
&p.1:Abstract Apoptotic cell nuclei are known to stain hy-
perchromatically with absorption dyes and dimly with
many DNA fluorochromes. We hypothesised that both
optical phenomena have the same cause - the ability of
apoptotic chromatin to aggregate cationic dyes. This hy-
pothesis was tested using prednisolone-primed rat thy-
mus, which is known to contain apoptotic cells. The apo-
ptotic cells were classified as early and late, based on
their morphology, in thin and semithin sections and in
thymus imprints on slides. Direct reaction for DNA
strand breaks (TUNEL) indicated the presence of breaks
in both categories of cells, with more intense labelling in
late apoptosis. The chromatin ultrastructure of early apo-
ptotic cells initially retained the supranucleosomal order
of packaging which characterises control cells, whereas
the dense chromatin of late apoptotic cells possessed the
degraded structure. Absorption spectra of the toluidine
blue-stained early apoptotic cell chromatin revealed a
metachromatic shift, indicating a change of DNA confor-
mation and polymerisation of the dye. When the staining
was performed by acridine orange (preceded by a short
acid treatment), a paradoxical several-fold increase of
fluorescence intensity at a several-fold dilution of the
dye was found. The simultaneous reduction of the ratio
of red to green components of fluorescence confirmed
that the concentration-dependent fluorescence quenching
was due to aggregation of the dye. The results suggest
that the enhanced affinity of the chromatin of early apo-
ptotic cells for cationic dyes is associated with confor-
mational relaxation rather than degradation of DNA. In
late apoptotic cells, the very dense packaging of degrad-

ed DNA promotes further aggregation of dyes. The re-
sults suggest alternative methods for detection and dis-
crimination of early and late apoptotic cells.&bdy:

Introduction

There is much interest in methods for detecting apopto-
sis, the main mode of programmed cell death. The cleav-
age of DNA by endonucleases is known to represent the
biochemical hallmark of apoptosis and can be demon-
strated in DNA gel electrophoresis as a “ladder” (Wyllie
et al. 1981). The DNA strand-breaks can be directly de-
tected in situ using DNA polymerase- or terminal trans-
ferase-primed chain reactions with especially elaborated
kits. These, although sensitive, are, however, time-con-
suming and costly reactions. Among indirect methods,
the presence of a sub-G0+G1 peak in DNA histograms,
detected by DNA fluorochromes, is the most widely ac-
cepted cytometric feature to establish the presence of an
apoptotic fraction among fixed or detergent-treated cells
(Telford et al. 1992; Pellicciari et al. 1993). The mecha-
nism of this reduced fluorescence employing a variety of
fluorochromes with different mechanisms of binding to
DNA remains unclear (Telford et al. 1992). Loss of en-
donuclease-fragmented DNA is certainly one of the rea-
sons (Darzynkiewicz et al. 1992; Hotz et al. 1994). How-
ever, data are now available that show that oligomeric
DNA fragmentation is a late event, coinciding with the
disintegration of apoptotic cells, while the preceding
chromatin condensation correlates with the large-scale,
300–50 kb, fragmentation of DNA (Ghibelli et al. 1995;
McConkey et al. 1996). The latter can hardly cause any
substantial loss of DNA. Therefore, some authors sup-
posed that early changes of chromatin texture and stain-
ability may be responsible for the changed fluorescence
of apoptotic cells (Lieger et al. 1995; Ferlini et al. 1996).

Apoptotic chromatin is very dense. Telford et al. (1992)
speculated that it might, therefore, exclude the dyes. How-
ever, this contradicts the hyperchromatic staining of apo-
ptotic nuclei with absorption cationic dyes of various
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chemical structures and DNA staining mechanisms, e.g.
haematoxylin, azure, silver methenamine. Hyperchromasia
of dense small nuclei, known as karyopycnosis, has been,
and still is, used by pathologists to count degenerated cells.
Thus, apoptotic cell nuclei do not exclude, but, on the con-
trary, seem avidly to bind the dyes, which is why we sug-
gested that the low emission of apoptotic chromatin when
stained with fluorescent dyes was due to oversaturation
with dye molecules. The high density of the dye per sub-
strate may cause fluorescence quenching (Förster and Kö-
nig 1957). This was clearly demonstrated on biological
specimens, applying a variety of widely used fluorochrom-
es (Entwistle and Noble 1992).

