
 

Cell Prolif. 

 

2009, 

 

42

 

, 171–181 doi: 10.1111/j.1365-2184.2009.00587.x

 

© 2009 The Authors 
Journal compilation © 2009 Blackwell Publishing Ltd.

 

171

 

Blackwell Publishing Ltd

 

ORIGINAL ARTICLE

 

Impaired proliferation in Down Syndrome 

 

Widespread impairment of cell proliferation in the neonate Ts65Dn mouse, 

a model for Down syndrome

 

A. Contestabile*, T. Fila*, A. Cappellini†, R. Bartesaghi* and E. Ciani*

 

*

 

Department of Human and General Physiology, University of Bologna, Bologna, and 

 

†

 

Department of Scienze Motorie e della Salute, University of 
Cassino, Cassino, Italy

Received 

 

4

 

 February 

 

2008

 

; revision accepted 

 

26

 

 May 

 

2008

 

Abstract

 

Objectives

 

:

 

 

 

Among the many pathological aspects
of Down syndrome, brain hypoplasia and mental
retardation have been recently ascribed to defective
proliferation of neural precursors during central
nervous system development. By analogy, other features
of Down syndrome, such as heart defects, gastro-
intestinal abnormalities, craniofacial dystrophy and
reduced growth rate could be related, at least in
theory, to similar proliferation impairment in peripheral
tissues.

 

Materials and methods

 

:

 

 

 

In order to test this hypothesis,
we evaluated cell proliferation in peripheral tissues
of the Ts65Dn mouse, one of the animal models most
commonly used to investigate Down syndrome.

 

Results

 

:

 

 

 

In fibroblast cultures from neonatal Ts65Dn
mice, we found that cell proliferation was notably
impaired. While length of the cell cycle was similar
in fibroblasts from Ts65Dn and control mice, the
number of actively proliferating cells was significantly
smaller in Ts65Dn mice. Moreover, fibroblasts from
Ts65Dn animals exhibited limited population-
doubling capacity, decreased proliferative lifespan
and premature senescence. Analysis of cell prolifer-
ation in the skin of neonates, 

 

in vivo

 

, showed that in
Ts65Dn mice, cell proliferation was significantly
reduced compared to control mice.

 

Conclusions

 

:

 

 

 

Our results suggest that defective
proliferation may be a generalized feature of trisomic
mice. In view of the genetic and phenotypic similarities
between Ts65Dn mice and individuals with Down
syndrome, proliferation impairment in various organs

may also occur in subjects with Down syndrome.
Thus, perturbation of a basic developmental function,
cell proliferation, may be a critical determinant that
contributes to the many aspects of pathology of this
condition.

 

Introduction

 

Down syndrome (DS), which arises from trisomy of human
chromosome 21 (HSA21), is the leading cause of geneti-
cally defined intellectual disability. Some of the neurological
abnormalities observed in people with DS have been ascribed
to overall reduction in brain size. Reduced brain size has
been described in infants and even foetuses with DS (1–4),
suggesting the existence of early developmental defects,
rather than late-occurring degenerative processes, in the
aetiology of this abnormality. Indeed, recent evidence
demonstrates that neuronal precursors in the DS foetal
brain exhibit notable proliferation impairment (5,6). In
addition to mental retardation, DS is characterized by
dysfunction of other organs, mainly heart defects,
gastrointestinal anomalies, craniofacial dystrophy and
haematological/immunological abnormalities (7–17).
Reduced growth rate, short stature and brachycephaly are
also features of DS (18–21). All these abnormalities point
at a generalized developmental defect in pathogenesis of
the disease. The mechanism by which trisomy of HSA21
affects body development of people with DS, however, is
still unknown.

In the past few years, many trisomic mouse models of
DS have been proposed, carrying complete or segmental
trisomy of mouse chromosome 16 (Mmu16), the distal
portion of which is syntenic to HSA21 (22–30). Ts65Dn
mice, the animal model most commonly used to demonstrate
DS, carry an extra copy of the distal portion of Mmu16
(22,24,31) and are trisomic for about 50% of HSA21
genes (32,33). Ts65Dn mice show striking similarities
with DS phenotype, including lag in growth and small
body size (34), intestinal anomalies (35), alterations in the
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craniofacial skeleton (36,37), cardiac abnormalities (38),
immunological defects (39,40), and reduced number of
cortical, hippocampal and cerebellar neurones (5,41–45).

