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Abstract
The relationship between apoptosis and cell differentiation
has been a subject for continuous debate, with evidence
showing leukaemic cell differentiation and drug-induced
apoptosis have reciprocal, interdependent and a highly
schedule-dependent relationship. We have addressed this
relationship in terms of a widely-used model for apoptosis
induced by cytotoxic drugs: namely the effect of etoposide on
CEM cells. In respect of commitment toward differentiation,
we assessed changes in expression of marker genes and the
level of CD3 antigenicity. Changes in these parameters
following exposure of CEM cells to etoposide was similar to
that observed following treatment of the same cells with
phorbol 12-myristate 13-acetate (PMA), though this latter
treatment did not cause cell death. Similarities in response to
etoposide and PMA also included generation of 50 kilobase
fragmentation of DNA and convolution of nuclei as assessed
by transmission electron microscopy. However, condensa-
tion of chromatin and externalization of phosphatidylserine
wereonly recorded inresponseto thecytotoxicdrugandnot in
response to PMA. The data are consistent with apoptosis in
these lymphoblastoid cells being accompanied by activation
of specific markers of T-cell differentiation, but ultimately
involving processes unequivocally associated with cell death.
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Introduction

The close relationship between processes mediating apopto-
sis and differentiation is fundamental to leukaemia, and
specifically to the development of therapy. Leukaemia may be
regarded as an extreme manifestation of the inability to
coordinate proliferation and differentiation in the haemato-
poietic progenitor cell pool.1 In marked contrast to epithelial
tumours, childhood leukaemias retain sensitivity to therapeu-
tic apoptosis.2 This responsiveness to cytotoxic drugs is
matched by the induction of apoptosis in cultured haemato-
poietic cells by cytotoxic drugs.3,4 However, many haemato-
poietic cell lines also undergo differentiation in response to
cytotoxic drugs, such as cytosine arabinoside, anthracyclines,
bufalin, genistein and bryostatin.5,6 Specifically, etoposide
(and other drugs) at cytostatic concentration causes
differentiation of U-937 and K-562 leukaemic cell lines.7,8

Despite these considerations, pathways leading to drug-
induced differentiation and apoptosis are often studied in
different experimental systems and are frequently perceived
as independent of each other, rendering precise determina-
tion of common effects difficult.

The close relationship between differentiation and
apoptosis is established on a mechanistic basis. The p53
gene, which is central to drug-induced apoptosis,9 is
associated with differentiation in lymphoid and myeloid
lineages.10,11 Conversely, genes (specifically, transcription
factors) mediating differentiation are implicated in apopto-
sis: in particular the glucocorticoid receptor, AP-1 and
nur77.12 T cell receptor (TCR)-mediated apoptosis is
dependent upon protein kinase C and can be mimicked
by treatment of T-cell hybridomas with phorbol 12-myristate
13-acetate (PMA).12 PMA treatment of HL-60 cells select a
minority of the cells that do not differentiate and rapidly
undergo apoptosis.13 In CEM cells, PMA causes alterations
in CD3 expression indicative of T cell maturation.14

We have studied induction of apoptosis in lymphoblas-
toid leukaemic cells by etoposide.15,16 In respect of all
parameters studied, no differences could be discerned
between CEM and MOLT-4 cells and study of etoposide-
induced caspase activation did not reveal differences (RJ
Sleiman and BW Stewart, unpublished results). Accord-
ingly, the present study utilized CEM cells on the basis
that this line typifies the response of lymphoblastoid cell
populations. In these cells apoptotic morphology and
characteristic DNA internucleosomal ladders were pre-
ceded by altered expression of purine nucleoside
phosphorylase, an event which is otherwise associated
with TCR gene rearrangement during T cell maturation.17

