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Abstract

Human trisomy 21, Down syndrome (DS), is characterized by mental retardation. In addition, high risks of developing hema-
tological and immune disorders, as well as cardiac, skeletal and other abnormalities are life-long concerns. Recent data suggested
that bone marrow contains progenitors, hematopoietic or stromal cells, which may have the potential of generating non hematopoi-
etic tissue such as neural cells, cardiac cells or osteoblasts. Therefore we have used a model of Down syndrome, Ts65Dn mice, to
investigate their bone marrow. We have found that the vast majority of CD34+ cells in the bone marrow of adult Ts65Dn mice, but
not of the CD34− cells, exhibit a drastic reduction in their in vitro growth capacity. In addition to neural antigens, cultured CD34+
cells from trisomic and diploid mice also expressed mast cell markers. To cite this article: B. Jablonska et al., C. R. Biologies 329
(2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Réduction drastique de la prolifération des cellules CD34+ cultivées à partir de la moelle osseuse de souris modèle du
syndrome de Down. La trisomie du chromosome 21 chez l’homme, ou syndrome de Down, est essentiellement caractérisée par
un retard mental. Il existe en outre un risque élevé de désordres hématologiques et immunitaires ainsi que des anomalies diverses
affectant entre autres le cœur, les os et les muscles tout au long de la vie. Des études récentes suggèrent que la moelle osseuse
pourrait contenir des progéniteurs, cellules hématopoïétiques ou stromales qui pourraient éventuellement être à l’origine de tissus
non hématopoïétiques tels que les cellules neurales, ostéoblastiques ou cardiaques. Nous avons donc étudié la moelle osseuse de
la souris Ts65Dn, qui constitue un modèle de la trisomie 21. La très grande majorité des cellules CD34+, mais pas les cellules
CD34−, sont apoptotiques, ce qui a pour résultat une diminution très importante de leur capacité de multiplication in vitro. En plus
d’antigènes neuraux, les cellules CD34+ des souris trisomiques et diploïdes expriment également des marqueurs de mastocytes.
Pour citer cet article : B. Jablonska et al., C. R. Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Human trisomy 21, Down syndrome (DS), is essen-
tially characterized by mental retardation. In addition,
the risk of developing hematological and immunologi-
cal disorders is drastically increased in these patients [1,
2]. A mouse model of human trisomy 21, Ts65Dn, has
been produced with partial trisomy of chromosome 16,
since its distal third is syntenic to the distal end of chro-
mosome 21 and comprises 104 trisomic genes. Ts65Dn
mice survive to adulthood and exhibit phenotypic ab-
normalities that resemble those of DS individuals [3].

We have recently reported that bone marrow cells
from adult mice cultured with IL3, IL6 and SCF can
be grown in culture over 30 generations, so that over a
4 month period of culture 1 × 1015 cells were generated
from 1 × 109 cells. These cells were CD34+, expressed
the hematopoietic stem cell markers: Sca1, AA4.1, and
cKit, as well as neural antigens [4].

It has been recently reported that the bone marrow
contains progenitors – either hematopoietic or stromal
cells – that have the potential of generating a variety of
non-hematopoietic tissues such as neural cells, cardiac
cells or osteoblasts [5–7]. These data suggested that it
might be of interest to explore the properties of bone
marrow cells of Ts65Dn mice. Therefore, these cells
were put into culture in conditions identical to those pre-
viously used for normal mice.

The main result is that the in vitro growth capacity of
bone marrow CD34+ cells from Ts65Dn mice is drasti-
cally reduced, yet they express a phenotype comparable
to that of diploid cells.

2. Materials and methods

2.1. Mouse strains

The DS model mice – Ts(1716)65Dn (The Jackson
Laboratory, Bar Harbor, ME) – were used in in vitro
and ex vivo experiments. Diploid mice were the litter-
mates of the Ts(1716)65Dn mice. These studies were
conducted with the National Institutes of Health guide-
lines and the Institutional Animal Care Committee at
University of Maryland (Baltimore, MD).
2.2. Preparation and experimental conditions of bone
marrow cells

2.2.1. Preparation of ex vivo bone marrow cells
Bone marrow cells were obtained and prepared

in the same way as reported previously [4]. Briefly,
cells were collected aseptically from the femurs of
Ts65Dn and diploid adult mice, fixed immediately in
4% paraformaldehyde, washed 2 times in 0.01M PBS
(pH7.4) and deposited onto microscope slides by cy-
tospin and stored at −80 ◦C until use.