Recent evidence clearly indicates that defective prolif-
eration of neural precursors, accompanied by impaired
acquisition of neuronal phenotype and increased cell
death, is responsible for brain hypocellularity and hypo-
plasia both in Ts65Dn mice and people with DS (5,6,44).
So far, no study has addressed the hypothesis that cell
proliferation in other organs may also be impaired and
that this might contribute to the various anomalies seen
in people with DS. In the current study, we have addressed
this issue and examined proliferation in different tissues of
Ts65Dn and control mice. Results show that lag in growth
observed in newborn Ts65Dn mice is accompanied by
decrease of cell proliferation in peripheral tissues.

 

Materials and methods

 

Ts65Dn mouse colony

 

Female Ts65Dn mice carrying partial trisomy of chromo-
some 16 (23,24) were obtained from Jackson Laboratories
(Bar Harbor, ME, USA) and were maintained at the
original genetic background by mating them to C57BL/
6JEi 

 

×

 

 C3SnHeSnJ (B6EiC3) F

 

1

 

 males. Animals were
karyotyped by fluorescence 

 

in situ

 

 hybridization, as
previously described (46). Day of birth was designated
postnatal day (P) zero and animals of 24 h of age were
considered as 1-day-old animals (P1). Animal health and
comfort were appropriately veterinarily controlled with access
to food and water 

 

ad libitum

 

 and living with 12 : 12 h
dark/light cycle. A total of 12 control and 12 Ts65Dn mice
of both sexes were used. For evaluation of body weight,
we used additional animals (18 control and 18 Ts65Dn
mice of both sexes). Experiments were performed in
accordance with Italian and European Community law for
the use of experimental animals approved by the Bologna
University Bioethical Committee. In this study, all effort
was made to minimize animal suffering and to keep to a
minimum numbers of animals used.

 

Cell cultures and estimation of population doubling

 

Primary cultures of mouse fibroblasts were obtained from
the tail of single P2 pups, as previously described (47).
After dissociation of the tissue, cells were plated (passage
0) in Dulbecco’s modified Eagle’s medium supplemented
with 10% foetal bovine serum, 2 m

 

m

 

 glutamine, 100 

 

μ

 

g/ml
penicillin and 50 

 

μ

 

g/ml streptomycin (Sigma, St. Louis,
MO, USA). Cells were grown in 5% CO

 

2

 

 humidified
atmosphere at 37 

 

°

 

C. When monolayer cultures at passage
0 had reached 80–90% confluence (4–5 days), cells were

collected and then cultured in 3T3-like flasks (48) by
plating 1 

 

×

 

 10

 

4

 

 cells/cm

 

2

 

 every 3 days. Experiments (except
where otherwise stated) were performed with cells at
passage two in culture. For measurement of population
doublings (PD), at the end of each passage cells were
harvested and were counted using a haemocytometer
chamber and the trypan blue exclusion method. PD was
calculated from passages 1 to 5 using the formula (49):

PD = [log

 

10

 

(

 

N

 

i

 

/

 

N

 

0

 

)*3.33]

where 

 

N

 

0

 

 was the seeded cell number and 

 

N

 

i

 

 cell harvest
number at each passage. Cumulative PD plots were obtained
by adding PD calculated at each passage to PD of the
previous passage.

 

Immunofluorescence cytochemistry

 

Fibroblasts, plated on coverslips (1 

 

×

 

 10

 

4

 

 cells/cm

 

2

 

), were
fixed for 30 min with 4% paraformaldehyde in 120 m

 

m

 

sodium phosphate buffer, pH 7.4, and then washed in
phosphate-buffered saline (PBS). Coverslips were then
incubated with 2 N HCl for 30 min and were washed
extensively in PBS. Samples were incubated overnight at
4 

 

°

 

C with mouse anti-5-bromo-2-deoxyuridine (BrdUrd)
monoclonal antibody (dilution 1 : 100; Roche Applied
Science, Basel, Switzerland) in blocking buffer (1%
bovine serum albumin, 0.1% Triton X-100 in PBS). Cells
were then incubated with Cy3-conjugated anti-mouse
secondary antibody (dilution 1 : 200; Sigma). After all
incubations, specimens were washed extensively with
PBS containing 0.1% Triton X-100 (PBS-T). To decorate
actin filaments (F-actin), fibroblasts were fixed, washed,
permeabilized with PBS-T and incubated with fluorescein
isothiocyanate-conjugated phalloidin (dilution 1 : 200;
Sigma) for 1 h at room temperature. All samples were
counterstained with Hoechst-33258 dye.