T cell maturation is finally marked by expression of either
an ab, or gd heterodimeric TCR which is non-covalently
associated with a complex of proteins referred to
collectively as CD3.18
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In seeking to reveal involvement of T cell maturation
processes during apoptosis induced in CEM cells by
etoposide, we have monitored expression of other marker
genes: adenosine deaminase, which catalyzes sequential
reactions in purine catabolism and terminal deoxynucleoti-
dyl transferase, which catalyzes the polymerization of DNA
in the absence of a template. Additionally, appearance of
CD3 antigenicity in these populations was assessed. We
then examined the converse of such an interrelationship in
this system. That is, the extent to which the response of
lymphoblastoid cells to a differentiating agent PMA, results
in the appearance of changes indicative of early stage
apoptosis: namely externalization of membrane-associated
phosphatidylserine19 and higher order fragmentation of
DNA.20 Finally, we assessed the similarity of ultrastructural
changes induced by etoposide and PMA in this cell
population. The results, taken together, indicate the
intimate relationship between apoptotic and maturation
processes in the lymphoblastoid cells under examination.

Results

Commitment to differentiation

Altered levels of mRNAs coding for purine nucleoside
phosphorylase, terminal nucleotidyl transferase and adeno-
sine deaminase in CEM cells treated with PMA have been
described.21 We have previously used semi-quantitative
reverse transcriptase (RT) ± PCR to demonstrate increased
expression of purine nucleoside phosphorylase in PMA-
treated CEM cells, and recorded an even more marked
increase in etoposide.16 Similar RT ± PCR analysis indicated
a marked increase in the amount of terminal deoxynucleotidyl
transferase mRNA within 3 h of treatment with 5 mM etopo-

side, and the effect was evident in preparations isolated up to
24 h after drug treatment (Figure 1). However, when the drug
concentration was decreased to 0.5 mM, no increased
expression was evident during the first 6 h, and by 12 h
relative band intensity suggested a decrease in expression of
up to 50%. The cytotoxic concentration (5 mM) of etoposide
tested also caused an apparent decrease in adenosine
deaminase mRNA, again following a delay of 6 h, although
this effect was not detectable using the lesser etoposide
concentration.

Since changes in mRNA levels may be reasonably
anticipated as amongst the earliest indicators of lymphocyte
differentiation, we complemented these data with the
appearance of CD3 antigenicity as a later stage indicator.
Determined by flow cytometric analysis 6 h after addition of
either 0.05 or 0.5 mM etoposide, there was no change in
CD3 antigenicity in CEM cells (data not shown). However,
after 24 h exposure to the drug, increased binding of the
antibody was evident in etoposide-treated cells (Figure 2).
Increase in the proportion of cells staining CD3 positive
was small after treatment with 0.05 mM etoposide but
clearly distinguished from the vehicle control. A more
marked increase was recorded after exposure of cells to
0.5 ± 50 mM etoposide, the result comparable to the
response elicited using either 1.6 or 16 nM PMA. By
comparison with these data, no further increase in CD3
positive signal was recorded when respective treatment
times were extended to 72 h (data not shown). Finally,
although both etoposide and PMA induce CD3 expression,
the apoptotic outcome is markedly different. Etoposide
causes apoptosis in all (50 ± 0.5 mM) or 20% (0.05 mM) of
CEM cells,16 while PMA treatment did not cause cell death
as indicated by ultrastructural and annexin V studies
described later in this Results section.

Figure 1 RNA isolated from control and etoposide-treated CEM preparations was reverse transcribed and subject to semiquantitative RT ± PCR analysis as
previously described.16 After densitometric analysis of the PCR bands, the ratio between the respective target gene and the housekeeping gene (glyceraldehyde-
3-phosphate dehydrogenase) was calculated from at least two independent experiments and the results shown are the mean standard error for each determination.
Corresponding changes in the expression of terminal deoxynucleotidyl transferase (closed symbols) and adenosine deaminase (open symbols) following treatment
of CEM cells for the period indicated with either 0.5 mM (triangles) or 5 mM (squares) etoposide
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Commitment to apoptosis

Higher order fragmentation of DNA, as determined by pulsed-
field gel electrophoresis, and specifically the formation of 50
kilobase fragments, is recognized as an apoptotic indicator.20

