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Apoptosis is a form of cellular suicide and is activated in
various cells, including keratinocytes, in response to physio-
logical and pathological stimuli. A current hypothesis holds
that apoptotic cells in a concerted manner express characteristic
phenotypic features comprising cytoplasmic budding, pykno-
sis, chromatin condensation, karyorhexis and internucleoso-
mal DNA fragmentation. In this study we investigated the
effects of different potential inducers of apoptosis on cultured
human keratinocytes. Viability was determined with vital dyes
(ethidium bromide, trypan blue), cell morphology was investi-
gated with electron microscopy, and nuclear and DNA integ-
rity was assessed with TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling) or DNA gel
electrophoresis. Irradiation with 50 mJ/cm? ultraviolet B
(UVB), treatment with C8 ceramide, or suspension in a semi-
solid medium caused apoptosis which was ultrastructurally
different from necrotic induced by very high (300 mJ/cm?)
doses of UVB. However, the phenotype of dying cells did not
exhibit all typical features of apoptosis and cell morphology
depended on the method used to induce apoptosis. Cells irra-
diated with ultraviolet B or treated with C8 ceramide devel-
oped large and small budding and DNA nicks but not
chromatin condensation or classical karyorhexis. In UVB-
irradiated cells a novel form of karyorhexis was observed
manifested by formation of a few very small chromatin frag-
ments in nuclear periphery. Cells suspended in methylcellulose
developed DNA nicks and pyknosis, but not budding or
karyorhexis. In neither case could the typical internucleoso-
mal DNA fragments be detected by gel electrophoresis. These
morphological results indicate that in keratinocytes induction
of effect or death mechanisms is not concerted but depends on
the stimulus inducing apoptosis. Key words: adhesion; cell
death; ceramides; differentiation; ultraviolet radiation.
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Recent research into the mechanisms of cell death have led to a
distinction between necrosis and apoptosis. Apoptosis has
been conceptualized as a form of cellular suicide which is based
on a genetic mechanism, whereas the term “necrosis” has been
reserved for accidental cell death due to direct injury (1, 2).
Cells dying by apoptosis develop characteristic structural
changes which have been studied in detail in several cell types,
mainly lymphocytes, hepatocytes, and tumour cells. The ear-
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liest evidence of the onset of apoptosis is found in chromatin
that condenses and becomes aggregated in the periphery in
sharply demarcated electron-dense masses (referred to as
half-moon, horse-shoe, or navicular forms) (1, 3). In the next
step, the nuclear convolution is observed, followed by pykno-
sis, disruption of the nucleus (karyorhexis), and budding
resulting in formation of apoptotic bodies (3). Biochemically,
an enzymatic caspase pathway is triggered leading to an activa-
tion of endonuclease which in turn cleaves DNA between
nucleosomes leading to a generation of DNA fragments of
approximately 185 base pairs. Those specific events are absent
in necrosis, which is caused by osmotic or mechanical cell dis-
ruption and is represented by cell and nucleus swelling, diffuse
chromatin clumping, swelling of mitochondria, disappearance
of ribosomes, surface blebbing rather than budding, and
plasma membrane disruption. DNA is cleaved non-specifi-
cally, resulting in the formation of a smear rather than internu-
cleosomal laddering in electrophoresis.

According to prevalent opinion, the common apoptotic phe-
notype is encountered in most cells independently of the tissue
of origin, or the type of stimulus inducing apoptosis. For exam-
ple, lymphocytes treated with such unrelated factors as ultra-
violet radiation (UV), glucocorticoids, cytostatics, or ionizing
radiation develop the same sequence of morphological changes
encompassing internucleosomal DNA fragmentation, chro-
matin condensation, pyknosis, cytoplasm budding, and kar-
yorhexis (4-6). Deviations from this common pattern are
possible, such as lack of internucleosomal DNA fragmentation
or chromatin condensation in some cells (7-9) but have been
considered as exceptions rather than the rule.

In this paper we compared morphological and biochemical
features of cultured keratinocytes triggered to apoptosis by dif-
ferent stimuli: UVB radiation, membrane-permeable ceramide
C8, and suspension in semi-solid methylcellulose. Apoptosis
induced by UVB has been widely studied in keratinocytes from
different species (10-13). Cell death is probably triggered by
DNA damage and is mediated by p53 protein (10, 14). Cera-
mides belong to another class of apoptosis-inducing factors
which trigger cell death independently of DNA damage. Cera-
mides generated intracellularly by sphingomyelin hydrolysis
are probably the major mediators of apoptosis induced by sev-
eral cytostatic drugs, such as daunorubicine, or Fas-induced
cytotoxicity (6, 15). In epithelial cells, apoptosis may also be
triggered by a loss of adhesion (so-called anoikis) (16). Anoi-
kis, which is preceded by terminal cell differentiation, may be
induced in keratinocytes suspended in the methylcellulose
semi-solid medium (17, 18).