 

Cell-cycle analysis

 

For determination of total cell-cycle length (

 

T

 

C

 

) and S-phase
length (

 

T

 

S

 

) of cultured fibroblasts, the BrdUrd cumulative
method was applied (50–52). Cells were plated on coverslips
(1 

 

×

 

 10

 

4

 

 cells/cm

 

2

 

) and after 24 h they were treated with
10 

 

μ

 

m

 

 BrdUrd for 2, 6, 12, 24, 30 and 36 h, then fixed and
processed for BrdUrd immunofluorescence (see above).
The labelling index (number of BrdUrd-positive cells
over total cell number) was evaluated in 12 random fields
for each sample. Labelling index values obtained at each
time point for control and Ts65Dn fibroblasts were then
plotted as function of time after BrdUrd administration.
Changes in labelling index values over time exhibited the
following behaviour. Initially, labelling index values
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increased, as additional cells passed through the S-phase.
Subsequently, labelling indices reached their maximum
and remained constant, as all cycling cells were labelled
(Fig. 2c). Using linear regression, two least-square lines
(

 

y

 

 = 

 

a

 

*

 

x

 

 + 

 

b

 

) were best-fitted to data points for each
group. Maximum labelling index value corresponded to
growth fraction (GF) and time at which this occured (

 

x

 

GF

 

)
corresponded to the interval 

 

T

 

C

 

–

 

T

 

S

 

. Thus the 

 

y

 

-intercept
(

 

b

 

 parameter of the equation, that is, labelling index at

 

x

 

 = 0) corresponds to (

 

T

 

S

 

/

 

T

 

C

 

)*GF. By solving the system
of equations with two variables:

(

 

T

 

S

 

/

 

T

 

C

 

)*GF = 

 

b

 

(

 

T

 

C

 

 – 

 

T

 

S

 

) = 

 

x

 

GF

 

T

 

C

 

 and 

 

T

 

S

 

 could be calculated:

 

T

 

C

 

 = GF/

 

a

T

 

S

 

 = 

 

b

 

/

 

a

 

.

 

Senescence-associated 

 

β

 

-galactosidase assay

 

For determination of number of senescent cells, fibroblasts
were seeded on coverslips (1 

 

×

 

 10

 

4

 

 cells/cm

 

2

 

). After 24 h,
cells were washed in PBS, fixed for 5 min in 3%
paraformaldehyde, processed for senescence-associated

 

β

 

-galactosidase (SA-

 

β

 

-gal) staining as previously described
(53), and were lightly counterstained with haematoxylin
(Vector Laboratories, Burlingame, CA, USA). Percentage
of SA-

 

β

 

-gal-positive cells over total cell number was
determined in six random fields for each sample.

 

Flow cytometry

 

Analysis by flow cytometry of cell DNA content was
performed as previously described (54). Cells were harvested,
collected (including detached cells in the medium) by
centrifugation, and were incubated in ice for 10 min.
Cells were then stained with propidium iodide for 30 min
at 4 

 

°

 

C (propidium iodine 50 

 

μ

 

g/ml, tri-sodium citrate 0.1%,
RNAse A 0.1 mg/ml, Triton-X100 0.1%). DNA content of
cells was measured using the EPICS-XL flow cytometer
(Beckman Coulter, Fullerton, CA, USA).

 

Histological procedures

 

To determine amounts of proliferating cells 

 

in vivo

 

, P2 mice
(three control and three Ts65Dn mice) received a single
subcutaneous injection (100 

 

μ

 

g/g body weight) of BrdUrd
in 0.9% NaCl solution. Animals were sacrificed 2 h after
BrdUrd injection; skin samples of approximately 1 cm

 

2

 

were then dissected from the dorsal sides, and were fixed
and processed for paraffin wax embedding as previously
described (5). Embedded samples were microtome-
sectioned at 8 

 

μ

 

m and were attached to poly-lysine-
coated slides. Anti-BrdUrd immunohistochemistry was
performed as previously described (5) with anti-BrdUrd
mouse monoclonal antibody (dilution 1 : 100; Roche Applied
Science). Detection was performed using horseradish
peroxidase-conjugated anti-mouse antibody (dilution 1 : 100;
Amersham Biosciences, Uppsala, Sweden) followed with
a DAB kit (Vector Laboratories) and finally counterstained
with toluidine blue. BrdUrd-positive cells were counted
at the epidermal germinative basal cell layer. The number
of BrdUrd-positive cells over total cell number (labelling
index) was measured in six sections (96 

 

μ

 

m apart) for
each sample.