Such fragmentation is evident in lymphoblastoid and other cell
populations shortly after exposure to etoposide at cytotoxic
concentrations;22,23 this result being previously recorded
during studies in our laboratory.16 Further analysis has now
been undertaken comparing the effect of PMA with etoposide
in CEM cells. As expected on the basis of previous studies,16

a band corresponding to 50 kilobase was evident following
pulsed-field gel electrophoresis of DNA isolated from cells
exposed to etoposide (0.5 mM) for 6, 12, 24 or 72 h (data not
shown). Using DNA preparations from cells exposed to 1.6 or
16 nM PMA for 6, 12 or 24 h, 50 kilobase fragmentation was
consistently observed. Typical results are shown in Figure 3.
Bands indicative of 50 kilobase fragmentation in DNA from
phorbol ester-treated cells indicated a dose-related response
insofar as a greater band intensity was obtained following
treatment with the higher PMA concentration, but in any event
the effect was never as marked as that induced by etoposide.

In the course of monitoring externalization of phosphati-
dylserine under these conditions, PI staining was used to
assess loss of membrane integrity which we have previously
shown is indicative of late stages apoptosis.15 CEM cells
exposed to high concentration (50 mM) etoposide for periods
greater than 24 h, which causes extreme cellular damage in
this system, exhibited PI staining in greater than 40% of
cells. For all the treatments discussed below, PI positive
cells were below 25% of the total population with control
treatments having 15%. Accordingly, annexin V positive
cells represent that proportion having low dual PI signal.

Increased annexin V staining of cells harvested 6 h after
addition of the drug was evident using 5 or 50 mM

etoposide, but not after addition of 0.5 mM (Figure 4A). In
contrast, annexin V staining of etoposide treated cells was
observed using the lower drug concentration when cells
were maintained in culture for 24 h after initiation of the
experiment. Some increased staining of the control
preparation was evident using the longer incubation
period, though no cytotoxic effect of the control vehicle
(DMSO) was evident. Most conspicuous, however, was the
effect of 1.6 or 16 nM PMA causing a decrease in the
number of annexin V positive staining cells, the effect being
evident at both concentrations when tested 24 h (Figure
4B) and 48 h (data not shown) after treatment.

Ultra-structural analysis

By light microscopy, apoptotic morphology is evident in CEM
cells within 6 h after treatment with 5 mM or more etoposide,
while being delayed and not occurring to any marked extent in

Figure 2 Flow cytometric analysis of CD3 expression in CEM cells following
24 h exposure to PMA and etoposide at the concentrations indicated. Error
bars represent the standard error of experiments performed in triplicate,
except in the case of 5 and 50 mM etoposide where, due to high levels of
cellular damage, only a single determination was made

Figure 3 PFGE analysis of DNA from CEM cell following exposure to PMA
and etoposide. This representative gel has been stained with ethidium
bromide and demonstrates the appearance of high molecular weight 50
kilobase fragments in DNA preparations following no treatment (lane 1) or 72 h
exposure with 1.6 nM (lane 2) and 16 nM (lane 3) PMA. This is compared to the
presence of 50 kb fragments in CEM cell DNA following treatment with 0.5 mM
etoposide for 24 h which was used as a positive control (lane 4). Markers (m)
consist of a 48.5 kb l phage concatamer ladder
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the first 24 h after 0.5 mM etoposide.16 As a further basis for
demonstrating possible features in common to the response
elicited by etoposide and PMA in lymphoblastoid cells,
analysis was made of ultrastructural change as indicated by
transmission electron microscopy. These studies were
specifically directed to morphological features which might
be characterized as preceding unequivocal apoptotic change
as determined by light microscopic criteria. Granted this
criterion, there was no consistent and characteristic change in
the cytoplasm of either etoposide or PMA treated CEM cells
apart from an increase in the size and number of cytoplasmic
vacuoles and more irregularities in the cytoplasmic membrane
including the production of microvillus projections after
addition of PMA by comparison to control cells (c.f. Figure
5A with C). However, as a basis for characterizing early drug-

induced change, and making distinction between etoposide-
and PMA-induced effects, alterations in nuclear morphology
were more informative and, accordingly, most of the following
commentary is concerned with such changes.