We show here that morphology of apoptotic keratinocytes
depends on the type of stimulus used to induce cell death.
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MATERIAL AND METHODS

Keratinocyte culture

Cryopreserved normal human keratinocytes were purchased from Pro-
moCell (Heidelberg, Germany) and cultured in the keratinocyte
growth medium, which consisted of the modified MCDB153 medium
containing 0.09 mM CaCl,, 50 pg/l recombinant human EGF and
0.1% bovine pituitary extract (Gibco Life Technologies, Gaithersburg,
MD). Cultures were maintained at 37°C in a humidified atmosphere of
5% CO; and passaged at 80-90% confluence after trypsinization with
0.2 ml/cm? 0.05% trypsin with 0.02% EDTA solution. Third passage
cells were used for experiments.

Cell treatment

For UV irradiation the media were changed to phosphate-buffered sal-
ine (PBS). The cells were irradiated from above with a Philips TL12
lamp at a distance of 35 cm, as previously described (10). The TL12
emits broad-spectrum UVB radiation and the detailed emission spec-
trum has been described in detail elsewhere (19). Controls were sham-
irradiated with blue light under the same conditions and for the same
periods of time as the experimental UV-irradiated cells. After irradia-
tion the cells were incubated in the standard medium.

A cell membrane permeable N-octanoyl-D-erythro-sphingosine (C8
ceramide) was purchased from Calbiochem (Cambridge, MA) and
solubilized in DMSO. The compound was added to the cultures at final
10 pM concentration. The final concentration of DMSO was 0.1%.

For suspension in methylcellulose, keratinocytes were trypsinized at
37°C with 0.05% trypsin with 0.02% EDTA and suspended at density
10° cells/ml for 24-48 h in the semi-solid methylcellulose as described
previously (20). After incubation, cells were diluted and washed twice
with the keratinocyte growth medium and twice with PBS.

For treatment in high calcium concentrations, the concentration of
this ion was adjusted to 1.8 mM by adding the appropriate volume of
the stock 100 mM solution of CaCl, in water.

Survival assays and fluorescence microscopy

Two vital dyes were employed to investigate cell viability, ethidium bro-
mide (EB) and trypan blue, as described in previous studies (21, 22). EB
(Sigma, St. Louis, MO) was used at final 2 pM and the cells were loaded
for 15 min at room temperature. This dye stains nucleic acids in non-
viable cells. For the trypan blue exclusion assay, the cells were incu-
bated for 5 min with 0.1% solution of the dye (Sigma), trypsinized
and counted manually in Biirker cammer. Nuclei were visualized by
staining with 1 pg/ml 4',6-diamidine-2’-phenylindole dihydrochloride
(DAPI) (Boehringer Mannheim). The cytochemical detection of inter-
nucleosomal DNA fragmentation in situ was performed with the term-
inal deoxynucleotidyl transferase-mediated dUTP nick end labelling
(TUNEL) method as described by Gavrieli et al. (23) using an In Situ
Cell Death Detection Kit (Boehringer Mannheim). The TUNEL reac-
tion preferentially labels DNA strand breaks generated during apopto-
sis and discriminates the strand breaks induced by radiation or
cytostatic drugs from those seen in apoptosis (5, 24). Labelling was per-
formed as suggested by the manufacturer. Briefly, the cells were washed
once in PBS, fixed at —20°C in a 1/1 (v/v) mixture of methanol and
acetone, rehydrated and blocked with 1% bovine serum albumin (frac-
tion V, Sigma, St. Louis, MA). The 3'-OH termini of internucleosomal
DNA strand breaks were labelled with fluorescein-conjugated dUTP
and terminal deoxynucleotidyl transferase. Control experiments
showed negative staining of sham-, blue light-irradiated keratinocytes
and absent nuclear staining in samples in which the terminal deoxynu-
cleotidyl transferase was omitted. EB or DAPI stained cells were inves-
tigated with Olympus BX70 microscope. TUNEL stained samples were
observed in a confocal, laser-scanning microscope (TCS4d, Leica
Laser Technik GmbH, Heidelberg, Germany). One recording consisted
of a series of 5-20 optical sections, from the top to the bottom of the
sample. To determine proportions of labelled cells, a minimum of 100
cells were counted. Data are expressed as means with standard devia-
tions (SD), or 95% confidence intervals (95% CI).
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Electron microscopy

Keratinocytes were grown on plastic Thermanox coverslips (Nunc,
Roskilde, Denmark) in the standard medium until confluent cultures
were obtained, and treated as required. Adherent cells were processed
for transmission or scanning electron microscopy using standard pro-
tocols. In some instances, the cells were cultured in 80 cm? plastic
flasks, trypsinized, pelleted, and prepared for transmission micro-
scopy.

DNA electrophoresis

Keratinocytes were removed from plastic with a rubber policeman.
DNA was extracted as described previously (25) and resolved on 2%
agarose gel. The gels were stained with ethidium bromide and photo-
graphed under UV light.

RESULTS
UVB-induced keratinocyte death

When subconfluent keratinocyte cultures were irradiated with
50 mJ/cm? UVB, EB labelling of cells occurred 12 h after irra-
diation and increased significantly during next 48 h when it
reached its maximum (Fig. 1). The same shape of a curve was
found when the cells were labelled with trypan blue (not
shown). However, when TUNEL labelling was performed,
the staining was delayed, peaking 72 h after irradiation.

