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Abstract Tumour necrosis factor (TNF-induced ap- |ntroduction
optosis is associated with several nuclear and cell surface

alterations, in particular with the condensation of chrq>—umour necrosis factor (TNF-is a pleiotrophic cyto-
matin and the fragmentation of the cell nucleus, formgyq canaple of inducing biological reactions, such as in-

tion of blebs on the cell surface and breakdown of thgmmation, septic shock, cachexia, and cell proliferation
plasma membrane. However, there is little mformatn%
H

. . , 28]. In vitro TNFa is cytotoxic for transformed and
about the relationship between the cell surface alte

tions and the nuclear changes during apoptosis. To st 'g-transformed cell lines, inducing both forms of cell
) . th, apoptosis and necrosis [4, 9, 14, 16]. Apoptosis is
this, cultured WEHI cells were exposed to ThiFever pop [ I: Apop

X : ! ; characterized by nuclear changes, such as chromatin
different time periods. The cytological changes we y g

. . . ; ndensation and fragmentation of the nucleus, loss of
studied using a correlative approach, which allowed Qi volume, and blebbing with preservation of plasma

servation of the same cell consecutively under lightemprane integrity [32]. In contrast, necrosis is associ-

scanning and transmission electron microscopy. The gy with organelle swelling, membrane breakdown, and
liest sign of cell alteration was a reduction of the numbgg;, disintegration [32].

of microvilli after 15 min of TNFer exposure. This reac- Cellular alterations associated with TNFnduced

tion was reversible (reappearance of microvilli) and to%optosis and necrosis may appear at different time

place during the first hour, in which neither nuclear alt ojnts, having a strongly individual character for each
ations nor plasma membrane breakdown were obsengdqe cell. In order to clarify a possible relationship/de-

The changes in the nucleus began with condensatiomgﬁdency between early changes at the cell surface and

chromatin after approximately 1 h of TNFexposure. C%the cell nucleus, it is important to obtain precise infor-

After 4-5 h the microvilli disappeared again, particulary,ation on the course of the distinct nuclear and plasma
in areas where the formation of blebs (blebbing) was q@amprane alterations induced by TNFFor this pur-
served. Strikingly, cell surface alterations (bleb formgg, e, a correlative technique combining light, scanning

tion) were detected only in those cells that presenige yransmission electron microscopy was used. Conden-
with condensed chromatin, and not in cells with a normaliion of chromatin and breakdown of the plasma mem.-
chromatin pattern, proving at least a close correlation Beane were detected using DNA fluorochromes and light
tween nuclear and cell surface changes during the Hgergscopy, whilst the corresponding structural modifi-

cess of apoptosis. cations were determined by electron microscopy. All

these observations were performed in the same cell by
means of a locally devised method of producing land-

marks in the substrate allowing re-localization of a cell

at the different stages of microscopical investigation.
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Materials and Methods

Cail- ) . Highly TNF-a-sensitive methylcholanthrene-induced mouse fibro-
'?’erlna(llﬁ.-fS))()r-T]GdS?i@mr%eSdS(;ﬁurl1—‘las>‘<t')?+e49)-6841-16-6553 sarcoma cells [WEHI 164/clone 13 (WEHI)] were cultured in a
B ' ' concentration of 1x¥0cells/ml on circular glass slides in RPMI
A.D. Katsen - P. Mestres-Ventura 1640 medium supplemented with 10% fetal serum, 0.1 mM gluta-
Institute of Anatomy, University of Saarland, mine and gentamicin (3@g/ml). The glass slides were shadowed

Homburg/Saar, Germa “y with indium oxide [22], marked with a diamond indentor [25] and
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coated with 20 mg/ml poly-L-lysin (Sigma, St. Louis, Mo.). Afteout TNF-a exposure were analysed at identical time points. For
24 h of cell culture and change of medium, 200 U/ml recombinantcroscopical examination, the specimens were kept in Hepes
TNF-a (Boehringer, Mannheim, Germany) was added to the cellsuffer solution. Only cells attached to the substrate were included