With absorption dyes, the same aggregation would
cause an increase of optical density (hyperchromasia) of
the stained substrate. Thus, in both the cases, the stoichi-
ometry of DNA staining becomes altered. Aggregation
of the dye molecules (if planar and mono-charged), is ac-
companied by their polymerisation on the regularly ar-
ranged chromatin, manifesting the so-called metachro-
masia (change of colour) (Michaelis 1947; Sculthore
1978) and birefringence (Fisher and Romhanyi 1977;
Erenpreisa 1989).

The present study was carried out to investigate
whether the physico-chemical properties of apoptotic
chromatin favour the aggregation of the dyes. Does ap-
optosis cause metachromasia, birefringence and the con-
centration-dependent loss (quenching) of fluorescence,
and are these effects associated with the cleavage of
DNA? These questions were addressed and answered in
the affirmative.

Materials and methods

Animals and tissue preparation

The in vivo model of prednisolone-primed rat thymus apoptosis
was used (Ansari et al 1993). The experiments on animals were
conducted in accordance with the fundamental principles of the in-
ternational ethical code promulgated by CIOMS (Recueil de Leg-
islation Sanitaire, 36/2, 1985, Geneva). In 13 experiments, predni-
solone succinate (or saline) was injected into 3 to 4-week-old Wi-
star rats i.p. 5 mg/kg. After 2–4 h, the treated animals were killed
with ether. Immediately, cell imprints of the dissected thymus
glands were made by pressing the tissue gently onto slides. These
were dried for 5 min and either fixed in ethanol:acetone (1:1) at
4°C for 30 min or, for the direct detection of DNA strand breaks,
in methanol:acetone at –20°C for 10 min. The latter were dried
and preserved until use in a desiccator at 4°C.

Staining

Two cationic DNA binding dyes were used, the fluorochrome,
acridine orange (AO, Sigma) and the absorbing thiazine dye, tolui-
dine blue (TB, Gurr). Both are capable of metachromasia. Staining
with TB was performed as follows: the cell imprints with etha-
nol/acetone fixation were dried and stained (with and without pre-
ceding RNase and short acid treatments) in 0.05% TB solution in
50% citrate-phosphate (McIlvain) buffer pH 4.0 at room tempera-
ture for 10 min, briefly rinsed in distilled water, blotted with filter
paper, passed through warm tertiary butanol and Histoclear
(3 min×2 in each) and mounted in DPX.

AO staining was preceded by a short treatment with HCl (HCl-
AO). In this test, the apoptotic DNA acquires a metachromatic red
colour while non-apoptotic cell nuclei retain an orthochromatic
green fluorescence. The test is usually applied in flow cytometric
analysis (Darzynkiewicz 1994). Here the method was adjusted for
visual observation (requiring a higher concentration of AO) fol-
lowing the early recommendations of Rigler (1966) and Roschlau
(1965) with the following modifications. After the 30-min cold
fixation in ethanol/acetone (in some experiments, fixation was
prolonged at 4°C overnight), the slides were passed through de-
creasing grades of ethanol to PBS. The slides were then treated
with 20 mg/ml, pre-boiled RNase A (Sigma) in PBS (37°C,
30 min), rinsed in PBS, hydrolysed in 1 N HCl (60°C, 30 s),
washed in three changes of distilled water (1 min each), passed
through PBS and 0.1 M acetic buffer pH 4.1 (5 min), stained with
10–4 M AO in the same buffer for 15 min, passed through three
changes (5 min each) of AO diluted to 10–6 M in the same buffer
and sealed in the latter solution under a glass cover slip with nail
polish (moviol and glycerol cannot be used).

