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ABSTRACT.Apoptosis is a prominent mechanism of programmed cell death in the immunesystem. In the
thymus apoptosis is responsible for the deletion of autoreactive T-cells during thymic differentiation. The typi-
cal features of apoptosis are characterized by nuclear and cytoplasmic morphologic changes, along with cleav-
age of chromatin at regularly spaced sites. Terminal deoxynucleotidyl transferase (TdT) is a DNApolymerizing
enzyme found at an early stage of T and B lymphocyte differentiation, which generates diversity in the DNAse-
quence of immunoglobulin (Ig) or T cell receptor (TCR). The combined evaluations of thymocyte morphologi-
cal features, immunephenotype and thymic topography associated to TdTexpression allow the recognition of
three different thymocyte subpopulations, characterized by small-size, intermediate-size and large-size. The re-

sults of this study show that dexamethasone (Dx)-treatment induces cell death via apoptosis involving distinct
transformations related to differentiation stages of thymic subpopulations. Intermediate and small-size thymo-

cytes that are TdT-negative or weakly positive at nuclear level are Dx sensitive. In contrast the large-size thymo-
cytes, highly TdT positive, corresponding to the undifferentiated cells, do not show significant morphological
modifications and TdT positivity to Dx-treatment. Immunocytochemical analysis shows that Dx-treatment does
not affect TdT synthesis but morphological changes, occurring during apoptotic process, are responsive to intra-

cellular movementand intranuclear arrangement of the TdT.

The process of negative and positive clonal selection
occurring in the thymus leads to death in a plurality of
thymocyte subpopulations (22, 28, 29, 35). Apoptosis
or programmedcell death occurs at an intermediate
stage of differentiation of thymocytes showing a CD4+,
CD8+ phenotype and avery low density TCR (6, 15, 17,
27, 34). These cells, localized in the deep and in the inter-
mediate cortical areas of the thymus, represent most of
the thymic population. Previous works suggested that
apoptosis can be artificially induced by irradiation or by
glucocorticoids (2, 4, 14, 30, 39, 40), while physiologi-
cally this mechanism can be induced prevalently by
TCR or CD3-associated complex activation (5, 32, 33).
The high rate of death within the thymus appears to
reflect the molding of the initial TCRrepertoire. Ma-
ture T cells respond to the antigen in self major histo-
compatibility (MHC)molecules. During differentiation
in the thymus, the TCRrepertoire is shaped by both pos-
itive and negative events involving MHCmolecules (6).
Recently the role of steroids in programmed cell death
has been shown and since thymic epithelial cells contain

To whomcorrespondence to be addressed.

the enzymes required for steroidogenesis, the thymus
itself can produce pregnenolone and deoxycorticoster-
one. These thymic steroids could play a key role in thym-
ocyte survival since it has been shownthat the simultane-
ous presence of TCRand the intranuclear receptors for
glucocorticoids prevent, by mutual antagonism, thymo-
cytes death (41). Otherwise, TCRor glucocorticoids in
a singular wayactivated, indece the apoptotic process
(32, 33, 40). The treatment of thymocytes with glucocor-
ticoids provides a convenient way to study cell death in
vitro.

The bcl-2 gene was identified at the chromosomal
breakpoint of t(14, 18) bearing B cell lymphomas (34).
bcl-2 is novel amongproto-oncogenes that displays an
important functional role of blocking programmed cell
death in selected hematopoietic cell lines (38). Bcl-2 is
detected to the inner mitocondrial membraneand this
position is novel for proteins with an oncogenic role.
The localization of Bcl-2 suggests that the fundamental
metabolic functions of the inner mitochondrial mem-
brane, which include oxidative phosphorylation and
electron and metabolite transport, are implicated in the
survival mechanism (23). The Bcl-2 protein appears
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then geographically restricted in tissues characterized
by apoptotic cell death (24). In the thymus regional dis-
tribution suggests that Bcl-2 is differentially regulated
during T cell maturation and involved in the preserva-
tion of T cells.
Terminal deoxynucleotidyl transferase (TdT) is a "cre-
ative" DNApolymerase able to generate a somatic diver-
sification between T and B cell clones (9, ll, 12). In the
T-cell compartment the presence of TdT was found re-
lated to gene rearrangement coding the T-cell antigen re-
ceptor (7, 8, 12). It has been previously explained (8, 20)
that TdT positive cells in the rat thymus belong to dis-
tinct subsets. Ultrastructural analysis of TdTsuggests
that the localization of the enzyme is related to thymo-
cyte morphological features and TdTexpression corre-
sponds to the maturational stages of T cells. In this
work we have analysed, according to cell-size and TdT
expression, the apoptotic process induced by Dx-treat-
ment.

