) and
SK-BR-3 cells treated with

1 uM calcimycin for 24h (light
grey, n=15) and 72 h (dark grey,
n=3). The scaling window was
defined within the range
[Sminfemaxzo~043 Hm43 Hm];
e=box side (NM perinuclear
membrane, NMMBHC nuclear
membrane-bound heterochro-
matin space and outline, SHC
scattered heterochromatin space
and outline, HC total hetero-
chromatin space and outline,
IC inter(eu)chromatin space
and outline). *Significance
0.01<P<0.05 evaluated by
Mann—Whitney test

HC

SHC

SPACE

NMBHC

HC

IC

SHC

OUTLINE

NMBHC

of these parameters were observed at 24 h of treatment
(Fig. 3). Annexin-V-positive cells (28%) occurred only
after 72 h in culture, whereas cells with intermediate per-
meability to PI (27%) and a sub Go/G; peak (15%) or
TUNEL-positive (23%) cells with DNA fragmentation
(prone to apoptosis) were detected only after 48 h in
culture. The number of cells expressing these cell mark-
ers increased significantly at 72 h of treatment (Fig. 3)
and until the completion of apoptosis after 96 h (data not
shown).

Sphingolipid distribution

The quantitative evaluation of HPTLC chromatograms re-
vealed that glycosphingolipids of the mono-ganglio series
were the most abundant in oestrogen-insensitive SK-BR-3
cells. The major component was GM; followed by GM,
and the disialoganglioside GD;,, a composition similar
to that of oestrogen-sensitive MCF-7 cells (Fig. 4). The
X1 component from SK-BR-3 cells probably corresponded
to GM, ganglioside according to the Rf value established
in MCF-7 cells, whereas GT;;, was undetectable (Fig. 4,
Table 1). SK-BR-3 cells treated with calcimycin for ei-
ther 24 h or 96 h displayed ganglioside levels lower
than those of untreated cells. Their content decreased
with the progression of the apoptotic process, except for
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the disialoganglioside GD;,, which was expressed at a
level close to that of viable cells (Table 1). The chro-
matograms indicated that GM; and unidentified gangli-
osides X, and X5 were not detectable in cells exposed to
the ionophore for 24 h. However, we noted the oc-
currence of GM; and unidentified ganglioside X, but not
X3 in overtly apoptotic cells (Table 1). X,, X5 and X4
gangliosides could not be identified because of the lack
of known standards.

Fractal analysis of ultrastructural features

Nuclei of SK-BR-3 cells exposed to calcimycin for 24 h
and untreated SK-BR-3 cells (Fig. 1) had peculiar FD
values of distinct components segmented by grey-level
thresholding (Fig. 2), namely, HC=1.578+0.032 vs. 1.595+
0.029; 1C=1.808+0.023 vs. 1.833+0.007; SCH=1.482+
0.033 vs. 1.499+0.033; and NMBHC=1.393+0.049 vs.
1.374+0.031 (Fig. 5). FD values of the corresponding
outline nuclear components were also generally reduced;
however, no significant difference was found in the FD for
any nuclear components in untreated cells and those treated
for 24 h (Fig. 5). In contrast, significant changes occurred
in most nuclear parameters, including marginalisation and
condensation of chromatin, in overtly apoptotic cells (72 h
of treatment); these could be consistently detected on his-
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Table 2 GLCM parameters estimated as a function of the distance (d=1, 2, 3) on ROIs of untreated cells (#=42) or ROIs of SK-BR-3 cells
treated for 24 h with calcimycin (n=44)

GLCM parameters

Distance (d)