Ultrastructural nuclear morphological change was as-
sessed on the basis of nuclear membrane convolution and
chromatin condensation. The former was categorized as
`none', `low' or `high' as indicated by the appearance in
section of multiple nuclear lobes (Figure 5B ± D), as
specified in the Materials and Methods section. In sections
from both etoposide- and PMA-treated cells, increased
convolution of the nuclear membrane was consistently
observed. A greater proportion of cells displaying high
levels of convolution was restricted to CEM cells either
exposed to etoposide or PMA. In respect of etoposide, this
change was evident either within 6 h of exposure to 5 mM
etoposide or occurred prior to the 24 h time point following
exposure to the lower concentration (0.5 mM) (Table 1).
Such results coincide with the appearance of classical
apoptotic morphology as indicated by light microscopy.16

The effects observed included the production of extensive

A

B

Figure 4 Phosphatidylserine externalization as determined by flow cytometry
of control and treated CEM cells following staining with annexin-V-FLUOS.
CEM cells were assessed after (A) 6 h exposure with increasing
concentrations of etoposide and (B) following 24 h exposure to either PMA
or etoposide and the concentrations shown. Error bars represent the standard
error of at least three separate experiments

Figure 5 Ultrastructural morphology of etoposide- and PMA-treated CEM cells.
CEM cells following treatment with PMA (A,B) demonstrate unique features
indicative of differentiation such as the increase in the size and number of
cytoplasmic vacuoles (v) and microvillus protrusions (p). Exposure to etoposide
(C ± F) display ultrastructural nuclear morphological change characteristic of
apoptosis including nuclear invagination (inv) and lobulation (lob), chromatin
condensation (cc) and apoptotic body (ap) production. PMA treatment was also
found to produce invagination and lobulation in CEM cells (B)
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lobulation resulting in the sectional appearance of multiple
nuclei which was categorized as `high' convolution (Figure
5D). Similar change was evident in sections of PMA-treated
cells which also exhibited high nuclear convolution (Figure
5B). Cell fragments, indicative of apoptotic body production
and represent the extreme manifestation of nuclear
convolution were also identified and counted (Figure 5F).

Though the effects of etoposide and PMA on nuclear
convolution were qualitatively similar, clear distinction was
apparent after quantitation. Control preparations exhibited
either none or low nuclear convolution with a less than 10%
of cells displaying high convolution after incubation for 48 h
(Table 1). This value represents the proportion of cells
undergoing nuclear change due to culture-induced apopto-
sis. The effect with 0.5 mM etoposide was dramatic but
transient, since there was a decrease from almost 50% to
less than 20% in the period 24 ± 48 h after treatment.
During this time the proportion of cells exhibiting apoptotic
body production increased from 15 to 18%. After exposure
to the differentiating agent, a doubling of the proportion of
cells which exhibit markedly increased convolution was
recorded when compared to control preparations. Despite
this change however, no apoptotic bodies were detected in
PMA treated CEM cells up to 48 h after treatment (Table 1).

Chromatin condensation was only evident in etoposide
treated cells, this morphological effect not being seen in

cells subjected to PMA treatment. Thus, change categor-
ized as `low' and `medium' was evident in drug-treated cells
(Figure 5E). The number of cells displaying chromatin
condensation at this level could not be distinguished from
that seen in control preparations (Table 2). However,
chromatin condensation categorized as `high' (Figure 5F)
was observed in etoposide-treated cells, but never in CEM
cells exposed to PMA.

Discussion

The perception of disordered differentiation is a fundamental
approach to malignancy.24 Specifically in relation to
leukaemic cell populations, it has been recognized for at
least a decade that drugs targeting topoisomerase II cause
differentiation.25,26 In consequence, attempts were made to
elucidate differentiation induced by phorbol ester in terms of
its binding to the enzyme.27,28 The understanding of apoptosis
as fundamental to the causation of cell death by cytotoxic
drugs3,29 has altered this perspective. Cytotoxic drugs in
general, rather than any particular subgroup, are recognized
as differentiating agents.6 An intimate relationship between
apoptosis and differentiation is considered fundamental to the
understanding of both processes.30 Jehn and Osborne12 note
that genes regulating apoptosis are more often proving to be
not novel, but are genes previously described as having a role
in differentiation and proliferation.