MATERIALS AND METHODS

Male Sprague-Dawley rats were from Charles River (Mila-
no, Italy). Rabbit polyclonal antibody against 32-KDa calf

thymus TdT protein was produced as described (10). Bcl-2 an-
ti-rat antibody was from Santa Cruz Biotechnology, Inc. (San-
ta Cruz, Ca., USA). Dexamethasone, culture media and all
reagent grade materials were from Sigma (St. Louis, Mo.,
USA). Reagents for electron microscopy were from Polysci-
ence (Warrington, PA., USA).

Thymocytespreparation and dexamethasonetreatment.
Male Sprague-Dawley rats, 3-5 wks old, were used. The thy-
mus was removed, washed in PBS, and placed in cold RPMI
1640 supplemented with 2 mML-Glutamine, 100 mMNa-
Pyruvate. The thymus was minced and cells were put in sus-
pension. Cell suspensions were filtered and centrifuged for 4
min at 400 g, at room temperature. Pellets were resuspended
in pre-warmed RPMI 1640 supplemented with \Q% FBS. Cell
concentration was adjusted at 1 x 106 cells/ml. Dexametha-
sone (Dx) was added as previously reported (31) to the cell sus-
pension at 1 fiM concentration. Cells were cultured at 37°C,
in a range between 4 to 16 hrs in an atmosphere containing
5% CO2. Control cultures were done in absence of dexametha-
sone.

Morphological study. Cell suspensions were fixed with

1.25% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.6 for
1 hour at 4°C. After rinsing in the same buffer the fixed cells
were post fixed with 1% OsO4 in cacodylate buffer for 1 hour
in a dark cold room. The cells were then washed with buffer
and double distilled water and stained overnight using a satu-
rate uranyle acetate aqueous solution. The cell suspensions
were then washed, coated with agar, dehydrated with alcohol
and toluene, and then embeddedin Spurr medium. Thin sec-
tions were obtained and observed as described above.
Immunocytochemistry. Immunocytochemistry for TdT lo-

calization was carried out as previously described (19-21).
Briefly, for electron microscopy, cell suspensions were fixed
with 2% paraformaldehyde in 0.1 M Na-cacodylate buffer,
pH 7.4, for 2 hrs and subsequently permeabilized with 0.4%
saponin in Na-cacodylate buffer for 15 min. After several
changes of Na-cacodylate buffer containing 0. 1 Mglycine and
2%sucrose, fixed and permeabilized cells were incubated over-
night with a rabbit anti-calf TdT polyclonal antibody (5 fjtg
/ml). Cells were then reacted with peroxides-conjugated goat
anti-rabbit IgG for 2 hours and incubated, after washing, for
10 min at room temperature with a substrate for peroxidase
detection (0.05 mg/ml DABin 0.05 M Tris-HCl buffer pH 7.6
and 0.015% H2O2). Cell suspensions were then treated with
1% OSO4 for 1 hr, dehydrated and embedded in Spurr medi-
um. Thin sections were stained with lead citrate and observed
with a Zeiss 109 electron microscope. In negative controls, the
primary or secondary antibodies were omitted.

