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Effect of aging on UVC-induced apoptosis of rat splenocytes.
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UVC-induced apoptotic symptoms such as morphological changes, DNA fragmentation, Bcl-2 and Bax protein expression were examined in primary splenocyte cultures
from young (3 months) and old (24 months) rats. The activities of AP-1 and CRE transcription factors in UVC-irradiated splenocytes were also assessed. At 24 h after UVC
irradiation 40% of cells derived from young rats were found to be apoptotic, which
was twice as much as in splenocytes from old rats. Apoptosis in cells from old rats did
not give typical symptoms like a “DNA ladder” and Bcl-2 protein downregulation, in
contrast to splenocytes from young rats. No AP-1 transcription factor activity was
found in UVC-irradiated splenocytes from old animals and only a trace activity in
splenocytes from young animals. This indicates that, UVC-induced apoptosis in rat
splenocytes is practically AP-1 independent and that cells from old rats are less sensitive to UVC irradiation than splenocytes from young rats.

Apoptosis has been recognised as a normal
physiological process which through active
cell demise leads to removal of unwanted, mutated and damaged cells [1]. The regulated
process of cell death plays a critical role during embryogenesis, in tissue homeostasis and
remodelling, and particularly in shaping and
maintaining the repertoire of immune system
.

cells [2]. Insufficient apoptosis contributes to
the pathogenesis of cancer, autoimmune disorders and sustained viral infection, while excessive apoptosis results in inappropriate cell
loss and consequent degenerative disorders
such as AIDS and Alzheimer disease [3]. The
role of apoptosis in normal physiological aging is still an open question. It is believed that
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aged organisms accumulate senescent (nonproliferating) cells as a result of replicative senescence, which occurs throughout the life of
multicellular organisms [4]. One could expect
that senescent cells have exhausted not only
their division potential but also their capacity
to undergo apoptosis. Indeed, recently it has
been shown that in human fibroblasts senescing in vitro apoptosis is not induced upon
withdrawl of serum [5]. Data concerning lymphocyte propensity for apoptosis during aging
is scant and controversial [6]. The crucial
event in the physiology of the immune system,
which is responsible for limiting clonal expansion and the accumulation of lymphocytes following an antigen challenge, is their Fas/
APO-1-induced death as well as death of
cytokine-deprived activated T cells [2]. Recently, UV light has been found to induce
apoptosis in human lymphoid cells [7–9]. As
exposure to UV radiation triggers the response known as the “mammalian UV response” which is partly characterised by AP-1
activation [10], it is interesting to know if
apoptotic symptoms could be correlated with
AP-1 induction in rat splenocytes after UVC
treatment. Previously, we [11] and others [12]
showed that the induction of the AP-1 DNA
binding activity in nuclear extracts of spleen
cells from old animals was significantly lower
than that in extracts from young animals.
Therefore, we expected to observe differences
between splenocytes derived from young and
old rats in the propensity to activate AP-1 and
simultaneously to undergo UVC-induced
apoptosis.
MATERIALS AND METHODS