After different periods of TNFx-exposure (15 min, 1, 2, 4, 5,in our analysis. Cells located within the area marked with the dia-
and 6 h) the cells were stained intravitally with H 33342 (Sigmeajond were photographed under phase contrast and fluorescence
2.0 ug/ml in Hepes buffer) for 20 min and with ethidium bromidenicroscopy (MX60F Olympus). Under ultraviolet (UV) epi-illu-
(EB, Sigma; 5.qug/ml in Hepes buffer) for 10 min. Controls with-mination (excitation wavelength: 330-380 nm; emission wave-
length: >430 nm), H33342 stained the nuclei of cells with intact
cell membrane (blue), whereas EB stained only the nuclei of cells
with damaged plasma membrane [red with the green emission fil-
ter (530-560 nm/>580 nm) or pink with the UV filter]. In some
experiments the distribution of F-actin after 5 h of T&lEexpo-
sure was determined as follows. Cells were first stained with
H33342, washed in Hepes, fixed in buffered formaldehyde (2%,
pH 7.4) and then labelled with RITC-phalloidin (rhodamin-iso-
thiocyanate-phalloidin, Hig/ml, Molecular Probes, Eugene, Ore.)
[17].

For scanning electron microscopy (SEM), the cells were
washed in Hepes and fixed overnight in 2% glutaraldehyde buf-
fered with 0.12 M sodium cacodylate (pH 7.4). The postfixation
was performed in three steps using 1% osmium tetroxide, 1% tan-
nic acid and 1% uranyl acetate, a schedule especially developed
for SEM [13]. After dehydration in ethanol, specimens were criti-
cal-point-dried and sputtered with gold (~5 nm thick). Cells previ-
ously identified in light microscopy were relocalized using the di-
amond marks as landmarks [13]. The specimens were examined
with a CamScan S2 (Cambridge, UK) scanning electron micro-
scope at 20 kV.

After SEM examination, specimens were prepared for trans-
mission electron microscopy (TEM) by embedding in Araldite 502
and removing from the substrate after polymerization [13]. Again,
the diamond replica served to relocalize the cells that were to be
cut with the ultramicrotome. The ultrathin sections were stained
with lead citrate and examined in a Zeiss EM 10 CR transmission
electron microscope at 60 kV.

In this investigation only cells attached to the substrate were
considered for statistical analysis. The numbers of cells presenting
with changes in the nucleus or on the surface are given as percent-
ages of all cells analysed (see Table 1). The apoptotic and necrotic
alterations were analysed in relation to the time of exposure to
TNF-0 and compared with controls not exposed to TaNRising
thex2-test including the Yates correction.

Results

In control preparations the WEHI cells seen with the
phase contrast microscope displayed a polymorphic
shape, varying from polygonal to round. All cells were
attached to the substrate, including those with a spherical
shape. Under these conditions blebbing was not ob-
served. The majority of WEHI cells (~99%) showed a
nucleus well stained with H 33342 and displaying a nor-

Fig. 1 a—cFluorescence microscopy amdphase contrast com-
bined with fluorescence microscopy of WEHI cells. Nuclei of in-
tact cells show blue fluorescence staining, nuclei of damaged cells
present with a fluorescence in pinER). a Control conditions.
x400b After 5 h of TNFa exposure individual cells present with
condensed chromatin. Some cells show nuclear fragmentation (
rows). x400c After 6 h of TNFa exposure the number of EB-
stained cells is markedly increased compared with that of the pre-
vious stages. Because of detachment from the substrate these cells
often appear out of focus. x4@After 5 h of TNFea exposure
cells with condensed chromatiasterish and cells with a normal
chromatin patterndpuble arrow$ are a common finding. Blebs
are only observed in those cells with condensed chromatin pattern
(asterish. Arrow diamond indentation. x40
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Fig. 2 Scanning electron mi-
croscopy of WEHI cells under
control conditions. The cell
surface is densely covered with
microvilli. x720

Fig. 3 Scanning electron mi-
croscopy of a WEHI ceth un-
der control conditions anll af-
ter 15 min TNFe exposure.
Note in ) the reduction of the
number of microvilli. X480

Table 1 Apoptosis-induced chromatin condensation (CC) and fragmentation (CF) as well as plasma membrane damage (EB-positive
staining) and cell surface bleb formation (BF) in WEHI 164/clone 13 cells afterdristposure .