DNAextraction. At the end of the incubation period,
thymocyte cultures were centrifuged for 4 min at 400 g. The
pellet was resuspended in lysis buffer. DNAwas extracted
with ethanol chloroform/isoamyl alcohol (24: 1) and precipi-
tated with 2.5 vol. of absolute ethanol. DNAconcentrations
were detected by spectrophotometric absorption at 260 nm.
Ten fig of DNA/samplewas loaded into a 1.8% agarose gel
and electrophoresed. DNAwas detected using UVillumina-
tion after ethidium bromide staining.
Fluorescence-activated cell sorter (FA CS) analysis. Thym-
ocytes were analyzed accordingly to the physical parameters
or stained for 30 min at 4°C with anti-rat Bcl-2 mouse mono-
clonal antibody at 1 : 100 dilution and revealed using goat anti-
mouse FITC conjugated. Quantitative fluorescence analysis
of stained cells was performed on a Coulter Epics Elite flow cy-
tometer (Coulter Inc., USA).

RESULTS

Agarose gel electrophoresis of DNA(Fig. 1), recov-
ered from Dx-treated thymocytes, shows the DNApat-
tern characteristic of apoptosis, a chromatin ladder of
DNAfragments in multiple, of 180-200 bp. Untreated
thymocytes also show manyapoptotic bands due to
spontaneous apoptotis. Both reacted and untreated
thymocytes exhibited similar patterns of DNAfragmen-
tation. Ultrastructural analyses of thymocytes allowed
identification of three distinct subpopulations: small,
intermediate and large thymocytes, as reported in Fig.
2A. These subpopulations show different sensitivity
to Dx-treatment. Four hours later (Fig. 2B), small-size
thymocytes appear mostly apoptotic, otherwise interme-
diated and large-seze cells are normally arranged. At
eight hours (Fig. 2C) intermediate thymocytes show fea-
tures of apoptotic process and at 16 hours (Fig. 2D) ex-
tensive degenerative processes are recognizable in small
and intermediate apoptotic thymocytes. During Dx-
treatment large thymocytes revealed only few modifica-
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Fig. 1. Agarose gel analysis of DNAfrom Dx treated (T) and un-
treated thymocytes (C). The DNAsamples were fractionated by elec-
trophoresis in a 1.8% agarose gel and stained with ethidium bromide.
The characteristic ladder-like pattern of DNAbanding indicative of
apoptotic endogenous nuclease activity is observed prevalently in Dx-
treated thymocytes. MW:DNAmolecular weight.

tions in the cytoplasmic compartmentand the nucleus
appeared normally arranged (Fig. 2B, C, D). Dx-treat-
ment producing morphological changes did not affect
the TdTsynthesis but induces an intracellular redistribu-
tion of TdT. In fact, small cells (Fig. 3A) exhibited a
smooth surface and their cytoplasm contained only few
mitochondria. The nucleus contained predominantly
marginated heterochromatin, which often formed a cen-
tral mass. Small thymocytes were TdT negative both at
the nuclear and at the cytoplasmic level (Fig. 3B). After
Dx-treatment (Fig. 3C) nuclear changes typical of apop-
tosis were detected in small thymocytes, lacking major
cytoplasmic damage. Nucleolar material was frequently
detected at the nuclear periphery and nuclear mem-
brane was sometimes interrupted (Fig. 3C). Dx-treated
small thymocytes were TdTnegative as untreated cells
(Fig. 3D). Intermediate thymocytes (Fig. 4A) were a
consistently heterogeneous thymic subpopulation of
cells showing a smooth surface. The cytoplasm con-
tained some mitochondria, a Golgi apparatus and iso-
lated profiles of rough endoplasmic reticulum (RER).
The nucleus contained a large amountof heterochroma-
tin. Untreated intermediate thymocytes were weakly