2.2.2. Preparation of in vitro bone marrow cells
The sample of cells from one adult mouse femur

was suspended in 10 ml of DMEM (GIBCO Invitrogen,
Carlsbad, CA) containing 10% FBS with the follow-
ing supplements: 5 ng ml−1 interleukin-3 (IL3), mouse
10 ng ml−1 interleukin-6 (IL6), 10 ng ml−1 mouse stem-
cell factor (SCF) (R&D Systems, Minneapolis, MN),
and a 1:1000 dilution of 10 µl 2-mercaptoethanol in
2.9 ml of H2O. No matrix, substrate, or feeder cells
were added to the liquid medium in the tissue-culture
flasks. The medium was distributed into two T75 tissue-
culture flasks to grow the cells at 37 ◦C in humidi-
fied 10% CO2 in air. Passaging and feeding the cells
with addition of 5 ml of fresh medium to each flask
were usually done two times a week. Only the float-
ing cells were passaged, leaving behind all the attached
cells such as bone marrow stromal cells, endothelial
cells, and macrophages, etc. Floating cells were sub-
cultured in 50% conditioned medium from the previ-
ous culture and 50% fresh medium at 2 × 106 cells per
10 ml. After 3–4 weeks, the cultures contained only
dividing floating cells, and the cells no longer differ-
entiated into macrophages and other cells that attached
to the flask. After 10 weeks of culture cells were fixed
in 4% paraformaldehyde, washed two times in 0.01M
PBS (pH7.4) and deposited onto microscope slides by
cytospin and stored at −80 ◦C until use.

2.3. Immunocytochemistry

Immunocytochemical studies were performed on ex
vivo and in vitro bone marrow cells. Paraformaldehyde-
fixed cells on microscope slides were treated with
0.25% Tween 20 for 3 min at 21◦C, washed three times
in PBS, and analyzed by standard immunocytochem-



728 B. Jablonska et al. / C. R. Biologies 329 (2006) 726–732
istry methodology with the following antibodies: pri-
mary antibodies against CD34, Sca-1 (BD Pharmingen,
San Diego, CA, USA), cKit (Cymbus Biotechnology,
Chandlers Ford, UK), CD38 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), Ki67 (Novocastra Labo-
ratories Ltd, Newcastle upon Tyne, UK). Additionally,
for cultured cells staining the following antibodies were
used: AA4.1, CD45 (BD Pharmingen), B220 (Santa
Cruz Biotechnology), F4/80 (Serotec, Raleigh, NC,
USA). After 1-h incubation in blocking buffer (0.01 M
PBS, pH7.4, 10% Normal Goat Serum, 0.3% TritonX-
100) with primary antibody the cells were washed three
times in 0.01 M PBS buffer and then treated with the
secondary antibody for one hour at room temperature.
The following secondary antibodies were used: Alexa
Fluor 546 F(ab′)2 goat anti rabbit IgG H + L (Mole-
cular Probes Invitrogen, Carlsbad, CA), Fluorescein
(FITC) AffiniPure Goat Anti-Rat IgG (H + L), Fluo-
rescein (FITC)-labeled F(ab′)2 goat anti-rabbit, Rho-
damine conjugated affinity Pure F(ab′)2 goat anti-rat
IgG (H + L) (Jackson ImmunoResearch Laboratories,
West Grove, PA). After three washes in 0.01 M PBS
(pH7.4) the cells were mounted in Vectashield mounting
medium with DAPI (Vector Laboratories, Burlington,
CA). In each labeling, we used the secondary antibody
alone as a control.