Treatment of CEM cells with PMA results in altered
expression of purine nucleoside phosphorylase, terminal
nucleotidyl transferase and adenosine deaminase and
externalization of CD3: responses evocative of blast
maturation and indicative of an understanding that
leukaemia is a consequence of disordered differentiation.1

An increase in expression of purine nucleoside phosphor-
ylase in response to all tested concentrations of etoposide
was the same response evoked by PMA.16 However,
expression of other marker genes (Figure 1) indicated a
more complicated scenario in three respects. Firstly, a
marked response was only evoked by etoposide at cytotoxic
concentrations. Secondly, while decreased expression of
both terminal deoxynucleotidyl transferase and adenosine
deaminase follows treatment of CEM cells with PMA,21 such
a response to etoposide was only observed with adenosine
deaminase. Expression of terminal deoxynucleotidyl trans-
ferase paradoxically increased after treatment with etopo-
side at the higher concentration. Finally, altered expression
of both genes was most clearly evoked with a lethal, rather
than a cytostatic, drug concentration and hence not at a
concentration readily associated with differentiation.7,8 The
notion of a cell otherwise destined to die being committed to
apparently pointless maturation is more strongly enforced by
CD3 expression. It might be thought surprising that this late-
stage indicator of lymphocytic maturation is induced by a
cytotoxic agent (Figure 2).

Higher order fragmentation of DNA and convolution of
nuclei were observed in response to etoposide, consistent
with earlier observations by ourselves and others (Figures 3
and 5D).16,23,31 These changes were also induced by PMA
(Figure 5B), though to a less marked extent (Table 1),
despite the consideration that the latter treatment did not

Table 1 Changes in the extent of nuclear convolution in CEM cells following
eptoposide and PMA-treatment

Treatment
Time
(h)

Normal
Low High

Apoptotic
Bodies

Control

0.5 mM etoposide

5 mM etoposide
10 nM PMA

0
24
48
24
48
6

24
48

100
90
88
38
64
64
90
80

±
6
8

46
18
26
10
20

±
4
4

16
18
10
±
±

CEM cells were exposed to 0.5 and 5 mM etoposide or 10 nM PMA for up to
48 h. Following electron microscopic examination, nuclear convolution was
categorized depending on the level of invagination and lobulation as described
in the Materials and Methods section. The data is represented as percentage
values

Table 2 Changes in the extent of chromatin condensation in CEM cells
following etposide and PMA-treatment

Treatment
Time
(h)

Homo-
genous

Low/
Medium High

Control

0.5 mM epoposide

5 mM etoposide
10 nM PMA

0
24
48
24
48
6

24
48

100
78
70
70
68
82
94
94

±
18
20
8
6
4
6
6

±
4
8

22
26
14
±
±

CEM cells were exposed to 0,5 and 5 mM etoposide or 10 nM PMA for up to
48 h. Following electron microscopic examination, chromatin condensation was
categorized depending on the extent by which nuclear material exhibits a
densely staining pattern as described in the Materials and Methods section. The
data is represented as percentage values
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cause cell death. Both nuclear convolution and higher order
DNA fragmentation are generally perceived to precede
specific irreversible apoptotic change, namely internucleo-
somal fragmentation of DNA and fragmentation of nuclei.32

Higher order fragmentation of DNA has been specifically
dissociated from the formation of DNA ladders33 and may
occur in the absence of apoptosis.34 Observation of nuclear
convolution and 50 kilobase DNA breakage in the present
context confirms the commonality of early apoptotic and
differentiation-associated change in these haematopoietic
cells, and it is consistent with such early changes being
reversible insofar as subsequent cell death may not occur.