To study nuclear morphology, DAPI-stained or TUNEL-
labelled cells were analysed in fluorescent microscope. After
irradiation, a variable degree of fluorescence after TUNEL
staining was seen (Fig. 2). The staining was predominantly
homogenous and classical karyorhexis (defined as a break-
down of nucleus into two or more fragments of comparable
sizes) was very rarely encountered (0.1-0.5% cells in confluent
cultures, 95% CI). However, many nuclei (19-36%) demon-
strated a limited budding with emergence of a small globular
fragment in the periphery (Fig. 2). This feature was only seen
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Fig. 1. Cell death induced by UVB in cultured human keratinocytes.
The cells were cultured to near confluence and irradiated with 50 mJ/
cm? (open symbols) or 300 mJ/cm? (closed symbols). At different
times after irradiation the cells were labelled with ethidium bromide
(squares), or TUNEL (circles). Symbols represent means (n=3) with
SD.
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in confocal microscopy on TUNEL-stained cells and was not
apparent in DAPI-stained nuclei observed in fluorescence
microscope. Only a minority (6-12%) of TUNEL-stained
nuclei were pyknotic and a similar proportion of pyknotic cells
was present in DAPI-stained cultures (Fig. 2).

To study the ultrastructure of UVB-irradiated keratino-
cytes, the cells were investigated with scanning and transmis-
sion electron microscopy. A striking feature observed in
scanning microscopy was budding, which occurred rapidly
(within 4-6 h) after irradiation with UVB (Fig. 3). Budding
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Fig. 2. TUNEL staining of UVB-irradiated keratinocytes. Cells were
irradiated with 50 mJ/cm? UVB, stained with TUNEL after 24 h, and
observed in laser scanning microscope (4—C) or fluorescence micro-
scope (D). A, B, D show staining in adherent cells, staining of floating
cell 24 h after irradiation is in C. Note different intensity in staining
(4, D) and formation of globular nuclear fragments containing nicked
DNA (arrows in A) and pyknosis (C, D). Karyorhexis was en-
countered only exceptionally (B). Bar: 10 um in 4, 5 pm in B, 20 um
in C.

cells remained adherent for up to 72 h after irradiation. There
were two types of buds: small buds similar to those described
previously for apoptotic lymphocytes and cancer cells (26)
and single large buds. Cells presenting smaller buds were
most often encountered and sometimes large and small buds
coexisted in one cell. In transmission electron microscope,
irradiated keratinocytes presented characteristic budding
(Fig. 4). The buds were filled with homogenous cytoplasm
and were devoid of organelles or cytoskeleton elements. No
defects in plasma membrane were seen. Mitochondria were
normal but intermediate elements were often dispersed. Clear
vesicles, which were occasionally encountered in normal cells,
were more prominent and numerous in UVB-irradiated cells
and localized mainly in the perinuclear area (Fig. 4). The
nucleus of UVB-irradiated cells did not show any typical fea-
tures of apoptosis (absence of chromatin condensation or
marginalization). DNA electrophoresis of irradiated cells
did not show evidence of DNA fragmentation during the first
24 h after irradiation, but in later periods a smear pattern was
seen in the gels (Fig. 5).

To ensure that observed effects of UVB represented apopto-
sis rather than necrosis, the keratinocytes were irradiated with
very high doses of UVB, which are known to cause a direct cell
injury. Irradiation with 300 mJ/cm? caused a very rapid
detachment of the cells and an increase in the proportion of
EB labelled cells. TUNEL staining was suppressed in compar-
ison to the keratinocytes irradiated with 50 mJ/cm? (Fig. 1).
DNA smear was observed as soon as 24 h after irradiation
(Fig. 5). Classical karyorhexis was encountered more often
than in the cells irradiated with lower UVB doses (15-30% cells
in confluent cultures; 95% CI). Ultrastructurally, irradiated
cells had electron-lucent cytoplasm, granular chromatin, swol-
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Fig. 3. Budding of UVB-irradiated keratinocytes. Cells were irra-
diated with 50 mJ/cm?, incubated for 24 h, fixed and observed with
scanning electron microscope. Two types of budding were observed:
formation of small buds (4) and development of single large buds (B).
Control, sham-irradiated keratinocyte is shown in (C). Bars: 10 pm in
A and B, 100 pm in C.

len mitochondria and disrupted plasma membrane (Fig. 4),
which agreed with known features of necrosis.