Time after number of cells (n)  CC (%) CF (%) EB+ (%) BF (%)
TNF-a C TNF C TNF C TNF C TNF C TNF
Baseline 565 0 0 0.9 0

1 hour 244 238 0.8 5.0* 0.8 0.8 0.8 2.1 0 0

2 hours 361 353 1.7 5.7* 0.3 0.8 0.6 0.3 0 0.6
4 hours 315 275 2.9 32.4* 0.3 3.6* 1.0 5.5* 0 10.9*
5 hours 287 240 1.7 80.8* 0.3 5.0* 1.0 5.0* 0 12.1*
6 hours 110 81 2.7 32.1* 0 3.7 0.9 49.4* 0 0

C = controls without TNF&-exposure, TNF = cells exposed to THFvalues are given in percent of all cells analyzgetest, includ-
ing Yates correction;P <0.05 vs baseline and corresponding controls.
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Fig. 4 Scanning electron mi-
croscopy of WEHI cells, b
after 4 h of TNFe exposure
andc under control conditions.
a Overview.Arrow diamond in-
dentation. x120® Detail of
the cell labelled wittarrow-
headin a. Note that only few
microvilli are present at the
‘top’ of the adherent cell (see
also Fig. 6b); for comparison
see cell surface distribution of
microvilli under control condi-
tions (). x6660c Detail of the
surface of two WEHI cells un-
der control conditions. x66(:0
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Fig. 5 Scanning electron mi-
croscopy of WEHI cells after
4 h of TNF@a exposure. Some
cells @rrow) show both loss of
microvilli and formation of
blebs. x2007

mal chromatin pattern (Fig. la). Cells in mitosimal chromatin pattern nor those with EB-positive nuclei
(0.7-2.9%) presented a condensed chromatin patteihowed bleb formation on their surface (Fig. 1d). The
with intense fluorescence, which made them easily d@oportion of cells presenting with blebs was still signifi-
tinguishable from non-mitotic cells. Only a few cellsantly increased after 5 h of TNF-exposure (Table 1),
showed nuclear staining with EB under normal condiut was found to be zero after 6 h, which was probably
tions (~1%, see Table 1). due to detachment of these cells from the substrate.
After TNF-a exposure the percentage of cells with Staining with RITC-phalloidin revealed that after 5 h
condensed chromatin increased progressively, with vaf- TNF-a exposure F-actin was abundant in the cell
ues of 5.0% after 1 h rising to 80.8% after 5 h of cytdody, but was lacking in the blebs (not shown).
kine exposure (Table 1, Fig. 1b). Cell counts revealedOn SEM, control WEHI cells displayed a variable
that the mitotic fraction remained unchanged after TNfrade of spreading, which is in agreement with the poly-
o exposure. Nuclear fragmentation was observed firstrirorphism seen by LM. However, density of microvilli
those cells in which chromatin was previously comvas rather high and not dependent on the grade of cell
densed. The percentage of cells showing chromaspreading (Fig. 2). Initial cell surface changes were ob-
fragmentation increased during the TMFexposure served after as little as 15 min TNFexposure. At this
(Table 1). During this time the percentage of EB-staindthe the number of microvilli appeared to be strikingly
cells also increased slightly, with values of ~5% afteeduced when compared with controls (Fig. 3). However,
5 h of TNF@a exposure. Strikingly, these cells and thethis was a reversible modification of the cell surface,
nuclei were normal in size and volume. After an TiF-since at 1 h the microvilli reappeared with a density sim-
exposure period of 6 h or longer, the fraction of cellar to that observed in controls (Fig. 3). A distinct loss
with breakdown of the plasma membrane, as visualizedmicrovilli, particularly pronounced at the ‘top’ of the
by EB staining, increased dramatically, with values walherent cells, was observed again after 4 h of GNF-
to 50% (Table 1, Fig. 1c). However, after these periodsposure (Fig. 4). These changes were detected before
of cytokine exposure the cells became detached, makiihg first blebs originated at the cell surface (Figs. 5, 6b).
it difficult to perform differential quantitation with theOne hour later (after 5 h of cytokine exposure) the blebs
current technical approach. Thus, aspects involvihgd increased in number and size (Fig. 6c). The correla-
long cytokine exposure times, such as apoptotic boiiye LM/SEM examination confirmed the assumption
formation, could not be included in the present investiat only cells with condensed chromatin presented evi-
gation. dent blebbing (Figs. 6, 7). In some cases blebs were dis-
Analysis of bleb formation revealed the first signs affributed over the whole cell surface, and this was regular-
ter 4 h of TNFe exposure (Table 1). At this stage apgy accompanied by a tremendously decreased density of
proximately 10% of the cells analysed showed blebsicrovilli (Figs. 6¢, 7b).
Most strikingly, blebbing was observed only in cells with Using the correlative method described above, single
a condensed chromatin pattern. Neither cells with a noells treated for 5 h with TNB- were examined first
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Fig. 6 a—cCorrelative fluores-
cence and scanning electron
microscopy of the same WEHI
cell after 5 h TNFa exposure.
a The cell labelled with thas-
teriskshows condensed chro-
matin and can be seen also in
(b). In contrast, the cell la-
belled with thearrow shows
nuclear fragmentation. These
cells have only weak adhesion
to the substrate and therefore
they become detachedrfow