d=1 d=2 d=3
Untreated Treated Untreated Treated Untreated Treated
Angular second Range 0.000183— 0.00015— 0.000116— 0.0000985— 0.0000954— 0.0000821-
moment 0.00108 0.0184 0.00064 0.0104 0.000498 0.0065
Mean 0.0004 0.00111 0.00024 0.000673 0.00021 0.00047
Median 0.0003 0.00032 0.0002 0.0002015 0.000169 0.0001685
Contrast Range 42.2-393 83.7-503 120-1040 236-1380 201-1650 402-2310
Mean 208.5 249.5 561 695 857.3 1096
Median 199 200.5 547 554 853.5 873
Correlation Range 0.855-0.958 0.869-0.964  0.659-0.885 0.659—0.900 0.536-0.815 0.513-0.834
Mean  0.899%* 0.915%* 0.744%* 0.78** 0.63** 0.67**
Median 0.895%** 0.918%** 0.742%* 0.783%** 0.623** 0.673**
Variance Range 322-2180 517-3560 319-2160 513-3530 317-2140 511-3490
Mean  1028*** 1502%%* 1018%*** 1488%#** 1010%** 1474%%%*
Median 1090%** 1385%#* 1080*** 1370%** 1070%** 1355%**
Inverse difference Range 0.069-0.203 0.065-0.188  0.041-0.122 0.038-0.133 0.032-0.095 0.029-0.104
moment Mean 0.106 0.107 0.064 0.065 0.05 0.051
Median 0.095 0.103 0.058 0.061 0.046 0.047
Sum average Range 78.7-251 95.5-297 77.7-247 94.4-293 76.6-244 93.4-290
Mean 156.4* 175.9* 154.5* 173.9* 152.7* 171.9*
Median 161 166.5 159 164.6 157 162.5
Sum entropy Range 2.14-2.56 2.23-2.6 2.11-2.52 2.19-2.56 2.07-2.47 2.15-2.54
Mean 2.37** 2.434%%* 2.32%% 2.40%* 2.29%* 2.36%*
Median 2.39%* 2.43%* 2.36%* 2.39%* 2.31%* 2.35%%*
Sum variance Range 7190-69800 10900-96100 7020-68100 10600-93300 6840-66500 10400-91700
Mean 29060* 37372* 28387* 36525* 27759* 35718*
Median 28750* 32050* 28150* 31250* 27550* 30550%*
Entropy Range 3.12-3.9 3.39-3.99 3.29-4.01 3.51-4.08 3.35-4.02 3.53-4.08
Mean 3.61 3.66 3.74 3.79 3.76 3.81
Median 3.67 3.66 3.79 3.78 3.8 3.82
Difference of Range —1.12¢-6-1.03e- —1e-6-2.96e-6 —6.37e-7-6.03e- —5.85e-7-6.48¢- —4.73e-7-4.49¢-6 —4.6e-7-1.45¢-6
variance 5 6 6
Mean 1.83e-6* 1.16e-6* 1.07¢-6* 6.83¢-7* 8.28e-7* 5.21e-7*
Median 1.31e-6 1.14e-6 7.68e-6 6.48e-7 5.97e-7 4.87e-7
Difference of entro- Range 1.14-1.61 1.28-1.66 1.35-1.81 1.49-1.87 1.45-1.89 1.59-1.96
Py Mean 1.44 1.48 1.65 1.69 1.73%* 1.78**
Median 1.46 1.46 1.67 1.67 1.75 1.76
Measure of Range -0.297—0.183 —0.312— -0.215—0.107 —-0.221—0.115 -0.181—0.085 —0.177—0.087
correlation 1 -0.197
Mean —0.224** —0.241%** —0.143%%** —0.163*** —0.115%%** —0.134%**
Median —0.219%** —0.241%%** —0.141%** —0.162%** —0.113%%** —0.131%**
Measure of Range 0.713-0.85 0.721-0.845  0.52-0.756 0.531-0.735 0.332-0.654 0.348-0.648
correlation 2 Mean  0.769*** 0.793%%** 0.612%%* 0.656%** 0.472%%* 0.534%%*
Median 0.77%%* 0.794%#%** 0.608%*%** 0.655%** 0.469%*** 0.535%%%*

Mean and median values of GLCM parameters from treated and untreated cells were analysed by the Mann-Whitney U-test. The distance d
is expressed in pixels (d=1 is one pixel; one pixel corresponds to 14.03 nm)

*0.05>P>0.01
**0.01>P>0.001
**%P<(.001

tograms. A significant reduction of FD could be estimat-

for less than 24 h caused no significant changes in the

ed on both SHC space and outline, and on HC/IC and ultrastructure of cell membrane or nuclear components.
NMBHC outlines (Fig. 5). Incubation with the ionophore



Statistical analysis of grey-level textures by GLCM

The GLCM data for nuclear ROIs from treated (24 h) and
untreated cells indicated that there was a significant dif-
ference in the median values of 6/13 statistical descriptors
of textural features, namely correlation, sum of entropy,
sum of variance, variance and measure of correlation 1 and
2, when estimated as a function of nearest distances d (d=1,
2, 3) from neighbour pixels to central pixel (Table 2), while
gradually reducing at distance greater than d>3, as pre-
viously reported (Castelli 2001). The median values of
the other seven descriptors (entropy included) in the ROIs
of cells treated for 24 h were similar to those of control
cells, indicating that the nuclear chromatin was far from
being in the homogeneous condensation state usually
reached in late apoptosis. The mean values of all these
parameters mostly diverged from median values but were
less statistically significant, at least for the greater dis-
tances d>3 (Castelli 2001).