The above studies were done with the adherent population
of keratinocytes. However, after irradiation with UVB a
small proportion (6.2 +3.1% (SD) after 24 h; 8.7 +4.3% after
48 h) of cells detached from plastic and floated in culture
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media. Only a negligible proportion of floaters was present
in control, sham-irradiated cultures (<0.5%). As judged by
staining with trypan blue and EB, 96.6+2.1% (SD) of
detached cells in UV-irradiated cultures were not viable.
Staining with TUNEL and EB revealed that nuclei of
detached cells were condensed, pyknotic and contained
DNA nicks (Fig. 2). In electron microscopy, the cells demon-
strated budding and pyknosis without chromatin marginali-
zation (Fig. 4). Thus, the main difference between adherent
and detached cells was the presence of pyknosis and conden-
sation in the latter. When detached cells were sampled 72 h
after irradiation an increased proportion of necrotic cells
was seen, the morphology of which resembled that of adher-
ent necrotic cells shown in Fig. 4C.

Cell death induced by loss of adhesion

Because of morphological differences between UVB-irradiated
adherent and detached cells we hypothesized that the loss of
contact with the substrate rather than the direct effect of
UVB was responsible for observed changes in the nucleus. We
therefore investigated morphological alterations in keratino-
cytes detached from the substrate (Fig. 6). The cells were tryp-
sinized and suspended in a semi-solid methylcellulose medium.
Detaching from the substrate, caused cell death as assayed by
staining with EB (16.5+5.2% (SD) after 24 h, 34.1 +8.9% after
48 h). Nuclei of detached cells remained condensed and pykno-
tic and labelled strongly with TUNEL. There was no evidence
of internucleosomal DNA fragmentation (Fig. 6). In electron
microscopy, the cells were small, condensed with pyknotic
nuclei but without evidence of budding . After prolonged incu-
bation (> 72 h), detached cells showed necrotic changes similar
to those observed in detached, UVB-irradiated cells (not
shown).

Effects of incubation in media containing high calcium
concentrations

Previous studies have suggested that elevation of intracellular
calcium concentration is the main mechanism mediating the
development of pyknosis and chromatin condensation (27),
but has little significance in DNA fragmentation. Treatment
of keratinocytes with high calcium ion concentration leads to
a persistent increase in cytoplasmic calcium concentration and
the terminal differentiation of keratinocytes (28). When kerati-
nocytes were incubated for 24 h in media containing 1.8 mM
calcium ion concentration, pyknosis and chromatin condensa-
tion were seen focally after DAPI staining (Fig. 7). Single ker-
atinocytes in calcium-high media became rounded and in some
areas several keratinocytes adhered strongly to each other
forming syncytial-like structures reflecting the process of dif-
ferentiation (Fig. 7). Calcium-treated cells did not stain with
TUNEL, nor did they develop other features of apoptosis, such
as budding (Fig. 7), chromatin marginalization, or internucleo-
somal DNA fragmentation (not shown). Calcium-treated cells
were viable and therefore could not be classified as apoptotic.

Cell death induced by ceramide C8

To investigate whether ceramides induced apoptosis in kerati-
nocytes we treated subconfluent keratinocyte cultures with a
membrane-permeable ceramide analog C8. EB and TUNEL
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Fig. 4. Ultrastructure of UVB-irradiated keratinocytes. Cells were irradiated with 50 mJ/cm? (4, B), 300 mJ/cm? (C), or sham-irradiated (D),
and photographed 24 h after irradiation. 4 and D show morphology of adherent cells; B and C show cell which detached 24 h after irradiation
with 50 mJ/cm? and 300 mJ/cm?, respectively. Insert in 4 shows mitochondrial ultrastructure. Cells irradiated with 50 mJ/cm? demonstrated
prominent budding (marked with B), but their nuclei (N), chromatin, and mitochondria (M) were largely normal. 300 mJ/cm? induced typical
features of necrosis (C). Note pyknosis in the detached cell in B, in comparison to nuclei of necrotic cells in C and normal suspended cells in Fig.
6B. Intracytoplasmic electron-lucent vesicles occasionally encountered in keratinocytes are marked with V. Bars: 0.5 pm in 4 (magnification
% 3000, insert x 10 000), 1 pm in B ( x 8000), and 2 pm in C ( x4000), D ( x 3000).

stained the same proportion of keratinocytes (9-16%, 95% CI)
but labelled nuclei only occasionally were condensed and
pyknotic (Fig. 8). C8 ceramide induced large and small bud-
ding of adherent keratinocytes (Fig. 8). Transmission electron
microscopy studies confirmed the presence of budding and lack
of major alterations in the chromatin (Fig. 8). DNA electro-
phoresis showed unfragmented DNA up to 48 h after ceramide
treatment, but 72 h after treatment a smear pattern was occa-
sionally observed (Fig. 8).

DISCUSSION

Recent research has revealed that different morphological fea-
tures of apoptosis are mediated by separate biochemical
events, e.g. nuclear pyknosis is a calcium-dependent phenom-
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enon and does not require endonuclease activation, an enzyme
mediating internucleosomal DNA fragmentation (8, 27). With
few exceptions (7, 9), most cells activated those biochemical
pathways in a concerted mode, which leads to the development
of a full apoptotic phenotype. The main finding of the present
study was that in keratinocytes the type of apoptotic stimulus
is an important determinant of the final phenotype. The results
show unequivocally that keratinocytes possess the biochemical
machinery necessary to produce pyknosis, chromatin conden-
sation, karyorhexis and budding. Apoptosis could be induced
by UVB, ceramide C8 or by suspending in semi-solid methyl-
cellulose, but different phenotypes of apoptotic keratinocytes
were observed in those cases (summarized in Table I). Apopto-
sis elicited by UVB or ceramide C8 was characterized by the
presence of cytoplasmic budding and TUNEL staining of the



Table 1. Summary of morphologic changes in apoptotic kerati-
nocytes treated with UVB, ceramide C8, or suspended in semi-
solid medium’

UVB Ceramide C8 Semisolid

methylcellulose

Feature

Pyknosis and

chromatin condensation
Chromatin marginalization
TUNEL staining
Karyorhexis?