2.3.1. TUNEL assay
Fixed cells from diploid and Ts65Dn were processed

with cleaved caspase 3 (c-caspase 3) antibody (Cell Sig-
naling Technology, Danvers, MA) and TUNEL by using
an apoptosis detection kit (Roche Bioscience) following
the manufacturer protocol. Cleaved caspase 3 antibody
was used according to the immunocytochemical method
described above.

2.3.2. BrdU labeling
To label mitotic bone marrow cells, 10-week-old cul-

tures were incubated with one pulse of BrdU (final con-
centration 10 µM). After 5 h of incubation the cells were
collected and prepared for immunolabeling as described
above. Before labeling with the primary antibody the
antigen retrieval was performed on the cultured cells us-
ing Retrievigen A (pH 6.0) (550524, BD Pharmingen)
for 45 min. Then, a standard immunocytochemical pro-
tocol was carried out using anti-BrdU (1:100, 347580,
Becton Dickinson, San Diego, CA) as a primary an-
tibody and goat anti-mouse biotinylated IgG (1:300,
BA-9200, Vector Laboratories) as a secondary antibody.
The labeling was detected with DAB chromogen (Vec-
tor Laboratories).
2.3.3. Labeling of mast cells
Mast cells from various ages were labeled in two

different ways. For histochemical analysis, cells were
spun down, fixed in methanol, stained with 0.1% tolu-
idine blue and then washed in PBS. For living cells
we used FITC-conjugated anti-FcεRIα antibody (eBio-
science, San Diego, CA, USA) diluted in 0.1 M PBS
(pH7.4) with 1% BSA, in a final concentration 1:200.
After 30 min of incubation, the cells were washed three
times in PBS.

2.4. Western blot analysis

Proteins from cultured CD34+ cells were separated
by 10, 12, and 4–20% gradient polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose membranes
as reported [4], and analyzed using specific antibod-
ies against: cKit (CBL1359, Cymbus Biotechnology,
Chandlers Ford, England), IL3R, IL6R (SC 681 and
SC 13947, respectively, Santa Cruz Biotechnology), c-
caspase 3 and p53 (9661S and 2524, respectively, Cell
Signaling Technology).