Cells. Splenocytes were obtained from the
spleens of healthy young (3 months) and old
(24 months) Wistar albino Glaxo rats fed ad libitum with a standard diet. Cells were taken
up in RPMI 1640 medium supplemented with
2 mM glutamine, 25 mM Hepes-buffer solution, antibiotics and 10% foetal calf serum,
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and maintained at 37°C in a 5% CO2 humidified incubator.
Apoptosis measurements. Splenocytes
were UVC-irradiated for 3 s at a fluency of 500
J/m2 (254 nm) using UV Stratalinker
(Stratagene) to induce apoptosis. This UVC
dose appeared to be the most effective in inducing apoptosis as checked by pilot experiments. Apoptosis was monitored in several
ways, i.e. by staining with Hoechst 33258 dye
[13], DNA fragmentation [14] and flow
cytometry analysis [15] as described earlier
[9].
For Hoechst 33258 (Sigma) staining and
flow cytometry analysis, cells were fixed in
70% ethanol according to Gong et al. [16].
Flow cytometry analysis was done after cell
staining with 4¢,6¢-diamidino-2-phenylindole
(DAPI) (1 g/ml) and sulphorhodamine (20
mg/ml) (from Molecular Probes) at 4°C. For
each time point 1 ´ 106 cells were stained.
Cells were analysed for DNA (DAPI) and protein (sulphorhodamine) content on FACS
Vantage (Becton-Dickinson) using Cell-Quest
software (Becton-Dickinson).
Immunocytochemistry. Cells were centrifuged on a cytospin and then fixed in 4%
paraformaldehyde for 1 h for immunocytochemical staining. The cells were washed several times in phosphate buffered saline (PBS),
and treated with 3% hydrogen peroxide for 15
min. Unspecific binding was blocked by cell incubation with 5% solution of normal goat serum in PBS for 30 min. Then, the lymphocytes were incubated for 1 h with one of the
following primary specific polyclonal antibodies diluted 1 : 1000: anti-c-Fos, anti-c-Jun,
anti-Bcl-2 or anti-Bax (Santa Cruz Biotechnology). Then cells were treated for 1 h with
avidin-biotin complex and the colour reaction
was developed using diaminobenzidine (DAB)
chromogen (Sigma). Every step was
preceeded by extensive washing in 0.3% solution of Triton X-100 in PBS, at room temperature.
Gel shift assay. Nuclear extracts for gel
shift assays were typically obtained from 2 ´
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107 cells as described previously [9]. The protein content of the last extract was estimated
according to Bradford [17].
The double-stranded oligonucleotides harbouring the AP-1 and CRE consensus sequences were from a Stratagene “gel shift“ kit
(Stratagene). These oligonucleotide probes
were labelled with [a-32P]dCTP (Amersham)
by terminal transferase (Boehringer, Mannheim) and purified on Nick-columns purchased from Pharmacia. The binding reaction
was carried out in 16 ml of the mixture containing EMSA buffer (20 mM Hepes, pH 7.8,
0.2 mM EDTA, 50 mM KCl, 1 mM dithiothreitol, 10 mg/ml bovine serum albumin and
4% Ficoll), labelled probe (about 20 000
c.p.m.), 10 mg of nuclear extract, and 0.4 mg
poly(dI-dC) as a non-specific competitor. A
50-fold excess (1 ml) of a cold sequence was
added as a specific competitor where necessary. After 20 min incubation at room temperature, 1 ml of 0.1% bromophenol blue was
added and the samples were electrophoresed
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Hyperfilm-MP (Amersham), in the presence
of intensifying screens.
RESULTS
Cell morphology

Morphological observation was done after
staining of UVC-irradiated lymphocyte with
Hoechst dye. The typical apoptotic cells
(shrunken and with apoptotic bodies) were
visible in the cultures from young, as well as
old, rats as early as at 4 h after UVC irradiation, although the fraction of apoptotic cells
was much smaller in the population of
splenocytes derived from old in comparison
with young rats (Fig. 1).
Internucleosomal DNA fragmentation

Internucleosomal DNA fragmentation was
already observed 2 h after UVC-irradiation in

Figure 1. Morphology of
splenocytes derived from
young (A) and old (B) rats.
Cells were untreated (0 h) or
UVC-treated and harvested 4 h after irradiation (4 h). Cells were
fixed and stained with Hoechst
dye as described in Material and
Methods.

for 2 h through a 4% polyacrylamide gel (30 : 1
cross-linked) at 20 mA in a cold room. Finally,
the gels were dried and exposed overnight to

splenocytes from young rats (Fig. 2A). Only a
trace of DNA fragmentation was visible in
control, non-irradiated cells (Fig. 2B). Oligo-
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nucleosomal DNA fragmentation was not observed in splenocytes derived from old rats, either the UVC-irradiated (Fig. 2C) or control
(Fig. 2D).
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(panel B, control and panel A, irradiated) and
old (panel D, control and panel C, irradiated)
rats. At 24 h after UVC exposure about 40% of
cells from young rats were found in the
Figure 2. Agarose gel electrophoresis
of DNA isolated from UVC-irradiated
young (A), control young (B) UVC-irradiated senescent (C), and control senescent splenocytes (D).
Cells were collected at different times after
UVC irradiation, as indicated. Lane M: molecular size marker (1 kbp from Pharmacia).
The results are representative of at least
three separate experiments.