TdT positive, predominantly at the cytoplasmic com-
partment. Sometimeit was possible to observe a resid-
ual amount of the enzyme present at the nuclear level
confined to the euchromatin domains (Fig. 4B). Dx-

treated intermediate thymocytes (Fig. 4C) showed apop-
totic changes both at the cytoplasmic and at the nuclear
levels. The cytoplasm was condensed and contained oc-
casional vacuoles. Apoptotic nuclei displayed peripher-
al chromatin condensation forming either toroid caps
or crescents and the nucleoli showa characteristic pat-
tern of disaggregation. Dx-treated thymocytes (Fig. 4D)
remained TdT-positive and the nuclear level reaction
was predominantly localized in the residual nuclear ma-
trix. Large thymocytes (Fig. 5A) showed an irregular
surface and the abundant cytoplasm contained several
mitochondria, ribosomes and RERprofiles. The nucle-
us consisted largely of euchromatin with scanty hetero-
chromatin opposed to the nuclear envelope. One or
more nucleoli were also present. These cells appeared to
contain a large amount of TdT, diffusely distributed in
the cytoplasm and bound to the nuclear interchroma-
tinic region (Fig. 5B). Dx-treated cells (Fig. 5C) dis-

played a moderate heterochromatin margination. More-
over, typical apoptotic patterns were not detected. Im-
munocytochemical analyses (Fig. 5D) showed that TdT
waslocalized in the samenuclear euchromatin areas as
in the untreated cells. The cytoplasm also displayed a
diffuse positivity for TdT. Accordingly to ultrastructur-
al results in flow cytometry, by the analysis of forward
light scatter, three different subpopulations were re-
cognizable. Fig. 6A shows that small thymocytes are
15± 10% of total population, while intermediate and
large cells are respectively 65± 10% and 8±3% of total
thymocytes. These results are the meansof five different
experiments and correspond to the date obtained at elec-
tron microscope level. Flow cytometry immunefluores-
cence analysis showed (Fig. 6B) the different expression
of Bcl-2 protein connected to size of thymocyte subpop-
ulations. Large-size thymocytes were bright positives,
shile intermediate cells constituted a heterogeneous
population showing different score of positivity from
bright to negative and the small-size cells were prevalent-
ly Bcl-2 negative.

DISCUSSION

Cell death takes two distinct forms, necrosis and
apoptosis. Necrosis is considered as a degenerative phe-
nomenonwhile apoptosis is an active endogenous proc-
esses implicated in the regulation of normal, and neo-
plastic cells (3, 13). In the ontogeny of the immunesys-
tem cell death it occurs by deletion of autoreactive T
cell clones during thymic maturation and deletion of B
cells occurs in the germinal center without antigen-cod-
ing positive selection of centrocytes (37, 16, 17, 26). The
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Fig. 2. Morphological analysis of Dx-treated thymocytes. A: Untreated thymocyte sub-populations. Arrows: small thymocytes. Head arrows:
intermediate thymocytes. Light arrows: large thymocytes. B: 4 hours of Dx-treatment; it is possible to observe apoptotic features only in small-
size thymocytes (arrows). C: 8 hours of treatment; intermediate cells show typical modification of nuclear compartment (arrowheads). D: 16
hours of treatment; small (arrows) and intermediate thymocytes (arrowheads) show extensive necrotic process. Large cell shows a reduction of
cell-size with a light modification of ultrastructure. Bar 5 //m.
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Fig. 3. Transmission electron microscope analysis of glutaraldehyde-osmium tetroxide fixed untreated (A) and treated (C) small-size thymo-
cytes. Immunocytochemical investigation of TdT, performed as described show that untreated (B) and Dx-treated (D) small thymocytes are com-
pletely unstained. Nucleolus: arrow. Nuclear membrane:small arrow. Bar 2 ^m.