3. Results

We have previously reported that bone marrow
CD34+ cells from various diploid strains of mice are
highly proliferative in culture and can grow as a pure
population over 30 generations [4]. In the present study
we have investigated the growth capacity in culture
of bone marrow cells from TS65Dn mice in parallel
with that of diploid littermates. Starting with the same
number of bone marrow cells in diploid and Ts65Dn
(2 × 106 cells), the cell density of cultures was main-
tained at comparable levels during the growth curve
measurements. After 80 days in culture, when all cells
in diploid and trisomic cultures were CD34+, the cu-
mulative number of CD34+ cells from Ts65Dn bone
marrow was about 109, while at the same time point,
the number of cells from diploid littermates reached
1015 (Fig. 1A). To investigate the drastic reduction in
in vitro proliferation of CD34+ bone marrow cells from
trisomic mice, they were labeled with BrdU, a marker
of S phase of the cell cycle and with Ki67 antibody, a
marker of proliferating cells (Fig. 1B). Fig. 1B1 and B2
shows that only 10 ± 2 and 20 ± 5%, respectively, of
the trisomic CD34+ cells were mitotically active com-
pared to 70 ± 1 and 80 ± 2%, respectively, of diploid
cells (t -test, p < 0.01). In parallel, the proportion of tri-
somic CD34+ cells exhibiting an apoptotic phenotype
was more than 60%, versus less than 10% in diploid
CD34+ cells as illustrated by c-caspase 3 (Fig. 1C1).
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Fig. 1. (A) Growth curves of bone marrow cells of adult diploid (P) and Ts65Dn (") mice. In diploid cell cultures, the number of proliferating cells
is 6–7 logs greater than in Ts65Dn cell cultures. (B, C) Cultures of bone marrow cells from diploid and Ts65Dn mice. All cells are CD34 positive
and are labelled with DAPI (blue). (B) Mitosis detected by anti-BrdU and anti-Ki67 antibodies. The proportion of proliferating cells in Ts65Dn
mice is significantly reduced. Graphs represent the percentage of BrdU+ (B1) and Ki67+ (B2) of CD34+ cells cultured for 6, 8 and 10 weeks. The
values represent mean ± SEM. (C) Apoptosis of CD34+ cells detected by nuclear DAPI staining and anti-c-caspase 3 and anti-p53 antibodies. The
number of apoptotic cells is significantly higher in Ts65Dn cultures than in diploid. White arrows point to apoptotic nuclei. (C1) Graph represents
the percentage of cells expressing c-caspase 3 in CD34+ cultures from diploid and Ts65Dn mice at 6, 8 and 10 weeks. In Ts65Dn cultures, the
number of apoptotic cells is much higher than in diploid cultures. The data represent mean ± SEM, c-caspase 3 stands for cleaved caspase 3. (C2)
Western blot analysis shows the presence of p53 in CD34+ cells of Ts65Dn cultured for six weeks. TA, TC – individual trisomic mice, DA, DE –
individual diploid mice. (D) Phenotypic markers in 10-week-old cultures of CD34+ cells from diploid and Ts65Dn mice.
Fig. 1C2 shows a much stronger expression of p53 sig-
nal in trisomic animals. In addition, the phenotype of the
slow growing population of trisomic CD34+ cells was
similar to that of diploid littermates. Both expressed the
hematopoietic stem cell markers cKit and Sca1, but not
the lineage specific markers listed in Fig. 1D. They both
expressed markers found in neural cells as reported pre-
viously [7]. However, during the course of these studies,
it has been reported that CD34+ bone marrow cells cul-
tured in conditions similar to those we used expressed
markers compatible with a mast cell phenotype [8]. We
therefore investigated whether CD34+ cells cultured
from bone marrow of Ts65Dn mice and their diploid
littermates express a mast cell phenotype. Indeed, they
both contained highly positive toluidine blue granules
and were immunolabeled by FcεRIα antibody (Fig. 2).
Taken together, these data indicate that the popu-
lations of the bone marrow CD34+ cells in culture
from trisomic and diploid mice are comparable, except
for their growth capacity, which is drastically reduced
in cells from trisomic mice. Therefore we investigated
which mechanisms could account for the low growth
of CD34+ cells from Ts65Dn mice. One obvious pos-
sibility is that the cells lack receptors for the cytokines
used in these experiments. However, as shown in Fig. 3,
receptors for IL3 and IL6 were detected at compara-
ble levels in CD34+ cultures from diploid and trisomic
mice. We then asked the question whether CD34+ cells
from ex vivo bone marrow of trisomic mice expressed
markers which may account for the defective growth ca-
pacity of these cells. The percentage of ex vivo bone
marrow CD34+ cells from diploid and Ts65Dn mice
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Fig. 2. 14 and 25 day-old cultures of bone marrow cells stained with
(A) toluidine blue and (B) anti-FcεRIα antibody. The number of cells
containing grey granules or expressing FcεRIα receptors, specific for
mast cells, greatly increases between 14 and 25 DIC. DIC: Days In
Culture.

Fig. 3. Western blot analysis of IL3 and IL6 receptors in Ts65Dn and
diploid cultures. Equal amounts of total cell protein were added as
shown by the level of c-kit expression DC: individual diploid mouse;
TA TB, TC: individual trisomic mice.