no longer present in). x600

b At this stage some cells al-
ready have blebs and show
fewer microvilli than cells cul-
tured under control conditions.
x1000c Higher magnification
of the cell (asterisk) in b.
x660C
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Fig. 7 aCorrelative fluores-
cence microscopyy scanning
andc transmission electron mi-
croscopy of the same WEHI
cell after 5 h of TNFa expo-
sure. The cell investigated is la-
belled with awhite arrowin a
andb, and a ultrathin section of
it is illustrated inc. a The cell
shows chromatin condensation.
x600b Blebs can be seen and
microvilli are almost disap-
peared. x1200

¢ The nucleus is altered in
shape, and the space of the nu-giafes
clear membrane in some place ;
appears enlarged. The perinu- F&&
clear area of the cytoplasm is
occupied by microfilaments,
displacing the organelles to-
wards the periphery. The vacu-
oles located at the outer area of
the cytoplasm may correspond
to expanded parts of rough en-
doplasmic reticulum. The blebs g
do not contain organelles.
x720C

with LM, subsequently with SEM and finally with TEMwide field between the nuclear membrane and the cister-
(Fig. 7). Cells with blebs in ultrathin sections displayethe of the endoplasmic reticulum (Fig. 7c). In all cells
nuclei in advanced stages of chromatin condensation axdmined, blebs were devoid of organelles, containing
sometimes already in the early phase of fragmentationly a fine granulated matrix and few small vesicles.
Moreover, the space of the nuclear membrane and 8pecific arrangements of the cytoskeleton in relation to