 

Microscopy

 

Bright field images were taken using a Leitz Diaplan
microscope equipped with a motorized stage and a
Coolsnap-Pro colour digital camera (Media Cybernetics,
Silver Spring, MD, USA). Fluorescence and phase
contrast images were taken using an Eclipse TE 2000-S
inverted microscope (Nikon Corp., Kawasaki, Japan),
equipped with an AxioCam MRm (Zeiss, Oberkochen,
Germany) digital camera.

 

Statistical analysis

 

Results are presented as mean 

 

±

 

 standard errors of the
mean and statistical testing was performed using the
two-tailed Student’s 

 

t

 

-test. A probability level of 

 

P

 

 < 0.05
was considered statistically significant.

 

Results

 

Ts65Dn mice exhibit reduced postnatal growth

 

No gross developmental delay appeared to be present
during gestation in Ts65Dn compared to control mice
(34,45). We measured body weight of Ts65Dn mice at P2,
P7 and P30 and in adulthood (15 months). In agreement
with previous evidence (34), we found that at all postnatal
ages examined, Ts65Dn mice had a lower body weight
compared to control littermates (Table 1). Body mass of
Ts65Dn mice was low compared to control littermates by
~22% at P2 and ~35% at P7 as well as at all following
ages. This indicates that Ts65Dn mice exhibited growth
impairment that was already present shortly after birth.
Body weight difference became more prominent during
the first postnatal week and, thereafter, settled to a value
that was retained across all ages.
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Impaired proliferation of fibroblasts from Ts65D mice

 

Low body mass of Ts65Dn mice suggests that expansion
of their body tissues takes place at a lower rate than those
of control mice. Growth impairment may be ascribed to
one or a combination of the following processes: reduced
number of proliferating cells, reduced proliferation rate
and/or increased apoptotic cell death. In order to obtain
information on possible alterations of these processes in
Ts65Dn mice, we examined cell proliferation in cultures
of fibroblasts from newborn (P2) Ts65Dn and control mice.

We first evaluated proliferation of fibroblasts by uptake
of BrdUrd, a thymidine analogue that is incorporated by
proliferating cells during the S-phase of cell cycle. We found
that fibroblasts from Ts65Dn mice had 30% reduction in
BrdUrd incorporation with respect to controls, indicating
substantial proliferation impairment (Fig. 1a). We then
evaluated percentage of apoptotic cells by flow cytometric
analysis of the sub-G

 

1

 

 peak, which is considered to
indicate proportion of apoptotic cells over total (55). We
found that percentage of apoptotic cells over total cell
number was very low (less then 4%). Comparison of Ts65Dn
and control mice, however, showed that in Ts65Dn mice
apoptotic cell death was increased by a factor two com-
pared to control mice (3.38% vs. 2.19%, respectively;

 

P

 

 < 0.05; Table 2). To confirm this finding, we evaluated
apoptotic cell death also based on pyknotic appearance of
nuclei of dying cells. Results showed that percentage of
pyknotic nuclei over total nuclei present in cultures
(assayed by Hoechst nuclear staining) was higher in
Ts65Dn mice with respect to controls (3.79% vs. 1.67%,
respectively; Fig. 1b). Although these data indicate that
fibroblasts underwent more pronounced apoptosis in
trisomic compared to control mice, absolute number of
apoptotic cells was very low, indicating that reduced
number of BrdUrd-positive cells found in cultures from
Ts65Dn mice would mainly have been attributable to

other mechanisms. Namely, reduced proliferation of
fibroblasts from Ts65Dn mice may have been a consequence
of increased length of the cell cycle and/or reduced number
of actively proliferating cells. To distinguish between these
two possibilities, we measured cell-cycle length and size
of the pool of proliferating cells (the growth fraction, GF).

Table 1. Body weight of control and Ts65Dn mice

Control Ts65Dn
Percentage 
of control

P2 1.79 ± 0.06 1.39 ± 0.04b 77.83
P7 4.76 ± 0.22 3.08 ± 0.26a 64.68
P30 14.35 ± 0.94 9.36 ± 1.24a 65.24
15 months 41.57 ± 2.39 26.53 ± 0.86a 63.81

Body weights (in grams) during early postnatal development (P2, P7 
and P30) and in adulthood (15 months), are the mean ± standard error 
of the mean obtained from 6–12 control and 6–12 Ts65Dn mice of both 
sexes at each time point. In the right column, the body weight of Ts65Dn 
mice is expressed as percentage with respect to control animals. The 
letters indicate a difference between control and Ts65Dn mice of 
corresponding age aP < 0.005; bP < 0.001 (Student’s t-test).