Discussion

A morphometric strategy that combines fractal geometry
and GLCM statistical analysis was developed in order to
identify and characterise apoptosis induced by calcimycin
in oestrogen-insensitive SK-BR-3 human breast cancer
cells. This strategy was found to allow the measurement of
changes of grey-level-tresholding segmented textural fea-
tures (space and outline) of nuclear components, namely
the inter(eu)chromatin, scattered heterochromatin and total
heterochromatin, and the perinuclear membrane-bound
heterochromatin. The reorganisation of cell components,
including chromatin, began during early phases of apo-
ptosis induced in vitro by a Ca*" ionophore, well before
the exposure of membrane phosphatidylserine (PS), the
occurrence of membrane permeability to PI, DNA frag-
mentation (TUNEL and subdiploid G¢/G, peak), chromatin
condensation (compactness) and marginalisation and the
formation of apoptotic bodies (Vermes et al. 1995;
Oberhammer et al. 1993; Pellicciari et al. 1996; Del Bino
et al. 1999). Microarchitectural alterations of the unin-
volved colonic mucosa, as determined by increased FD,
has been reported to precede the expression of conven-
tional biomarkers of apoptosis, such as caspase 3 and
TUNEL (Roy et al. 2004). Dependent on the apoptotic
inductive mechanism, morphological alterations occur
before the exposure of PS during apoptosis of peripheral
blood lymphocytes (Cornelissen et al. 2002). The loss of
structural complexity of the nuclear domains is less
pronounced in SK-BR3 cells exposed to the apoptogen
for 24 h than in the overt active phases of the apoptotic
process (72 h), as reflected by a significant reduction of all
the FDs of these cells. This might be because the spatial
reorganisation actually takes place in nuclear components
at the beginning of apoptosis but is so subtle that it cannot
be extracted from or revealed by the histograms based on
the two grey-level domains. Furthermore, the ultrastruc-
tural change in nuclear components is imperceptible in
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terms of size, together with the fractal scaling process,
which occurs within a limited scale interval in biological
structures (Nonnenmacher et al. 1994; Landini and Rigaut
1997). However, evidence for the spatial-textural reorga-
nisation of nuclear chromatin in the early apoptotic phases
of SK-BR-3 cells is provided by the changes in six out of
thirteen second-order statistics parameters estimated by
GLCM analysis. These findings support the low FD data
presented in a previous paper, in which fractal analysis
alone was used to characterise early phases of apoptosis by
quantifying ultrastructural changes of cellular membranes
and nuclear components (Castelli and Losa 2001). The
behaviour and the ultrastructural rearrangement of nuclear
domains and ribonucleoprotein-containing structures have
been documented during overt apoptosis of lymphoid cells
by conventional morphological and morphometric ap-
proaches (Falcieri et al. 1994a, 1994b; Biggiogera et al.
1997; Stuppia et al. 1996). GLCM analysis and morpho-
logical data of nuclear chromatin are reflected in the
changes of ganglioside composition occurring in both early
and late phases of cell death. These findings are in line with
those reported previously (Losa 1986) but are in partial
disagreement with others (Spiegel and Merrill 1996;
Nohara et al. 1998). They underline the possible involve-
ment of sialosphingolipid molecules, such as GM3 and
GD3, as signalling mediators and inducers of apoptosis (De
Maria et al. 1997; Marquina et al. 1996; Nojiri et al. 1999).
At first glance, the loss of membrane gangliosides and their
altered expression, which is caused by the apoptotic pro-
cess and might be attributable to reduced expression by a
shedding mechanism and/or to altered metabolic pathways,
are in agreement with the reduction of the ultrastructural
complexity of the plasma membrane at the initial and late
phases of apoptosis (Castelli and Losa 2001). Our finding
of'aloss of morphological traits in the nuclei of calcimycin-
induced apoptotic cells supports data reported by authors
who have shown a significant reduction in the FD of
intranuclear chromatin in lymphoid Jurkat cells, in which
apoptosis had been induced with APO/Fas (Santoro et al.
2002).

The analytical approach adopted to elucidate apoptotic
structures and pathways in epithelial cancer cells deserves
further consideration. Whereas the determination of con-
ventional cell parameters is not suitable for describing the
early phases of apoptotic cell death, both fractal and math-
ematical/statistical approaches may help to quantify those
morphological changes that occur in the initial phases of
apoptosis. The FD is a quantitative descriptor that can be
used alone to identify the chromatin organisation and the
ultrastructural changes of distinct cell components. In con-
trast, the mathematical statistical approach requires a large
number of parameters to do so.

The present study highlights the usefulness of the fractal
strategy for measuring irregular shapes and changes in
sizes or dimensions of nuclear components, during apo-
ptosis not only in non-oestrogen sensitive SK-BR-3 breast
cancer cells, but also in other tissues sharing different
morphological traits and functional peculiarities (Losa
et al. 1999; De Vico et al. 2005; Piantanelli et al. 2002;
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Bernard et al. 2001; Dioguardi and Grizzi 2002). It also
emphasises the relevance of quantitative ultrastructural
morphology for reassessing the morphological informa-
tion used in the past to recognise apoptosis in cells and
tissues.
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