was comparable (8 ± 0.6% and 5 ± 0.4% respectively).
The vast majority of CD34+ cells from trisomic mice
(76±6.2%) exhibited an abnormal nuclear morphology
as opposed to a minority (21 ± 1.9%) in their diploid
littermates (t -test, p < 0.01, data not shown). Double
labeling of ex vivo bone marrow cells with CD34+ and
TUNEL or c-caspase 3 markers (Fig. 4A) indicated that
the vast majority of CD34+ cells in Ts65Dn mice might
enter the apoptosis pathway, while virtually no CD34−
expressed apoptotic markers. Moreover, the percentage
of double labeled cells with p53 and CD34 was higher
in the trisomic versus normal littermates. When ex vivo
CD34+ cells from both of types of mice were stained
with Ki67 (Fig. 4B) only 28 ± 4.5% of trisomic CD34+
cells were immunolabeled versus 89 ± 5.0% of diploid
cells (t -test, p < 0.01). Then, we investigated the phe-
notype of ex vivo CD34+ cells from trisomic and con-
trol mice. Fig. 4B shows that they both expressed c-Kit,
sca-1 and CD38 markers present in hematopoietic stem
cells. Thus, CD34+ cells from trisomic mice, although
the majority of them appear apoptotic, seem to be a
population similar to that of their diploid littermates.
In sharp contrast, in the CD34− cell population, which
represents 90–95% of all nucleated bone marrow cells
in mice, only 1–3% exhibited an abnormal nuclear mor-
phology and was labeled with TUNEL, c-caspase 3 or
p53 markers. It is of interest that the blood cell counts of
Ts65Dn mice are not significantly different from those
of diploids (data not shown).

4. Discussion

The main finding of this report is that a distinct popu-
lation of bone marrow cells characterized by expression
of the CD34+ molecule exhibits a marked decrease in in
vitro growth capacity in mice which have a triplication
of the chromosome homologous to human chromosome
21, as compared to diploid mice. In this chromosome,
the region syntenic to the human chromosome 21 con-
tains 104 triplicated genes. Which product(s) of the tri-
somic genes [9] are expressed the apoptosis of bone
marrow CD34-positive cells and leads to their drasti-
cally decreased growth capacity? Among them, some
are known to be involved in cell cycle and apoptosis,
such as Sod-1, an antioxidant enzyme, whose overex-
pression leads to a hypoplastic thymus and bone mar-
row abnormalities [10] or the transcription factor Runx1
[11] which codes for AML-1, involved in hematopoiesis
regulation and also in DS leukemias [12]. We have also
shown that the apoptotic p53 protein is increased in
trisomic CD34+ cells, possibly as a result of overex-
pression of the transcription factor ets-2, which binds
to the promoters of p53 gene as well as to that of
p21, a regulator of cell proliferation [13–15]. The most
surprising result of this study is that the presence of
apoptotic markers is strictly restricted to CD34+ cells.
We may speculate that the CD34 protein or associated
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Fig. 4. (A) All cells are stained with DAPI (blue), CD34 positive cells are red, and cells stained for TUNEL, c-caspase 3 or Ki67 are green, yellow
cells are triple stained with DAPI, CD34 and TUNEL, or c-caspase 3, or Ki67 (white arrowheads). (B) The percentage of cells double labeled by
CD34 and c-caspase3, or TUNEL, or p53 is significantly higher in Ts65Dn mice. Conversely, the percentage of cells double labeled with CD34 and
Ki67 is much higher in diploid mice. In contrast, the hematopoietic markers: c-Kit, Sca1 and CD38 label the vast majority of CD34+ cells both in
diploid and trisomic mice.
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proteins contribute to a transduction process involved
in an apoptosis pathway. It will be therefore of inter-
est to compare expression of above genes, among oth-
ers, in the homogeneous population of cells expressing
CD34+ versus CD34− cells and as well to measure the
effect of trisomic gene expression on the pattern of non-
trisomic gene expression in CD34+ cells. It has already
been shown in Ts65Dn and in another model of Down
syndrome-Ts16 mice, that there is increased apoptosis
in the nervous system in the hippocampus [16] and cor-
tical neurons [17], thymus [2,4,18] and germ cells [19].
Indeed, it has been reported that during the development
of the neocortex of the Ts16 mouse, as compared to con-
trols, a smaller proportion of progenitors that exit the
cells cycle, a longer cell cycle, and a reduced growth
fraction, as well as an increase in apoptosis [20]. The
trisomy model of stem-cell proliferation may yield the
genetic basis of a general mechanism for control of the
balance of cell mitosis and apoptosis. Finally, it may be
of interest that the slowly growing Ts65Dn CD34+ cells
in the culture display a mast cell phenotype because of
the role of these cells in inflammatory and immunoreg-
ulatory processes [21].
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