Budding?

Internucleosomal DNA -
fragmentation

I+
I+

+

+ 4+ +
+ 1+
o+

1 _ Absent, + present in a minority of cells, + constantly present.
2 Predominantly non-classical karyorhexis (see Results).
3 Both small and large budding.

nuclei, but pyknosis, karyorhexis and chromatin condensation
was observed only in a very small proportion of apoptotic,
TUNEL-stained, cells. In contrast, pyknosis and chromatin
condensation were predominant features of apoptosis in the
methylcellulose-suspended cells. However, pyknosis and chro-
matin condensation were present in UV B-irradiated or C8-cer-
amide treated keratinocytes which detached from the substrate
and floated in the medium. This suggests that nuclear changes
were precipitated by the loss of adhesion which occurred sec-
ondarily to UVB or ceramide exposure in a mechanism identi-
cal or similar to that seen in methylcellulose-suspended cells. It
must also be noted that nuclear pyknosis was observed in dif-
ferentiating keratinocytes exposed to high concentrations of
calcium. Differentiation but not apoptosis took place in those
cells. Cellular differentiation takes also place in suspended ker-
atinocytes (17) and it has been argued that in both cases the
mechanism of differentiation depends on the increase in the
cytoplasmic calcium concentration (29). It is thus likely that
elevation of intracellular-free calcium ion concentration is
responsible for the development of pyknosis in keratinocytes,
a conclusion which is in concordance with previous studies on
isolated mouse liver nuclei (27).

Surprisingly, we were unable to detect such characteristic
hallmarks of apoptosis as internucleosomal DNA fragmenta-
tion or marginalization of chromatin. Although with variable
success, those features have previously been demonstrated in
UV-irradiated human (11, 30), rodent (12, 13) or transformed
(31-33) keratinocytes or in methylcellulose-suspended human
keratinocytes (18). DNA electrophoresis performed in this
study revealed that DNA was grossly intact in early phases of
cell death. Random fragmentation producing a smear in gel
electrophoresis and probably responsible for the positive
TUNEL staining was seen in later phases of cell death and
might be a result of a non-specific DNA degradation (3). Other
authors were also unable to detect early DNA fragmentation.
Hepatocytes treated with TGFB1 demonstrate all apoptosis
hallmarks except internucleosomal DNA fragmentation (9,
34). Likewise, oligosomal DNA fragmentation, which is a
common early event during cell death induced by cytotoxic T
cells in lymphoid target cells, could not be demonstrated for
fibroblasts and epithelial target cells, which tended to produce
a smear pattern in DNA gel electrophoresis (35). Thus, inter-
nucleosomal DNA fragmentation is not a constant feature of
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Fig. 5. DNA fragmentation after UVB irradiation of keratinocytes.
Cells were irradiated with 50 mJ/cm? or 300 mJ/cm?, and DNA elec-
trophoresis in 2% agarose gel was performed at indicated times after
irradiation.

apoptosis in keratinocytes. It is possible that activation of the
endonuclease mediating internucleosomal DNA fragmenta-
tion depends on the composition of culture media and culture
conditions. For example, Benassi et al. (11), who documented
internucleosomal DNA fragmentation in human neonatal ker-
atinocytes irradiated with UVB, treated with calcitriol, or cul-
tured with high calcium concentrations, employed media
containing suboptimal growth factor concentrations. In
another study, where fully supplemented media were used,
DNA laddering was much less conspicuous, resembling pre-
sent electrophoresis results. It is well known that growth fac-
tors modulate apoptosis in keratinocytes (18). Modulation of
the apoptotic process by growth factors will be the subject of
future studies in this laboratory.

Some researchers use internucleosomal DNA fragmentation
to distinguish between apoptosis and necrosis (1, 4, 36). This
study shows that this approach may not be appropriate for ker-
atinocytes. Even in the absence of DNA laddering it was
obvious that observed changes represented apoptosis rather
than necrosis. The majority of dying cells developed surface
buds, possessed electron-dense cytoplasm with electron-lucent
intracellular vesicles, morphologically normal mitochondria,
and intact plasma membrane. In contrast, necrotic cells
induced by very high doses of UVB were readily distinguish-
able by having electron-lucent cytoplasm with swollen mito-
chondria, ruptured cell membrane, and chromatin containing
coarse-granular material. Moreover, there were differences in
kinetics between apoptosis and necrosis. As judged by EB
staining, necrosis developed during the first 24 h after irradia-
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Fig. 6. Apoptosis in keratinocytes suspended in the semi-solid med-
ium. The cells were trypsinized and suspended for 24-72 h in methyl-
cellulose. 4 shows TUNEL staining at 48 h. Ultrastructure of control
trypsinized cells and cells suspended for 48 h is shown in B and C,
respectively (N-nucleus). Note pyknosis and absence of budding in C.
Bars, 15 um in 4, 2 pm in B (magnification x 6000), and 1 um in C
(x 6000). D-DNA electrophoresis of control cells and 24-48 h in sus-
pension.

tion, whereas apoptotic cells accumulated during a 48 h period
after UVB exposure.