cisternae of the endoplasmic reticulum appeared distetigk blebs and their necks was not observed (Fig. 7¢)
ed (Fig. 7c). Bundles of microfilaments occupied a rather
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our case with TN and WEHI-cells. This rationale,
however, does not explain the disappearance of microvil-
WEHI cells correspond to a line derived from fibrosarcdi-observed after 4 h of TNE-exposure. This change is
ma cells of Balb/c origin induced by methylcholanthrerifferent from that observed during the first hour of cyto-
[6]. Because these cells are very sensitive to BN kine exposure: specifically, it was restricted to a rather
posure, which produces cell death [5, 6], they are famall area of the cell surface and it preceded the forma-
quently used in studies dealing with the toxicity of TNRion of blebs.
a [31]. The relevant literature offers differing opinions The metabolic situation of cells with evident signs of
as to the ability of TNFx to induce cell death in vitro. apoptosis (chromatin condensation) is quite different,
Whereas some authors consider that it causes both ajpmt it is probable that the cytoskeleton is involved in the
tosis and necrosis, for instance in L-929 cells or WEHtocesses of cell surface changes. It is generally accept-
cells [7, 16], other groups who are also working witld that actin is responsible for the dynamics of microvilli
WEHI cells have presented evidence that only apoptoaisl cell membrane [8, 17]. Actin can polymerize and de-
can be induced [27]. Our observations do not support fidymerize very fast in all parts of the cell [24], but al-
latter interpretation. After 5 h exposure to THFwe though changes in the distribution and reorganization of
clearly detected a small cell population of EB-positive-actin can explain the disappearance of microvilli, its
cells. The fact that the size and the volume of these cetile in the formation of apoptotic blebs is not clear. In
and their nuclei were normal indicates that primary damgreement with previous studies, the apoptotic blebs do
age of the cell membrane, which is characteristic of met contain F-actin [15, 17, 26]; only at the base of blebs
crosis, has occurred, rather than the secondary meppearing in apoptotic cells were microfilaments ob-
brane damage seen in apoptotic cells. The dramaticsarved [15]. The knowledge that blebs of mitotic cells
crease in the number of EB-positive cells after 6 h obntain F-actin not only at the neck but also in the bleb
TNF-a exposure suggests that necrosis is a delayed re@elf [15] excludes the possibility that the bleb forma-
tion compared with apoptosis. The detachment of thé&m observed in our experiments was due to mitosis.
cells without re-adherence over a period of 24 h (data notThe mechanism of condensation of the chromatin dur-
shown) indicates the irreversibility of the alterations. ing apoptosis is different from that occurring in mitosis
Our study, however, was focused on the cellular alt§24]. The chromatin condensation related to mitosis is
ations occurring during the first 5-6 h of TNfFexpo- mediated by the activation of p3# kinase and accom-
sure. The cytological alterations observed during this genied by a reversible solubilization of lamin [10]. At
riod can be divided into three phases. The first phase dbe onset of apoptosis a small amount of lamin also solu-
responds to the first hour of TNEF-exposure, with bilizes, but nevertheless, irreversible lamin degradation
changes taking place solely at the cell surface (disagcompanies apoptotic chromatin condensation [20, 21].
pearance and reappearance of microvilli). The secdbdromatin condensation during apoptosis is mediated by
phase extends to the 4th and 5th hours and is charactgid proteolysis of nuclear cytoskeletal proteins without
ized first by changes in the nucleus (condensation anddiation of p3#4icZkinase [20, 21]. Lamin may be re-
fragmentation of chromatin) and secondly, again, by #&ted to the shape of the nucleus, so that deformations of
terations of the cell surface (irreversible disappearancdttd nuclear membrane and changes in shape of the cell
microvilli and bleb formation). The study of the thirchucleus might be related to lamin degradations.
phase was limited in our experiments to the interval be-Cell detachment has been described in both mitotic
tween the 5th and 6th hours of TNFexposure, demon- and apoptotic cells; however, the former retain their abil-
strating the breakdown of the cell membrane as the mibgtto adhere [29]. Detachment means that changes or
representative phenomenon. modifications take place not only in the cytoskeleton but
The first signs of alteration induced by TNiFwere also at the cell membrane, with a diminution of the adhe-
the reduction in the number of microvilli and their reasive forces and adhesive properties of the cell to the sub-
pearance during the first hour of exposure to TdH+e strate. A disruption of the actin filaments seems to be in-
fact that this response was reversible is worthy of notelved in cell detachment during the advanced stages of
Considering its similarity to responses against ionizimgll death [23]. In our experiments rearrangement of mi-
radiations and low temperature, it may be interpreted@sefilaments was observed, but not their disruption.
a reaction of cell stress [1, 11]. However, these eaRyobably disruption of microfilaments is a modification
changes to the cell surface may be related to the intethat comes about in the advanced stages of apoptosis
tions between the ligand TNd-and its receptors, TNF-rather than in the early periods included in the scope of
R1 and TNF-R2 [19, 30]. In vitro studies with severalur study.
cell lines have shown that unoccupied insulin receptorsDuring apoptosis induced by TNF-two types of
are localized at the membrane of microvilli, whereas th&bs can be distinguished. In the early phases (the inter-
occupied ones appear to be confined to the non-villoted considered in our experiments) blebs do not contain
membrane [3]. The receptors of the non-villous domaiasy organelles, but they merely show a fine granulated
of the membrane bind to the corresponding ligands andtrix without filamentous structures and with few vesi-
become internalized before they can be recycled baclches. This is a distinct type of bleb, which has been re-
the cell surface [3]. A similar mechanism could apply tfgeatedly described in other cell lines undergoing apopto-