Specific changes in nuclear morphology are indicative of
apoptosis.31 Thymocytes exposed to etoposide have
sharply defined clumps of heterochromatin abutting onto
the nuclear membrane; the heterochromatin in apoptotic
cells is condensed and arranged in sharply defined
clumps.35 On the basis of ultrastructure, in the leukaemic
line U937, multiple pathways to nuclear fragmentation can
be discerned depending on the inducing agent.36 Our data
suggest sharp distinction between nuclear convolution and
chromatin condensation. The latter may be characterized
as a transient effect and occurring earlier than the more
unequivocal indicator of cell death. Chromatin condensation
was not observed in cells treated with PMA (Table 2).

Effects of phorbol ester is almost invariably understood
with reference to members of the protein kinase C (PKC)
family.37 Their effects on apoptosis are complex with
activation of PKC by phorbol esters being reported to
suppress apoptosis as exemplified by studies using murine
thymocytes,38 normal and leukaemic haematopoietic cells39

and HL-60 cells.40 Phorbol ester also promotes the
induction of apoptosis in T cell hybridoma,41 thymocytes42

and HL60 cells.13 In our study, however, PMA did not
cause apoptosis. Etoposide-induced chromatin condensa-
tion and externalization of phosphatidylserine are evident
after 6 ± 24 h (Figure 4, Table 2). The possibility that these
changes are induced by PMA in CEM cells, but only appear
even later than 48 h must be acknowledged but seems
unlikely since other changes, including nuclear convolution
(Table 2), CD3 expression (Figure 2) and 50 kb DNA
breakage (Figure 3) follow the same timetable irrespective
of whether induced by etoposide or PMA. Indeed,
quantitative data concerning chromatin condensation
(Table 2) and phosphatidylserine-externalization (Figure 4)
suggest less cell death in CEM cultures exposed to PMA.
Conversely, the marked increase in each of these
parameters induced by etoposide further strengthens their
status as specific apoptotic indicators.

Membranes of leukaemic cells undergo changes in
microviscosity and composition as a consequence of
differentiation.43 Such changes are clearly distinguished
from those detectable using annexin V. In Jurkat cells
undergoing apoptosis by Fas ligation, phosphatidylserine-
externalization by Annexin V preceded classical features of
apoptosis.19 Similarly, our data support the description of
phosphatidylserine-externalization as an early indicator
insofar as an increase was evident by 24 h after addition
of 0.5 mM etoposide (Figure 4B) whereas apoptotic
morphology is apparent only after this time.16

Using one of the most extensively exploited models of
drug-induced cell death, the present findings provide
evidence of the close relationship between differentiation
and apoptosis. Specifically in haematopoietic cells, the
association of these fundamental processes has been
suggested by different approaches.44,45 There is also
evidence that in non-haematopoietic cells, the association
between differentiation and apoptosis results in enhance-
ment of drug-induced cytotoxicity.46,47 The observations
reported here encourage further studies directed toward
increasing the efficacy of chemotherapy for leukaemia
which is otherwise restricted by the toxicity of agents
which are primarily calculated to induce apoptosis in
malignant cells.

Materials and Methods

Cell culture conditions and treatment

CEM cells were maintained in RPMI-1640 medium supplemented with
2 mM L-glutamine, 10% foetal bovine serum (TRACE Bioscientific,
Australia) and Monomed (CSL, Australia) at 378C. Cell cultures, during
logarithmic growth phase, were treated with etoposide and PMA
(Sigma Chemicals, USA) at the doses and times indicated in the
Results section as previously described.16 Both agents were
dissolved in DMSO which was added to control cultures such that
the final concentration was less than 0.05% of the total volume.
Control populations were treated with corresponding amounts of
DMSO.

CD3 expression

The concentration of the cell suspension was adjusted to 2.06107

cells/mL with PBS/0.1% sodium azide. For each sample 50 mL of cell
suspension was added to 20 mL of CD3-FITC, a fluorescein
isothiocyanate conjugated antibody (Becton and Dickinson, USA).
For background controls 20 ml IgG1-FITC monoclonal antibody was
used. The samples were incubated on ice, in the dark for 30 min,
washed with ice cold PBS and subsequently resuspended in 500 ml of
1% paraformaldehyde and kept at 48C until analysis. Samples were
analyzed using a FACScan flow cytometer with 10 000 events being
acquired. CELLQuest software was employed for further data
analysis.