Figure 1. Cell proliferation and apoptotic cell death in cultures of
fibroblasts from control and Ts65Dn mice. (a) Number of BrdUrd-
positive cells at the second passage in culture. Results are expressed as
percentage of control values and were obtained from independent cultures
(six control and six TS65Dn mice). (b) Number of pyknotic nuclei
evaluated in Hoechst-stained cultures at the second passage. The number
of pyknotic nuclei was expressed as percentage of total number of nuclei
and was obtained from independent fibroblast cultures (three control and
three Ts65Dn mice). Data in histograms (a) and (b) are mean ± standard
error of the mean. Dots indicate data from single animals. *P < 0.01;
**P < 0.001 (Student’s t-test).

Table 2. Flow cytometry of DNA content of fibroblasts from control
and Ts65Dn mice

Control Ts65Dn

Sub-G1 (apoptotic cells) 2.19 ± 0.46 3.38 ± 0.10a

Diploid G0/G1 (2N cells) 43.93 ± 0.68 34.78 ± 0.21b

S-phase 23.73 ± 0.46 17.23 ± 0.88b

Tetraploid G2/M + binucleate G0/G1 (4N) 30.13 ± 0.46 42.70 ± 0.57b

Values (mean ± standard error of the mean) represent the percentage 
of cells in each fluorescence-activated cell sorting peak obtained from 
independent cultures at the second passage (four control and four 
TS65Dn mice). aP < 0.05; bP < 0.01 (Student’s t-test).
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Total cell-cycle length (TC), S-phase length (TS) and
GF can be estimated by BrdUrd-cumulative labelling.
According to this protocol, successive cohorts of cells
entering S-phase were labelled with BrdUrd at consecutive

time intervals. Fibroblast cultures from P2 Ts65Dn and
control mice at the second passage in culture were incubated
with BrdUrd for increasing time periods, then were fixed and
processed for BrdUrd immunofluorescence cytochemistry
and were counterstained with Hoechst nuclear staining
(Fig. 2a,b). Labelling indices for control and Ts65Dn
fibroblasts at different time points were plotted as func-
tion of time after BrdUrd administration (Fig. 2c). GF, TC
and TS were calculated as described in the Materials and
methods section. Cell-cycle analysis revealed no significant
difference in total cell-cycle length between fibroblasts
from Ts65Dn and control mice and slight, although not
significant, reduction in length of the S-phase (Fig. 2d). In
contrast, GF was significantly smaller (–18%) in cultures
from Ts65Dn mice, indicating that the reduced number of
BrdUrd-positive cells observed 2 h after BrdUrd adminis-
tration in cultures from Ts65Dn mice was due to low size
of the pool of actively proliferating cells and not to a
slower cycling rate (Fig. 2e).

Ts65Dn fibroblasts undergo premature senescence

Evaluation of population doubling (PD) over time pro-
vides an estimate of overall proliferation capacity of a cell
population. Control and Ts65Dn fibroblasts were cultured
up to fifth passage and numbers of cells at the end of each
passage were counted to determine the PD. Cumulative
PD plots for Ts65Dn and control fibroblasts (Fig. 3) showed
that Ts65Dn cells were capable of a limited number of PD
in culture. Consistent with previous published data, fibroblasts
from control mice were capable of around six to seven
PDs in culture (56), whereas Ts65Dn cells did not attain
more than three PDs. A strong decrease in number of cells
produced in Ts65Dn cultures was detectable from the
second passage and became dramatic from the third, when
very few new cells were produced in Ts65Dn cultures.

Figure 2. Cell cycle analysis in cultures of fibroblasts from control
and Ts65Dn mice. BrdUrd immunofluorescence of control (a) and
Ts65Dn (b) fibroblasts at the second passage in culture incubated for 6 h
with 10 μm BrdUrd. Final pictures were obtained by merging BrdUrd
(red) and Hoechst nuclear staining (blue) fluorescence images with cor-
responding phase-contrast images (grey). Scale bar (20 μm) applies to
(a) and (b). (c) Cumulative labelling indices in control (white circles)
and Ts65Dn (black triangles) fibroblasts as function of time after
BrdUrd administration (time 0). Cells, at the second passage in culture,
were incubated with 10 μm BrdUrd for increasing time intervals (2, 4,
6, 12, 24, 30 or 36 h) and processed for BrdUrd immunofluorescence.
Parameters used for cell cycle time length measurement are indicated in
red (see Materials and methods). (d) Total cell cycle (TC) and S-phase
(TS) length of time for fibroblasts from control and Ts65Dn mice. TC and
TS were calculated as explained in the Materials and methods section. (e)
Growth fraction (GF: the pool of actively proliferating cells over total cell
number) of fibroblasts from control and Ts65Dn mice. Values in (c–e)
are the mean ± standard error of the mean of independent fibroblast cultures
(three control and three Ts65Dn mice). **P < 0.01 (Student’s t-test).