Observations of karyorhexis and cytoplasmic budding
revealed novel, previously undescribed features. Typically, kar-
yorhexis is a breakdown of a nucleus to several smaller parts of
comparable size. This form was only exceptionally seen in ker-
atinocytes but was more often encountered in necrotic cells
irradiated with very large UVB doses. However, confocal
microscopy revealed an interesting variant of karyorhexis in
keratinocytes irradiated with moderate doses of UVB, present-
ing as budding of a very small portion of a nucleus. This form
of karyorhexis has not been seen after ceramide C8 treatment
or suspension in the semi-solid medium.

Cytoplasmic budding has been considered a feature charac-
teristic for apoptosis, in contrast to surface blebbing, which is
also seen in necrosis (1, 3). The major difference between bleb-
bing and budding is that in the latter case the cytoplasmic
pouches are larger and do not result in formation of membrane
defects. We observed here that, in addition to classic budding,
keratinocytes are also able to produce very large, single buds.
This feature is probably characteristic for apoptosis, since it
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Fig. 7. Effects of calcium on cellular and nuclear morphology. Kerati-
nocytes were incubated in medium containing 0.09 mM Ca?* (4), 1.8
mM Ca?* (B-C) for 24 h and stained with DAPI (4, B) or observed
in scanning electron microscope (C). Scanning electron microscopy
of control cells cultured with 0.09 mM Ca?* is shown in Fig. 3C.
Note nuclear pyknosis in B and absence of budding in D. Bar, 100 um
in C.

was observed after two unrelated treatments, UVB irradiation
and incubation with ceramide C8.

Our observations in cell culture may help us understand the
features of apoptosis in vivo. In the epidermis, apoptosis is a
final pattern of the terminal keratinocyte differentiation (so-
called diffapoptosis), or may be induced by different factors,
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such as UV radiation. Terminally differentiated, apoptotic
keratinocytes stain with TUNEL and are localized in the
transitional zone beneath stratum corneum (23, 37).
Comprehensive ultrastructural studies did not reveal karyor-
hexis, budding, or chromatin marginalization in these cells
(38, 39). Thus, apoptotic cells in the transitional zone do not
demonstrate all apoptotic features, resembling cultured kerati-
nocytes triggered to diffapoptosis by suspending in semi-solid
methylcellulose. Moreover, early apoptotic keratinocytes in
stratum granulosum and upper stratum spinosum which can
be labelled by TUNEL do not present nuclear condensation
[unpublished observations and ref. (39)] indicating that this
feature occurs late in the process of diffapoptosis.

UV-induced apoptotic keratinocytes in the epidermis can be
identified by TUNEL staining and are also called sunburn cells
(40). The dynamics of the development of morphologic
changes in irradiated keratinocytes in the epidermis resembles
that reported here in vitro. Ultrastructural alterations (cyto-
plasmic vacuole formation) develops relatively early (5 h after
irradiation), but other alterations expected for apoptosis
(pyknosis, karyorhexis, budding) are not observed (41). Pykno-
sis and dyskeratosis develops 48—72 h after irradiation and are
correlated with disruption of desmosomes (42). It is therefore
likely that these changes represent late changes secondary to
the loss of attachment, as seen in our in vitro model. A similar
phenomenon has been observed in enterocytes, where expres-
sion of a mutant form of N-cadherin leading to disruption of
cell-cell and cell-matrix contacts produces precocious entry
into a death program (43). The fact that sunburn cells are
encountered only in the upper epidermal strata supports the
notion that a gap exists between the onset of apoptosis and
development of pyknosis, which allows for migration from
the basal layer to the more superficial layers of the epidermis.
It should be underlined, however, that the doses of UVB
required to induce apoptosis in cell culture exceeded those
needed to cause formation of sunburn cells. It is likely that sec-
ondary mediators released due to UV treatment [such as
tumour necrosis factor, ref. (32)] in the epidermis facilitate ker-
atinocyte apoptosis.

ACKNOWLEDGEMENTS

This study was supported by grants from the Bang Foundation and the
Danish Psoriasis Association.