Phosphatidylserine externalization

The analysis of phosphatidylserine externalization was performed by
staining treated cells with annexin-V-FLUOS (Boehringer Mannheim)
essentially as instructed by the manufacturers. Basically, treated cells
(16106) were washed with PBS and resuspended in 200 ml incubation
buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 5 mM CaCl2). A
1 : 50 dilution of the stock annexin-V-FLUOS was prepared in
incubation buffer and added to the cells. Dual staining of the cells
with propidium iodide (PI) (final 1 mg/ml) allowed us to exclude cells
which would give anomalous annexin-V-FLUOS signals due to having
lost their membrane integrity. Analysis was performed on the
FACScan flow cytometer using electronic compensation to exclude
overlapping of the FITC and PI emission spectra.
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Transmission electron microscopy

Cells (26107 total) were pelleted by centrifugation and fixed with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate-HCl buffer (pH 7.2) for 1 h
and washed three times with 0.1 M sodium cacodylate-HCl buffer prior
to equilibration overnight. Mixed warm 2% solution of low melting
temperature agar with cells to facilitate handling of the samples. The
agar pellets were subsequently rinsed in 0.1 M sodium cacodylate-HCl
buffer and post-fixed in 1% osmium tetroxide for 1 ± 2 h. Pellets were
thoroughly washed with 0.1 M sodium cacodylate buffer followed by
2% sodium acetate. Samples were stained with 2% uranyl acetate for
1 h and dehydrated by immersion in stepwise increasing concentra-
tions of ethanol. The cell pellets were then transferred to acetone
before being embedded in epoxy resin and cured at 708C for 48 h.
Ultrathin gold sections (80 nm) were prepared with an ultramicrotome
and mounted on copper grids (200 square mesh). These were later
stained with 2% uranyl acetate for 1 h and lead citrate for 2 min.
Samples were examined by using a Hitachi H-7000 Transmission
electron microscope.

Quantitation of ultramorphological changes was determined with
50 cell bodies per treatment counted from at least two preparations
and classified according to degree of nuclear convolution and
chromatin condensation. Prior to examination the samples were
coded and subsequently examined on a blind basis to eliminate
observer bias. In respect of nuclear convolution, individual cells were
categorized depending on the level of invagination of the nuclear
membrane. Cells were considered `normal' when they had no
invagination of the nuclear membrane, `low' with invagination at one
or more places or `high' when invagination was sufficient to cause
`multi-nucleate' appearance in the microtomy section. Such assess-
ment criteria were designed to eliminate observer bias through the
identification of observable morphological features which do not
require subjective evaluation. The level of chromatin condensation in
individual cells was estimated by the extent by which the nuclear
material exhibited a dense staining pattern. Consequently, cells were
categorized as having `homogeneous' (equi-staining of nuclear
material), `low' (10 ± 30%), `medium' (30 ± 70%) or `high' (480%)
levels of chromatin condensation. Representative examples of the
various categories are illustrated in the Results section (Figure 5).

RT ± PCR

Expression of terminal deoxynucleotidyl transferase and adenosine
deaminase was indicated by semi-quantitative RT ± PCR using
methods as previously described for purine nucleoside phosphor-
ylase.16 The gene-specific primer sequences used in this study were
as follows: Terminal deoxynucleotidyl transferase (164 nucleotide
product) fwd: 5'-AGC CCT CGG AAG AAG AGA CCC-3', rev: 5'-AGT
TGG GAC TTG GGA AAG GAC-3'; adenosine deaminase (144
nucleotide product) fwd: 5'-AGA CGC CCG CCT TCG ACA AG-3', rev:
5'-CAA TGA CGT TCA GCA GCC CC-3'.

Pulsed-®eld gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) were undertaken as
previously described.16
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