For investigations of the staining mechanisms, some variations
were used: RNase was omitted; HCl treatment was omitted or
used at greater dilution and for briefer times (e.g. 0.1 N HCl, room
temperature, 30 s). HCl treatment was also substituted with 0.4 M
NaCl, 0.1% Triton X-100, 4°C, 5 min to facilitate extraction of la-
bile basic chromatin proteins (Erenpreisa 1990). The AO concen-
tration was varied from 2×10–4 M to 0.05×10–4 M.

As positive and negative controls, sensitising and removing
treatments with DNase (sDNase and rDNase, respectively) were
used with an additional check by the Feulgen reaction. For the
positive control, 10 U/ml RNase-free DNase I (in 30 mM TRIS-
HCl pH 7.2, 140 mM sodium cacodylate, 1% BSA, 4 mM MgCl2,
0.025 mM CoCl2, 0.1 mM dithiothreitol) was applied for 1 h at
room temperature. For the complete removal of the DNA, crude
DNase I (Sigma), 200 U/ml (in PBS containing 45 mM MgCl2,
0.1 mM dithiothreitol) was applied at 37°C for 1 h.

TUNEL reaction detecting DNA strand breaks

This was carried out according to the method of Gavrieli et al.
(1992) with some modifications. The cell imprints on slides were
incubated under cover-glasses for 1 h at 37°C with 25µl of the
end-labelling buffer (30 mM TRIS-HCl pH 7.2, 1% BSA, 140 mM
sodium cacodylate, 1 mM CoCl2) containing 1µl dNTPs (digoxi-
genin-DNA labelling mix with labelled dUTP, Boehringer Man-
heim) and 5 or 7.5 U of terminal deoxynucleotidyl transferase
(tdT). The reaction was stopped with 0.1 M TRIS-HCl buffer con-
taining 30 mM NaCl and 30 mM sodium citrate. After extensive
washing, the incorporation of digoxigenin-labelled dUTP was de-
tected using monoclonal anti-digoxigenin Fab fragments linked di-
rectly to alkaline phosphatase (ALP; Boehringer Mannheim,
1:1000 dilution, 1–2 h incubation), followed by colour develop-
ment with nitro blue tetrazolium/BCIP for 40 min. Alternatively, a
secondary antibody was linked to peroxidase, which was visual-
ised using 3-amino-9-ethylcarbazole as a substrate.

Microspectrophotometry

Microspectrophotometry was carried out on stained cell imprints
with an MPV-3 (Leica). TB spectra were taken using a plug area
of 1 µm2, a monochromator split of 0.15µm and a step of 4 nm.
For each spectral point, 128 measurement repetitions were made
automatically and the average recorded. For each cell type, 7–12
spectra were collected, averaged and normalised. To study AO flu-
orescence, the emission intensity of the whole nucleus was mea-
sured adjusting a plug to the nuclear size, in 12 cells of each
group, at 540 nm for green and at 640 nm for red fluorescence
(monochromator split 1µm). For these experiments, which were
repeated 3 times, the main scheme of HCl-AO staining was ap-
plied. Confocal microscopy was carried out with a TCS 4D (Lei-
ca), using a krypton/argon laser. The exitation wavelength was
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488 nm. Applying a narrow band-pass and a 590-nm long-pass
barrier filter, two distinct wavelength emissions were obtained,
one between 515 and 545 nm (in the green area of the spectrum)
and the other above 590 nm (in the red area of spectrum). A series
of eight dual-channel optical sections was taken, the four interme-
diate ones were then combined into a 3D image. The final confo-
cal images had the considerable advantage of an almost complete
elimination of flare and an increase in resolution.