REFERENCES

1. Majno G, Joris I. Apoptosis, oncosis, and necrosis. An overview of
cell death. Am J Pathol 1995; 156: 3-15.

2. Wyllie AH, Kerr JFR, Currie AR. Cell death: the significance of
apoptosis. Int Rev Cytol 1980; 68: 251-306.

3. Kerr JFR, Gobé GC, Winterford CM, Harmon BV. Anatomical
methods in cell death. Methods Cell Biol 1995; 46: 1-27.

4. Wyllie AH. Glucocorticoid-induced thymocyte apoptosis is asso-
ciated with endogenous endonuclease activation. Nature 1980;
284: 555-556.

5. Gorczyca W, Mittelman A, Ahmed T, Gong J, Melamed MR, Dar-
zynkiewicz Z. Induction of DNA strand breaks associated with apop-
tosis during treatment of leukemias. Leukemia 1993; 7: 659-670.

6. Bose R, Verheij M, Haimovitz-Friedman A, Scotto K, Fuks Z,
Kolesnick R. Ceramide synthase mediates daunorubicin-induced
apoptosis: an alternative mechanism for generating death signals.
Cell 1995; 82: 405-414.

Acta Derm Venereol (Stockh) 78



256 R. Gniadecki et al.

D ceramide CB

treatment (h)
0O B 24 T2
— —

Fig. 8. Apoptosis of keratinocytes treated with C8 ceramide. The cells were treated with C8 ceramide for 24 h, fixed and stained with TUNEL
(A) or processed for transmission electron microscopy (B) or scanning electron microscopy (C). Note that in 4 some stained nuclei have normal
size (N), whereas some are clearly pyknotic (P). In B, budding (B), pyknosis of the nucleus (N) and preserved mitochondrial (M) structure are
shown. C shows a cell demonstrating both large and small buds. Bars, 20 pm (4), 2 pm (B), 10 pm (C). Original magnification of B x 6000. As
shown in D, integrity of DNA was preserved for 24 h; however, some degree of DNA fragmentation was encountered in cells treated with C8 cer-
amide for 72 h.

Acta Derm Venereol (Stockh) 78



20.

21.

22.

23.

24.

25.

. Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman JA,

Wakeling AE, et al. Apoptotic death in epithelial cells: cleavage
of DNA to 300 and/or 50 kb fragments prior to or in the absence
of internucleosomal fragmentation. EMBO J 1993; 12: 3679-
3684.

. Oberhammer F, Fritsch G, Schmied M, Pavelka M, Printz D,

Purchio T, et al. Condensation of the chromatin at the membrane
of an apoptotic nucleus is not associated with activation of endo-
nuclease. J Cell Sci 1993; 104: 317-326.

. Oberhammer F, Pavelka M, Sharma S, Tiefenbacher R, Purchio

AF, Bursch W, et al. Induction of apoptosis in cultured hepatocytes
and in regressing liver by transforming growth-factor-pl. Proc
Natl Acad Sci USA 1992; 89: 5408-5412.

. Gniadecki R, Hansen M, Wulf HC. Two pathways for induction of

apoptosis by ultraviolet radiation in cultured human keratinocytes.
J Invest Dermatol 1997; 109: 163-169.

. Benassi L, Ottani D, Fantini F, Marconi A, Chiodino C, Gianetti

A, et al. 1,25-Dihydroxyvitamin D, transforming growth factor
B1, calcium, and ultraviolet B radiation induce apoptosis in cul-
tured human keratinocytes. J Invest Dermatol 1997; 109: 276-282.

. Baba T, Hanada K, Hashimoto I. The study of ultraviolet B-

induced apoptosis in cultured mouse keratinocytes and in mouse
skin. J Dermatol Sci 1996; 12: 18-23.

. Iwasaki K, Izawa M, Mihara M. UV-induced apoptosis in rat skin.

J Dermatol Sci 1996; 12: 31-35.

. Ziegler A, Jonason AS, Leffell DJ, Simon JA, Sharma HW, Kim-

melman J, et al. Sunburn and p53 in the onset of skin cancer. Nat-
ure 1994; 372: 773-776.

. Tepper CG, Jayadev S, Liu B, Bielawska A, Wolff R, Yonehara S,

et al. Role for ceramide as an endogenous mediator of Fas-induced
cytotoxicity. Proc Natl Acad Sci USA 1995; 92: 8443-8447.

. Frisch SM, Francis H. Disruption of epithelial cell-matrix interac-

tions induces apoptosis. J Cell Biol 1994; 124: 619-626.

. Adams JC, Watt FM. Fibronectin inhibits the terminal differentia-

tion of human keratinocytes. Nature 1989; 340: 307-309.

. Hines MD, Allen Hoffman BL. Keratinocyte growth factor inhi-

bits cross-linked envelope formation and nucleosomal fragmenta-
tion in cultured human keratinocytes. J Biol Chem 1996; 271:
6245-6251.

. Bech-Thomsen N, Ravnborg L, Wulf HC. A quantitative study of

the melanogenic effect of multiple suberythemal doses of different
ultraviolet radiation sources. Photodermatol Photoimmunol
Photomed 1994; 10: 53-56.

Watt FM. Suspension-induced terminal differentiation of kerati-
nocytes. In: Leigh IE, Watt FM, eds. Keratinocyte methods.
Cambridge, U. K. Cambridge University Press, 1994: 113.