Discussion
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sis [15, 18]. The blebs developed by the WEHI cells 4. Gerace L, Blobel G (1980) The nucelar envelope lamina is re-
our experiments correspond to this type. Another type@ef versibly depolymerized during mitosis. Cell 19:277-287

: . . atsen AD, Rickberg AB (1991) A method of phase-contrast,
bleb, the so-called apoptotic bodies, appears in advan luorescence and scanning electron microscopy of one and the

stages of the apoptotic process. In this second type DNAsame cultured cells undergoing cryogenic action. Tsitologiia
is commonly found (nuclear material that can be stained33:76-81

with DNA fluorochromes — see Materials and methodg. Katsen A, Menger MD, Mestres P (1996) Changes of the cell

o ; urface of L-929 cells induced by TNE-Light and scanning
[12]). Preliminary studies suggest that these second typezlectron microscopic correlative study. Beitr Elektronen-

of blebs can be cut off and may represent a mechanismyikoskop Direktabb Anal Oberfl 29:193-200

of release of nuclear fragments into the medium. This. Katsen AD, Tregubova NA, Andrushkevich VV, Rovensky YA
type of bleb, however, could not be analysed in our ex- (1992) Identification and study of the same cell in monolayer
periments, probably because cellular detachment aﬁerculture by different methods of light microscopy, scanning and

; L - transmission electron microscopy. Application for cryodam-
prolonged periods of TNE-exposure made it impossi- aged cells examination. Scanning 14:225-230

ble to get hold of those individual remnant bodies. 14. Kyprianou N, Alexander RB, Isaacs JT (1991) Activation of
In conclusion, in agreement with others [21] our programmed cel! death by recombinant huma_n tumor necrosis
study demonstrates that the first changes characteristic of2ctor plus topoisomerase Il-targeted drugs in L 929 tumor

. ; S . cells. J Natl Cancer Inst 83:346-350
apoptosis appear in the nucleus. The correlative INVe$H-| ;cier SM. Mackenzie JM Jr (1996) Bleb formation and F-ac-

gation of a cell with light and electron microscopy, how- tin distribution during mitosis and tumor necrosis factor-in-
ever, adds new aspects on the behaviour of the cell surduced apoptosis. Microsc Res Tech 34:272-280 _
face during the early stages of apoptosis and allowdbalaster SM, Wood JG, Gooding LR (1988) Tumor necrosis fac-

more precise description of the course of this phenome-}g{rﬁﬁﬂ;Pgﬁ‘l’?zggg'_gggﬁtonc and necrotic forms of cell lysis. J

non. According to our observations, only cells in ad7. |eopardi E, Friend DS, Rosenau W (1984) Target cell lysis: ultra-
vanced stages of chromatin condensation develop blebsstructural and cytoskeletal alterations. J Immunol 133:3429-3436

proving at least a close correlation between nuclear d8dMalorni W, losi F, Mirabelli F, Bellomo G (1991) Cytoskele-

cell surface changes during the process of apoptosis ton as a target in menadionénduced oxidative stress in cul-
' tured mammalian cells: alterations underlying surface bleb

. formation. Chem Biol Interact 80:217-236
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