Electron Microscopy

Small pieces of thymus were fixed with 3% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) containing 2 mM CaCl2. Postfix-
ation was carried out in 1% buffered osmium tetroxide and aque-
ous uranyl acetate, followed by embedding in Spurr resin. Thin
sections were contrasted with lead citrate.

Results

Electron microscopy

The thymus of juvenile rats contained about 7–15% of
apoptotic cells, as had also been found by Ansari et al.
(1993). Apoptotic cells were much more numerous in the
thymus of prednisolone-treated rats (Fig. 1), where the

whole gamut of transition steps to apoptosis was ob-
served. Two main stages could be distinguished:
1. The nuclei lacked diffuse chromatin, while the com-
pact chromatin with a supranucleosomal structure ex-
tended evenly throughout the nuclear interior (Figs. 1,
2a). They retained the supranucleosomal organisation of
the chromatin up to the late stage of apoptosis. These
cells were classified as “early apoptotic cells”.
2. “Late apoptotic cells” were very small, possessing
dense “non-transparent” chromatin, which sometimes
segregated into crescents and caps (Fig. 1). They disinte-
grated into apoptotic bodies and were engulfed by nu-
merous macrophages. At high power transmission elec-
tron microscopy (TEM), their chromatin displayed a
very dense altered texture (Fig. 2b).

TUNEL reaction

The number of cells with positively labelled nuclei was,
on the whole, similar to the number of hyperchromatic
and karyopycnotic cells counted in TB-stained semithin
sections, thus pointing to the relevance of both counts
(Figs. 3, 4). However, TUNEL labelling detected by the
ALP reaction depended on the thickness of the cell
smear and on the concentration of TdT. In thick smears
with an enzyme concentration of 7.5 U/slide, it had a
tendency to stain both early and late apoptotic cells with
similar intensities. In thin smears or at an enzyme con-
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Fig. 1 Semithin section (a) and low power transmission electro-
micrograph (TEM); b of prednisolone-treated rat thymus. (Aster-
isk T-lymphoblast, starsearly apoptotic cells, arrows late apoptot-
ic cells) Magnification for a×2000, bars4.5µm&/fig.c:



centration of 5 U, only late apoptotic cells reacted
(Fig. 3). The TUNEL reaction, visualised by the peroxi-
dase method with a TdT concentration of 5–7.5 U/slide,
was less dependent on the thickness of the cell imprint.
Late apoptotic cells were labelled heavily while early
apoptotic cells were only weakly labelled. sDNase treat-
ment resulted invariably in a positive reaction in all cells
at enzyme concentrations of 5–7.5 U/slide, whereas
rDNase abolished any label.

TB staining

The number of karyopycnotic cells on cell imprints ap-
proximately coincided with that detected in parallel
semithin sections. In both cell imprints and semithin sec-
tions of a prednisolone-treated thymus, stained with TB
pH 4, the main categories of thymocytes, blasts, early
and late apoptotic cells, could be clearly discerned
(Fig. 1a). The nuclei of apoptotic cells showed, on cell
imprints, hyperchromasia and some birefringence. Both
increased after sDNAse or short acid treatment. Apply-

ing both treatments, strong hyperchromasia and birefrin-
gence were achieved (Figs. 5, 6). RNase had very little
impact on the amount of nuclear staining of T-lympho-
cytes. rDNase fully removed nuclear staining with TB.

Spectrophotometry of T-lymphocyte chromatin (Fig. 7)
showed that: (1) in control T-lymphocytes, the spectrum
maximum was constant (570 nm) and independent of the
density of the measured chromatin patch data (not pre-
sented), indirectly indicating the stoichiometry of the
staining method; (2) early apoptotic cells displayed a
hypsochromic metachromatic shift of spectrum maxi-
mum by 20 nm; and (3) in late apoptotic cells, there was
a further hypsochromic shift to even shorter wave-
lengths. In addition, an exaggerated batochromic shoul-
der appeared at 640 nm. As a result, a very broad spec-
trum of absorption was formed.
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Fig. 2a, b High power TEM showing the texture of apoptotic
chromatin. a The nucleus of an early apoptotic cell. The coiled
chromatin threads of the supranucleosomal level of organisation,
textured as 30-nm globules, are seen (arrows). Bar 100 nm. b The
nucleus of a late apoptotic cell. The chromatin is degraded and
very dense. Contours of deteriorating (fuzzy) nucleosomes can on-
ly be assessed (arrows). Bar 50 nm.&/fig.c:

Fig. 3 Direct reaction for DNA strand-breaks (TUNEL visualized
by the alkaline phosphatase method) on prednisolone-treated thy-
mus cell imprint. ×700&/fig.c:

Fig. 4 Semithin section of the same thymus as in Fig. 3. Toluidine
blue (TB) staining. The number of late apoptotic (karyopycnotic)
cells (25–30%) is comparable to the number of TUNEL-labelled
cells. ×700&/fig.c:

Fig. 5 Hyperchromatic staining of thymus cell nuclei with TB
(pH 4) after sensitising DNase and short acid treatments, mimick-
ing apoptotic cells. Cell imprint. ×1120&/fig.c:

Fig. 6 Birefringence of a similar sample as in Fig. 5 when viewed
under crossed polarisers. ×1120&/fig.c:

▲
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HCl-AO method

In control rats, the predominant colour of thymus im-
prints was light orange-yellow-greenish but here and
there “red eyes” of apoptotic cell nuclei sparkled (Fig. 9a).
About 60% of quiescent T-lymphocyte nuclei possessed
some red component in the spectrum of staining, assign-
ing them yellow or light orange fluorescence. After re-
moval of nuclear RNA with RNase, which could be sub-
stituted by more prolonged acid treatment (1 N HCl,
60°C, 1 min), the large nuclei of cycling T-lymphoblasts
had very little red component in their fluorescence and
stained prevalently green (Fig. 9). RNase treatment did
not alter substantially the pattern of staining of T-lym-
phocytes.

In prednisolone-treated animals, the predominant tis-
sue fluorescence shifted to purple-orange, while the
green blasts stood out. The majority of T-lymphocytes
possessed dim orange or red-spotted nuclei (Fig. 10).
Their density in phase contrast was greater than in con-
trol cells. Their number parallelled those defined as early
apoptotic cells in TB-stained semithin sections, cell im-
prints and by TUNEL reactions. The number varied, de-
pending on the animal and time of glucocorticoid expo-
sure, from 40 to 60%.

In the process of apoptosis, the green intercalation
fluorescence of cell nuclei diminished proportionally to
the increase of the red external staining. Late apoptotic

cell nuclei with clear red chromatin lumps lacked the
green component in their emission spectrum (Fig. 9).
Their number in prednisolone-treated animals comprised
25–40%. When apoptosis was very rapid, dark patches
were seen in the red-spotted nuclei of most T-lympho-
cytes but some nuclei of late apoptotic cells became dim
red or contained “black holes” (Fig. 10). These were of
low density in phase contrast, indicating loss of the sub-
strate. To a lesser extent, the appearance of black holes
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Fig. 7 Normalised averaged spectra of TB (pH 4)-stained nuclear
chromatin in: (1) control rat T-lymphocytes, (2) early and (3) late
apoptotic cells of the prednisolone-treated rat thymus. The mor-
phology of relevant early and late apoptotic cells is shown in
Fig. 1a&/fig.c:

Fig. 8a, b Dependence of the nuclear fluorescence on acridine or-
ange (AO) concentration in cells of prednisolone-treated rat thy-
mus when stained by the HCl-AO method. a Early apoptotic cells:
the intensity of green emission is shown by a continuous lineand
of the red emission by discontinuous line. b Ratio of red to green
fluorescence intensities. 1 T-lymphoblasts, 2 early apoptotic cells.
The morphology of the relevant cells, numbered 1 and 2 corre-
spondingly, is shown in Fig. 10&/fig.c:
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Fig. 9a–c A cell imprint of the control thymus stained with HCl-
AO. Reconstruction of the dual-channel confocal sections. Light
orange nuclei belong to quiescent T-lymphocytes. An apoptotic
cell with a red clump of highly degraded chromatin is indicated by
the thick arrow. A T-lymphoblast nucleus possessing green fluo-
rescence is shown by the broad arrow. This same image is separat-
ed in the red and green channels (b, c). The red lump of degraded
chromatin lacks the green component, quiescent T-lymphocytes
possess green and red fluorescence in an approximately 50:50 ra-
tio, while the T-lymphoblast nucleus has only a very low red com-
ponent&/fig.c:

Fig. 10 Cell imprint of prednisolone-treated thymus stained with
the HCl-AO method. Except for one non-apoptotic T-lymphoblast
which stains green-yellow (1), all T-lymphocytes are in the pro-
cess of apoptosis and show either red spots (2) during the early
stages of apoptosis or stain entirely red (3) in the late stages of ap-
optosis. Note also some “black holes” which might indicate loss of
substrate plus fluorescence quenching (arrows) &/fig.c:

Fig. 11 Sensitsing sDNase applied to a cell imprint of rat thymus
before staining with HCl-AO. The nuclei are bright red due to in-
troduced DNA strand breaks, thus displaying a positive control for
apoptosis



depended on the duration of fixation or the intensity of
acid hydrolysis.

The green fluorescence of T-lymphoblasts remained
unchanged in prednisolone-treated animals. After sDNase
treatment, applied as a positive control to induce DNA
breaks, all nuclei stained red (Fig. 11).

Using modifications of the main staining scheme, it
was established that:
1. Any short acid treatment provided visually differential
staining of apoptotic, quiescent and blastic cells. The ac-
id treatment could be substituted with 0.4 M NaCl.
2. The visually differential staining for apoptotic cells
could be obtained at the pH used only within a limited
range of AO concentrations, from 2×10–4 to 0.5×10–4 M.
With more diluted dye solutions, all cell nuclei became
brilliant greenish-yellow and many holes vanished.
Spectrofluorometry of the early apoptotic cell nuclei
showed (Fig. 8a) that at a fourfold dilution the intensity
of AO green fluorescence increased fivefold, the red
component also increased but less significantly (by 35%
at threefold dilution). Correspondingly, the ratio of the
red to the green component dropped dramatically
(Fig. 8b).
3. The spectrum of T-lymphoblast nuclei, measured in
the same imprints, was effectively unchanged over the
AO dilution range examined (Fig. 8b).

Discussion

The induction of apoptosis in T-lymphocytes by predni-
solone was confirmed by ultrastructural morphology and
the accumulation of DNA strand breaks, as demonstrated
by the TUNEL reaction. Both the chromatin structural
probes, with HCl-AO and TB, showed a metachromatic
change in the staining spectrum of apoptotic chromatin.
This shift was already apparent in early apoptotic cells.
Together with the polarisation of staining this indicated a
conformational change of DNA and an aggregation of
dye molecules on the regularly arranged chromatin
(Michaelis 1947; Fisher and Romhanyi 1977). Both the
dye aggregation and TB birefringence of apoptotic cell
nuclei could be induced by sDNase treatment, which
mimicked the main event of apoptosis, cleavage of DNA.
In addition, the batochromic peak of TB spectrum in late
apoptotic cells indicated further disordered aggregation
of the dye (Erenpreisa et al. 1992).

The results of cytospectrofluorometry when staining
with decreasing concentrations of AO showed a paradox:
a very high increase of fluorescence intensity at a several-
fold dilution of the dye. The ratio of intensities of the red
metachromatic fluorescence to the green reduced drasti-
cally. There may be two explanations: either the staining
mechanism shifted from external cooperative binding of
DNA phosphate groups (red) for intercalation (green) or
the orthochromatic fluorescence was released from
quenching by diminishing aggregation of the dye (any
binding of AO to nucleic acids may produce green ortho-
chromatic fluorescence if the dye is not polymerised).