Figure 3. Cumulative population doublings (PD) in cultures of
fibroblasts from control and Ts65Dn mice. PD was evaluated for pas-
sages 1–5, as indicted in the Materials and methods section. Values are
mean ± standard error of the mean from independent fibroblast cultures
(six control and six Ts65Dn mice). *P < 0.0001 (Student’s t-test).
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Strong decrease in cell number over time in Ts65Dn
cultures was not due to increase in apoptotic cell death, as
examination of pyknotic cells at passages 3–5 (data not
shown) indicated that at each passage, percentage of
pyknotic cells was similar to that found at the second
passage (see Fig. 1b). These findings indicate that TS65Dn
fibroblasts had very short proliferative lifespan and exhibited
remarkably premature cessation of proliferation with
respect to control cells.

In view of the pattern of PDs in Ts65Dn mouse cells,
with cessation of proliferation after a few passages in
culture, we postulated that Ts65Dn fibroblasts might suffer
premature entry into a senescence-like state. This hypo-
thesis was corroborated by features of fibroblasts from
Ts65Dn mice, which had typical morphology of senes-
cent cells. Ts65Dn fibroblasts (Fig. 4 and see also Fig. 6)
acquired (starting from the first passage in culture)
enlarged and flattened shape, characterized by increased
filamentous actin bundles (F-actin) and larger nuclei,
numerous cells with presence of two or more nuclei
(polyploidy). Polyploid cells accumulated large amounts
of DNA compared to diploid cells, due to DNA synthesis
without cell division (57) and presence of polyploidy in

some types of mammalian cell is generally considered to
indicate cell senescence (58). All features observed in
Ts65Dn fibroblasts were established stigmata of
senescence (56,59–62) detectable in Ts65Dn cultures as
early as first passage in culture, with their number
progressively higher at subsequent passages. As increase
in the number of binucleate cells was particularly evident
in early passages, we evaluated numbers of binucleate
cells over total cell number, in Hoechst-stained cultures,
at the second passage. Results indicate that Ts65Dn mice
had 45% more binucleate cells (Fig. 5a) compared to
controls (12.4% and 8.5%, respectively, P < 0.05).

Cell ploidity can be also evaluated by flow cytometric
analysis of DNA content of cells. The 2 N DNA peak
obtained by flow cytometry represents diploid cells in
G0/G1, 4 N DNA peak is composed of either tetraploid
cells in G2/M or cells with two nuclei in G0/G1, while cells
with between 2 N and 4 N DNA peaks are S-phase diploid

Figure 4. Morphology of fibroblasts from control and Ts65Dn mice.
(a–d) Images of fibroblasts at the second passage in culture from a con-
trol (a, c) and a Ts65Dn (b, d) mouse. (a, b) Phase-contrast images
merged with Hoechst nuclear staining fluorescent images. The arrow in
(b) indicates a binucleate fibroblast. Note the enlarged morphology of
fibroblasts from the Ts65Dn mouse. (c, d) Images showing actin fibres
(F-actin), visualized with fluorescein isothiocyanate-conjugated phalloi-
din. Note the intense network of F-actin in fibroblasts from the Ts65Dn
mouse, a sign of senescence. Scale bar (20 μm) applies to (a–d).

Figure 5. Quantification of binucleate cells in cultures of fibroblasts
from control and Ts65Dn mice. (a) Percentage of binucleate cells over
total cell number, evaluated by counting Hoechst-stained nuclei at the
second passage in culture. Data in the histogram are mean ± standard
error of the mean from independent fibroblast cultures (three control and
three Ts65Dn mice). Dots indicate data from single animals. *P < 0.05
(Student’s t-test). (b) Representative profiles of flow cytometry analysis
of DNA content in cultures at the second passage. Note greater height
of the 4 N DNA peak for Ts65Dn fibroblasts.



Impaired proliferation in Down Syndrome 177

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd, Cell Proliferation, 42, 171–181.

cells. Flow cytometry of DNA content of cells confirmed
a significant increase (+40%) of 4 N Ts65Dn fibroblasts
(Fig. 5b; Table 2). The increased number of 4 N DNA
cells in Ts65Dn cultures was paralleled by reduction in
percentage of diploid cells in either G0/G1 or S-phase of
the cell cycle (–21% and –27%, respectively).