Formation of a sub-G1 population

Changes in DNA integrity were assayed accurately and reproducibly by flow cytometry
analysis. In the nuclei of apoptotic cells DNA
stainability was reduced as manifested by the
appearance of a sub-G1 peak on the cellular
DNA content frequency histograms. Figure 3
shows typical histograms for cells from young

sub-G1 population. At the same time
splenocytes from old rats comprised only
about 20% of the cells in the sub-G1 population. Also, the fraction of spontaneously dying cells (control) was larger in splenocytes
from young than from old rats (18% and 9%,
respectively) as determined after 24 h of cultivation.

Figure 3. Flow cytometry analysis of the sub-G1 fraction in
young (A and B) and old (C and
D) rat splenocytes.
Cells were untreated (B and D) or
UVC-irradiated (A and C). Time after treatment is indicated. The results are representative of three
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Bcl-2 and Bax protein expression

Bcl-2 protein is typically expressed in resting
as well as in proliferating lymphocytes and
protects them against apoptosis. As Bax acts
against Bcl-2, it’s increased expression is observed in cells induced to undergo apoptosis
[18]. Using specific polyclonal antibodies we
measured the expression of Bcl-2 and Bax proteins in splenocytes in which apoptosis was induced with UVC light. A high basal level of
Bcl-2 protein was observed in cells derived
from both young and old rats. At 2 h after
UVC irradiation the level of Bcl-2 decreased in
cells from young but not from old rats
(Fig. 4). Bax expression was unchanged after
irradiation both in cells from young and from
old rats (not shown).
AP-1 transcription factor activity

Figure 5 shows the AP-1 and CRE transcription factor binding activities in UVC-irra-
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nuclear extract derived from proliferating
splenocytes (harvested at 4 h after Concanavalin A treatment) is shown on the same gel
(Fig. 5A, lane 9). In contrast to AP-1, the activity of CRE was very high but not UVC inducible, in cells derived both from young and old
rats. Expression of the protein components of
AP-1, namely c-Jun and c-Fos, showed a small
increase in the c-Fos level (which cannot form
a homodimer) at 2 h after irradiation only in
cells from young rats (not shown).
DISCUSSION
AP-1 and apoptosis

The AP-1 transcription factor, which is a
dimer composed of Jun and Fos family members, has been recognised to play a role in cell
differentiation, proliferation, transformation,
stress response [19] and, recently, in apoptosis [20]. Although a great deal of informa-

Figure 4. Immunostaining of Bcl-2
protein in young (A) and senescent lymphocytes (B), untreated (0
h), or in cells harvested 1 h and 2 h
after treatment with UVC.
The results are representative of three
separate experiments.

diated splenocytes measured by gel shift assay. The very low AP-1 activity was detected
in splenocytes from young but not from old
rats. For comparison, the AP-1 activity of a