proto-oncogene bcl-2 has recently been implicated as
a component of the molecular processes that decide
whether some cell lives or dies (35). In the thymus bcl-2
expression protects immature thymocytes from gluco-corticoid, radiation and anti-CD3-induced apoptosis
and its presence is related to the differentiation stages of
thymocytes (31, 35, 38). Since terminal transferase has
been found in both pre-T and pre-B lymphocytes and
its role consists in producing, at an early stage of differ-

entiation, a diversification of the immune-cells by addi-
tion of N nucleotides to the termini segment during V-
D-J rearrangement (1, 7, 8, 18). By in situ hybridiza-
tion, it has been shown that TdT mRNAis confined to
the thymic cortex (8), and quantitative analysis using
the polymerase chain reaction (PCR) has established
that TdT disappears along with up-regulation of the
TCRand down-regulation of CD4 or CD8 after pos-
itive selection (8). Commitment to the CD4 or CD8
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Fig. 4. Analysis of mediumsize thymocytes. A: infrastructure of treated cells. B: immunocytochemistry reaction of TdT show a specific stain-
ing at the cytoplasmic and nuclear levels (arrows). C: Dx-treated thymocytes display condensed chromatin, nuclear membrane (small arrows) and
nucleolus with a characteristic pattern of disintegration (arrows). D: immunocytochemicalstudies of Dx-treated cells showing dark immunopre-
cipitate localized in non condensed nuclear chromatin (arrows) and at cytoplasmic level. Bar 2.5 /mi.

lineage was known to occur in the thymus: imma-
ture CD4 CD8 TCR~ thymocytes differentiate into
CD4+CD8+TCR10 cells, a small percentage of
which mature into either CD4+CD8 TCRhi or
CD4 CD8+TCRhi thymocytes. Entry into these single
positive populations required expression of the appro-
priate positively selecting MHCclass I or II molecules
on epithelial cells of the thymus (5, 25). Therefore, a

given cell can then engage MHCmolecules on thymic
stromal cells with both its TCRand the appropriate
coreceptor, along with differentiation; otherwise, it
dies. Since apoptosis has been described as a clonal
mechanism of deletion of thymocyte subsets expressing
inappropriate TCR, in this study we propose that large-
size undifferentiated Bcl-2 positive thymocytes express-
ing TdT at the nuclear level and showing as described
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Fig. 5. Analysis of large-size thymocytes. A: morphological features of untreated cells. B: TEMimmunocytochemical analysis of TdT shows a
large amount of enzyme localized at the nuclear level linked to interchromatinic regions (arrows). C: Dx-treated thymocytes exhibit only a light re-
duction of cell-size. D: immunocytochemical study of TdT in Dx-treated cells. Immunoprecipitate is localized at the nuclear (arrows) and cyto-
plasmic levels, as observed in untreated cells. Bar 3 ftm.

(8, 20) the phenotype CD4 CD8 TCR~ are not sensi-
tive to corticosteroid treatments or in detail are not com-
mitted to positive or negative selection process. Inter-
mediate and small-size thymocytes, Bcl-2 low positive
or negative, which have rearranged the TCRsegments
contain, at this stage of differentiation, an intrinsic
apoptotic programthat can be regulated by several spe-
cific biochemical events. Dx-treatment, moreover, does

not affect the molecular machinery of TdT metabolism,
regulated at the early step of thymocyte differentiation,
but intracellular movementof the enzymeappears sub-
ordinate to the modification of nuclear structure. The
experiments reported here suggest that the different re-
sponse to corticosteroids are related to the stage of
thymocyte differentiation and the identification of apop-
totic subpopulation will greatly simplify gene expres-
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Fig. 6. Flow cytometry analysis of rat thymocytes. Section A: Scat-
ter analysis shows three distinguishable populations: small thymo-
cytes (A), intermediate thymocytes (B) and large-size thymocytes (C).
Section B: Flow cytometry alalysis of Bcl-2 protein performed as de-
scribed in materials and methods section. A: small thymocytes. B: in-
termediate thymocytes. C: large thymocytes. It is possible to observe
the different score of positivity related to the size of the cells. The re-
sults showed in section A and B are the same obtained in five different
experiments.

sion and other mechanistic studies of apoptosis.
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