In order to confirm that Ts65Dn fibroblasts suffer
premature entrance into senescence, cells at fourth passage
in culture were stained for SA-β-gal activity. As shown in
Fig. 6a and 6b, Ts65Dn fibroblasts showed dramatic
increase in the number of SA-β-gal-positive cells. Quan-
tification of number of SA-β-gal-positive cells over total
cell number revealed striking increase in percentage of
senescent cells in Ts65Dn cultures (Fig. 6c). This clearly
indicates that Ts65Dn fibroblasts suffered premature
senescence in culture compared to control fibroblasts.

Impaired skin cell proliferation in newborn Ts65Dn mice

Results obtained in cultures of fibroblasts showed that cell
proliferation was strongly reduced in Ts65Dn mice. To
confirm in vitro findings, we examined cell proliferation
in vivo in P2 Ts65Dn and control mice. To this purpose,
P2 pups were injected with BrdUrd and were sacrificed
2 h later. We counted numbers of BrdUrd-positive cells in
the skin, a tissue with high proliferation rate during
postnatal development. Numbers of BrdUrd-positive cells
were expressed as ratios with respect to total cell number
(labelling index). Results showed that Ts65Dn mice had a
reduced number (–27%) of BrdUrd-positive cells compared
to controls (Fig. 7), indicating that in trisomic animals cell
proliferation was impaired compared to control animals in vivo.
It seems interesting to note that reduction in cell proliferation
rate observed in the skin (–27%) as well as in fibroblasts
(–30%) of P2 Ts65Dn vs. control mice was of the same
magnitude as weight difference (–22%) at this age (Table 1).

Discussion

Several lines of evidence suggest that cognitive disability
associated with DS may arise from defective brain devel-
opment, due to reduced proliferation capacity of neural

Figure 6. Quantification of senescent cells. (a, b) Examples of fibro-
blasts at fourth passage in culture from a control (a) and a Ts65Dn (b)
mouse. Fibroblasts were stained for senescence-associated β-galactosidase
activity (SA-β-gal; blue) and lightly counterstained with haematoxylin
(light brown). Note the increased number of SA-β-gal-positive cells
strongly blue stained in the Ts65Dn fibroblast culture. Other features of
senescent cells are also visible in Ts65Dn cells: binucleate cells (arrows)
and cells with enlarged nuclei (arrowhead). Scale bar (50 μm) applies to
(a) and (b). (c) Quantification of the number of SA-β-gal-positive cells
at fourth passage in culture in control and Ts65Dn mice. Data in the
histogram are mean ± standard error of the mean from independent fibro-
blast cultures (three control and three Ts65Dn mice). Dots indicate data
from single animals. ***P < 0.0001 (Student’s t-test).

Figure 7. Proliferation in skin of control and of Ts65Dn mice. (a–b)
Representative images of sections from skin processed for BrdUrd
immunohistochemistry and counterstained with toluidine blue in a control
(a) and a Ts65Dn (b) mouse. These animals received one BrdUrd injection
on P2 and were sacrificed 2 h later. Scale bar (50 μm) applies to (a, b).
(c) Quantification of BrdUrd-positive cells over total cell number (labelling
index) in the skin of control and Ts65Dn mice. Data in the histogram
are mean ± standard error of the mean (three control and three Ts65Dn
mice). Dots indicate data from single animals. *P < 0.01 (Student’s t-tests).
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precursor cells (44,45). An intriguing possibility is that
proliferation in other tissues, apart from brain, could also
be impaired in people with DS and that this defect may
underlie their delayed growth. In this study, we used the
Ts65Dn mouse model to test the hypothesis that defective
cell proliferation rate may be a widespread feature of DS.
We report here, for the first time, that in neonatal Ts65Dn
mice, proliferation is reduced in different tissues during
postnatal development and that this defect is accompanied
by a body weight reduction.

Reduced proliferation and premature senescence of 
Ts65Dn fibroblasts in culture

In order to shed light on possible proliferation defects in
peripheral tissues of Ts65Dn mice, we established fibroblast
cultures from control and Ts65Dn mice. Our results show
that fibroblasts from Ts65Dn mice proliferated poorly and
that this defect was due to a reduced number of cells that
were capable of division (that is, reduced growth fraction)
and not to elongation of cell cycle time. This is at variance
with increased length of the cell cycle of neural precursor
cells observed in Ts65Dn mice during embryonic brain
development (45). It is possible that different mechanisms
underlie proliferation impairment in the trisomic condition,
according to tissue type and/or age. In fibroblast cultures
from Ts65Dn mice, we found significant increase in apoptotic
cell death. However, this increase is unlikely to be the
primary cause of reduced number of proliferating cells, as
the absolute number of apoptotic cells was anyway very
low (less than 4% of total cell number). Nevertheless, in
Ts65Dn cultures could represent a telltale sign of
increased cell stress (see below), which may contribute to
reduce the final cell number.