Maytin EV, Wimberly JM, Kane KS. Heat shock modulates UVB-
induced cell death in human epidermal keratinocytes: evidence for
a hyperthermia-inducible protective response. J Invest Dermatol
1994; 103: 547-553.

McGahon AJ, Martin SJ, Bissonnette RP, Mahboubi A, Shi Y,
Mogil RJ, et al. The end of the (cell) line: Methods for the study
of apoptosis in vitro. Methods Cell Biol 1995; 46: 153-185.
Gavrieli Y, Sherman Y, Ben Sasson SA. Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA
fragmentation. J Cell Biol 1992; 119: 493-501.

Gold R, Schmied M, Giegrich G, Breitschopf H, Hartung HP,
Toyka KV, et al. Differentiation between cellular apoptosis and
necrosis by the combined use of in situ tailing and nick translation
techniques. Lab Invest 1994; 71: 219-225.

Eastman A. Assays for DNA fragmentation, endonucleases, and

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

Apoptosis in keratinocytes 257

intracellular pH and Ca?* associated with apoptosis. Methods Cell
Biol 1995; 46: 41-55.

Kerr JFR, Harmon BV. Definition and incidence of apoptosis: a
historical perspective. In: Tomei LD, Cope FO, eds. Apoptosis:
The molecular basis of cell death. New York: Cold Spring Harbor
Laboratory Press, 1991: 5-29.

Sun DY, Jiang S, Zheng LM, Ojcius DM, Young JD-E. Separate
metabolic pathways leading to DNA fragmentation and apoptotic
chromatin condensation. J Exp Med 1994; 179: 559-568.

Bikle DD, Ratnam A, Mauro T, Harris J, Pillai S. Changes in cal-
cium responsiveness and handling during keratinocyte differentia-
tion. Potential role of the calcium receptor. J Clin Invest 1996; 97:
1085-1093.

Li L, Tennenbaum T, Yuspa SH. Suspension-induced murine kera-
tinocyte differentiation is mediated by calcium. J Invest Dermatol
1996; 106: 254-260.

Casciola Rosen LA, Anhalt G, Rosen A. Autoantigens targeted in
systemic lupus erythematosus are clustered in two populations of
surface structures on apoptotic keratinocytes. J Exp Med 1994,
179: 1317-1330.

Marthinuss J, Lawrence L, Seiberg M. Apoptosis in Pam212, an
epidermal keratinocyte cell line: a possible role for bcl-2 in epider-
mal differentiation. Cell Growth Differ 1995; 6: 239-250.

Schwarz A, Bhardwaj R, Aragane Y, Mahnke K, Riemann H,
Metze D, et al. Ultraviolet-B-induced apoptosis of keratinocytes:
evidence for partial involvement of tumor necrosis factor-alpha in
the formation of sunburn cells. J Invest Dermatol 1995; 104: 922
927.

Henseleit U, Rosenbach T, Kolde G. Induction of apoptosis in
human HaCaT keratinocytes. Arch Dermatol Res 1996; 288:
676-683.

Oberhammer F, Bursch W, Parzefall W, Breit P, Stadler M,
Schulte-Hermann R. Effect of transforming growth factor-p on
cell death of cultured rat hepatocytes. Cancer Res 1991; 5S1:
2478-2485.

Sellins KS, Cohen JJ. Cytotoxic T-lymphocytes induce different
types of DNA damage in target cells of different origins. J Immu-
nol 1991; 147: 795-803.

McConkey DJ, Hartzell P, Nicotera P, Orrenius S. Calcium-
activated DNA fragmentation kills immature thymocytes. FASEB
J 1989; 3: 1843-1849.

TamadaY, Takama H, Kitamura T, Yokochi K, Nitta Y, Ikeya T, et
al. Indentification of programmed cell death in normal human skin
tissues by using specific labelling of fragmented DNA. Br J Derma-
tol 1994; 131: 521-524.

Karasek J. Nuclear morphology of transitional keratinocytes in
normal human epidermis. J Invest Dermatol 1988; 91: 243-246.
Minamide S, Naora H, Adachi M, Okano A. Apoptosis as a
mechanism of skin renewal: Le(y)-antigen expression is involved
in an early event of a cell’s commitment to apoptosis. Histochem
Cell Biol 1995; 103: 339-343.

Young AR. The sunburn cell. Photodermatol 1987; 4: 127-134.
Wilgram GF, Kidd RL, Krawczyk WA, Cole PL. Sunburn effects
on keratinocomes: A report with special note on ultraviolet-
induced dyskeratosis. Arch Dermatol 1970; 101: 505-519.

Olson RL, Gaylor J, Everett MA. Ultraviolet-induced individual
cell keratinization. J Cutan Pathol 1974; 1: 120-125.

Hermiston ML, Gordon JI. In vivo analysis of cadherin function in
the mouse intestinal epithelium: essential roles in adhesion, main-
tenance of differentiation, and regulation of programmed cell
death. J Cell Biol 1995; 129: 489-506.

Acta Derm Venereol (Stockh) 78