The first alternative is contradicted by some increase
of red fluorescence preceding the green flare and a sever-
al-fold increase of the sum of red and green fluorescence
in diluted AO. The latter indicates severe non-linearity of
staining (oversaturation with the dye) and quenching of
fluorescence on apoptotic chromatin in the concentrated
dye solution. Absence of this phenomenon in T-lympho-
blasts, which had not undergone DNA cleavage, con-
firmed that the dye aggregation and fluorescence
quenching were associated with the intrinsic properties
of apoptotic chromatin.

The findings suggest the possibility of some new me-
thodical approaches:
1. The proportion of early and late apoptotic cells might
be estimated by cytometry, applying monochromatic cat-
ionic DNA fluorophores at saturating and undersaturat-
ing concentrations (the early apoptotic cells will join late
ones in a sub-G0+G1 peak only at saturation and will
shift to G0+G1or a hyperdiploid peak at undersaturation).
2. The drop in the red to green fluorescence ratio, which
occurs when diluting the dye from saturating to undersat-
urating concentrations in the HCl-AO method, may re-
present a measure of DNA cleavage (the ability to aggre-
gate the dye). This method would not need any calibra-
tion of fluorescence intensities in the red and green chan-
nels in relation to an independent cell control.

While quenching of fluorescence by the aggregated
dye potentiates the decrease of fluorescence due to the
loss of DNA in late apoptotic cells, aggregation of the
absorption dye, caused by the same cleavage of DNA,
compensates for it. This endorses the value of the “old-
fashioned” karyopycnotic index, applying simple nuclear
stains for detecting late apoptotic cells.

There arises the question as to why apoptotic chroma-
tin binds cationic dyes so avidly? As we found, this abil-
ity appeared in early apoptotic cells. Both early and late
apoptotic cells contain DNA breaks, though in different
numbers. The texture of the chromatin of early apoptotic
cells, as seen in TEM, indicated that the regular supranu-
cleosomal order of DNA packaging was initially re-
tained. Therefore, one could envisage that the differential
staining of early apoptotic cells arose from an impair-
ment of the higher, loop-domain level of DNA folding.

It is established that these large (50 kb) segments of
the genome represent the units of conformational transi-
tions of DNA: even one single-strand break causes relax-
ation of the supertwisted closed DNA loop domain
(Stryer 1988). This suggests that a very limited number
of strand breaks can convert a supertwisted conformation
of DNA into the relaxed one. Therefore, the cytochemi-
cal properties of the chromatin of early apoptotic cells
are likely to be associated with conformational relax-
ation rather than degradation of DNA. This is supported
by the pattern of DNA fragmentation into precisely 50-
kb segments, being the predominant size of fragments up
to late apoptosis (McConkey et al. 1996). The enhanced
stainability of the chromatin with cationic dyes and elec-
tron microscopy contrastants, found earlier by introduc-
ing single-strand breaks into DNA of live tumour cells
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(Erenpreisa et al. 1988), is also in agreement with this
suggestion. The easier exposure of DNA phosphates,
provoked either by short acid or 0.4 M NaCl treatment,
may be explained by weaker DNA-protein interactions in
the relaxed chromatin.

In conclusion, the ability of apoptotic chromatin to
cause aggregation was shown here for two cationic dyes,
one absorption and another fluorescent, each staining
DNA by different mechanisms: TB, external only, AO,
both intercalating and external. This suggests that the
phenomenon of dye aggregation by the chromatin repre-
sents a general feature of apoptotic cells. It is caused by
DNA cleavage and therefore can be used in indirect
methods for detection of DNA strand breaks and apopto-
sis.
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