tion has been gathered about short wavelength UVC signalling through c-Jun amino
terminal kinase and transcription factor AP-1
activation [21], the intracellular pathway re-
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sponsible for UV-induced apoptosis has not
been definitely identified. As UV induces
apoptosis in lymphoid cells [7–9] and exposure to UV radiation triggers AP-1 activation
[10], we wanted to know if apoptotic symptoms such as DNA fragmentation and the
Bcl-2/Bax protein ratio could be correlated
with AP-1 induction in rat splenocytes after
UVC treatment. It has been found that 24 h
after UVC irradiation about 40% of splenocytes derived from young rats were in the
sub-G1 population. Moreover, morphological
changes, internucleosomal DNA fragmentation and Bcl-2 downregulation indicated that
these cells underwent apoptosis. Suprisingly,
induction of AP-1 in UVC irradiated splenocytes is neglible in young and hardly detectable in old rats. AP-1 induction was also not
evident in the cells treated with lower dose of
UVC, namely 100 J/m2 (not shown). On the
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cytes undergoing apoptosis following glucocorticoid treatment [23, 24]. AP-1 activation
was also shown in several different systems of
apoptotic induction (e.g. [25–31]). On the
other hand, there is a growing body of evidence that neither c-jun nor c-fos, nor even
both of them, are necessary for apoptosis induction [32–34]. It seems that AP-1, depending on the cell type and apoptotic inducer, is
either completely not involved or acts as a protector or initiator of apoptosis [20].
Aging and apoptosis

The immune system plays a crucial role in
the aging of an organism and apoptosis is critical for functioning of the immune system [6].
Accordingly, one can expect that a propensity
to undergo apoptosis is one of the most important features of the aging process. Unfortu-

Figure 5. The time course of AP-1 and CRE transcription factor DNA-binding activities in young (A) and
senescent (B) lymphocytes treated with UVC.
Nuclear proteins were isolated from cells collected at different times after treatment. Lanes: 1, probe only; 2, 0 h; 3,
0.5 h; 4, 1.0 h; 5, 2 h; 6, 4 h; 7, 6 h. Lane 8 refers to the transcription factor activity measured in the presence of a cold
specific sequence added as a competitor to the sample (4 h) in a 50-fold excess with respect the radioactive one. Line
9 in panel A refers to the activity of AP-1 in young splenocytes harvested 4 h after Concanavalin A treatment. The results are representative of at least three separate experiments.

other hand, using either 100 J/m2 or 500
J/m2 AP-1 induction was demonstrated in human lymphocytes stimulated to proliferate
with interleukin-2 [22]. Previously, we have
showed that AP-1 was induced in rat thymo-

nately, data concerning apoptosis of aging
cells, both in vivo and in vitro, are very limited
and controversial. The main observation from
human lymphocytes is that the level of AICD
(Activation Induced Cell Death) increases
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with aging [6]. On the other hand, some data
supporting the concept of decreased apoptosis
in old peoples’ T cells compared to young people’s may be found in the report of Lechner et
al. [35]. Using rat splenocytes we demonstrated that both young and old cells are able
to undergo both spontaneous and UVC induced apoptosis, although splenocytes from
old animals are less prone to cell death compared to cells from young rats. Flow
cytometry analysis revealed that the
subpopulation of apoptotic cells is lower by a
half in the population of splenocytes derived
from old then from young animals. Moreover,
only cells from young rats showed internucleosomal DNA fragmentation and Bcl-2
protein downregulation. Similarly, T-cell
apoptosis induced by irradiation, staurosporine, anti-CD3, or heat shock was reduced
by about 50% in old compared with young
mice [36]. Zhou et al. [37] also reported
higher levels of in vitro and in vivo lymphocyte
apoptosis after irradiation in young compared
to old mice. It was also demonstrated that Fas
expression and function were decreased in T
cells of old mice, which implies a diminished
capacity to proliferate and to undergo
apoptosis [38]. Likewise, it has been shown
that activation of the Fas receptor may be involved in UV induced apoptosis [39]. Also, our
preliminary results showed that UVC irradiation caused Fas receptor aggregation which
was UVC dose dependent (not shown). It is
tempting to hypothesise that a diminished
function in the Fas receptor signalling pathway could be the reason of the reduced propensity of old lympocytes to undergo
UVC-induced cell death.
To sum up, our data show that UVC-induced
apoptosis in rat splenocytes is AP-1 independent and that cells derived from old animals are
less sensitive to UVC irradiation than
splenocytes from young animals.
The authors are deeply indebted to Dr.
Malgorzata Skup (Nencki Institute of Experimental Biology, Warszawa, Poland) for im-
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portant methodological remarks concerning
immunostaining.
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