Interestingly, Ts65Dn fibroblasts were characterized
by increased cell death observed as progressive reduction
in PDs, indicating progressive reduction in size of the
pool of proliferating cells (growth fraction), and stopped
proliferating very prematurely with respect to controls.
Proliferation impairment of Ts65Dn fibroblasts was
accompanied by the full spectrum of morphological and
biochemical features of senescence: enlarged and flat-
tened morphology, increased F-actin bundles, increased
number of multinucleate cells and early appearance of
SA-β-gal activity (56,59–62). This suggests that reduction
in the growth fraction of Ts65Dn fibroblasts was due to
premature entry into a non-proliferative, senescent state.
Polyploidy appears to be a morphological feature typical
of senescence (58). Although genetic regulation of poly-
ploidy has not been fully defined, there is evidence that
different mechanisms may underlie it. In transgenic mice
that abundantly express cyclin-dependent kinase inhibitor
p21, hepatocytes become polyploid and there are fewer

per liver (63), suggesting that derangement in expression
of genes that regulate the cell cycle may lead to poly-
ploidy. Interestingly, oxidative stress, which contributes to
increased genomic instability through DNA damage,
appears also to trigger centrosome hyper-amplification
and polyploid cell formation (62). Overexpression of a
triplicated gene, the Cu/Zn superoxide dismutase (Sod1)
in Ts65Dn mice, may underlie the polyploidy observed in
Ts65Dn fibroblasts.

Previous studies (64,65) have shown that cultured
fibroblasts from people with DS proliferate poorly and
undergo premature senescence, possibly due to oxidative
stress (64,66). The similarity between data from human and
current data from the Ts65Dn mouse further validates the
use of this mouse model for studies aimed at elucidating
the mechanism underlying developmental defects in DS.
The possibility should be taken into account that precocious
senescence observed in fibroblasts from DS humans and
from Ts65Dn mice may be due to the artificial conditions
of the culture system. In this respect, however, it seems
interesting to note that precocious signs of ageing, as
indicated by telomere shortening (67), have been
observed in samples of fibroblasts and lymphocytes from
individuals with DS, even at neonatal ages (68,69). This
would be in agreement with premature signs of ageing
that characterize individuals with DS (70,71). The prema-
ture onset of age-dependent changes in DS individuals
includes greying of hair, hair loss, menopause, osteoporosis,
osteoarthritis, hypogonadism, immunological changes
and senile cataracts (72). In addition, accelerated ageing
of the skin and greater effects of sun exposure on skin
wrinkling have been documented in people with DS
(70,71,73). Low basal levels of many DNA repair
enzymes in people with DS (74,73) and/or increased
free radical metabolism (75), which is known to exist in
DS, may underlie precocious ageing of skin and, possibly,
of other tissues.

Cell proliferation is reduced in skin of Ts65Dn mice

To establish whether proliferation impairment involves
other peripheral tissues besides fibroblasts, we have
examined here proliferation in skin samples, by labelling
proliferating cells with BrdUrd. Our results indicate that
the skin of Ts65Dn mice exhibits notable reduction in
proliferation rate. Moreover, preliminary data from our
laboratory (unpublished observations) also show that
Ts65Dn mice exhibit reduced proliferation rate in cells of
the liver and small intestine. This set of evidence confirms
our hypothesis that proliferation impairment may be a
generalized feature of the trisomic condition. Proliferation
impairment of neural precursors during embryonic devel-
opment has been shown to be due to extension of cell
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cycle time. We found here in fibroblasts from neonate
mice that reduced proliferation was due to precocious
replicative senescence. It remains to be established whether
defective cell proliferation is retained across ages and
whether the mechanisms underlying it (that is, longer cell
cycle time or growth fraction reduction) differ according
to tissue type.

Conclusions

Current findings show for the first time, that cells of
various peripheral tissues of the neonate Ts65Dn mouse
have impaired proliferation rate, suggesting that defective
proliferation may be a generalized feature of the trisomic
condition. Given the genetic and phenotypic similarities
between Ts65Dn mice and DS, a similar generalized
defect is likely to occur also in people with DS. DS
pathology is characterized, in addition to mental retardation,
by a reduced growth and derangement of numerous body
functions. Perturbation of a basic developmental process,
cell proliferation, may be a critical determinant that
contributes to the many aspects of the pathology.
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