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ABSTRACT: Down syndrome (DS) is a genetic condition resulting from triplication of human 

chromosome (HSA)21. Besides intellectual disability, DS is frequently associated with hypotonia. 

Satellite cells are the resident cells that provides robust and remarkable regenerative capacity to 

the skeletal muscles, and its population size has been reported to be disease-associated.  However, 

little is known about the population size of satellite cells in DS and the association of its intrinsic 

cellular functionality and hypotonia seen in DS. Here, we studied the Ts1Cje mouse, a DS murine 

model displays the muscle weakness characteristic. Satellite cell populations were immunostained 

with Pax7 and myonuclei numbers in the Ts1Cje extensor digitorum longus muscle were assessed. 

Their cellular function was further determined via in vitro assay in high-serum conditioned medium. 

Subsequently, the in vitro self-renewal, proliferative, and differentiation activities of these myogenic 

precursor cells were assessed after 24, 48, and 72h using Pax7, MyoD, and Ki67 immunomarkers. 

Our results showed that the population and functionality of Ts1Cje satellite cell did not differ 

significantly when compared to the wildtype cells isolated from disomic littermates. In conclusion, 

our findings indicated that intrinsic cellular functionality of the satellite cells, do not contribute to 

muscle weakness in Ts1Cje mouse. 
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1. INTRODUCTION 

Down syndrome (DS) is a chromosomal condition 

caused by trisomy of human chromosome 21 (HSA21), 

which occurs at a rate of approximately 1 in every 700 

live births worldwide [1-2]. The extra copy of 

chromosome 21 caused the imbalance expression of 

HSA21 and non-HSA21 genes, and eventually leads to 

various phenotypic features in DS individuals such as 

cognitive impairment, craniofacial abnormalities and 

hypotonia. 

 

Hypotonia is a state of low muscle tone accompanied by 

a slower response speed together with reduced muscle 

strength [3-4]. Cowley et al. [5] reported that the force 

generated by the knee extensor muscle of DS individuals 

is approximately 40%-70% less than that generated by 

individuals with intellectual disabilities other than DS 

and those with normal intellectual ability.  

 

Satellite cells are rare mononuclear cells with a low 

cytoplasmic content that are wedged between the basal 

lamina and sarcolemma of postnatal skeletal muscle [6]. 

In adult skeletal muscle, satellite cells are mitotically 

quiescent under normal circumstances and become 

activated in response to exercise and muscle injury [7]. 

Activated satellite cells, identified by their expression of 

myogenic regulatory factor MyoD, transiently re-enter 

the cell cycle to proliferate and subsequently exit the 

cell cycle to differentiate or self-renew [8]. Hence, 

satellite cells play an essential role in skeletal muscle 

regeneration and maintenance of homeostasis [9]. It is 

hypothesized that a small defect in satellite cells can 

lead to a series of complications in recurrent 

regeneration. Many studies have reported that 

impairment of satellite cells is responsible for the 

pathogenesis of many muscular diseases [10-11]. 

Unfortunately, only limited information on the 

population size of the satellite cells in DS skeletal muscle 

and in exploring their role in muscle weakness seen in 

animal models of DS. 

 

In this study, Ts1Cje mouse model of DS, also known as 

T(12;16)1Cje [12] was used to identify possible 

mechanisms involved in DS-associated hypotonia, 

focusing on characterization of the population size and 

cellular function of satellite cells isolated from Ts1Cje 

mouse skeletal muscles. The Ts1Cje mouse displays a 

remarkable number of phenotypic characteristics 

reminiscent of those commonly observed among DS 

individuals, including structural and cognitive 

alterations of the brain, craniofacial alterations and 

congenital heart defects [13]. Recent studies reported 

that Ts1Cje display reduced grip strength and locomotor 

activity compared to disomic/wildtype (WT) littermates 

[14]. Thus, Ts1Cje mice have considerable value in 

studies investigating the mechanisms of DS-associated 

pathology. 

 

2. MATERIALS AND METHODS 

2.1 Animals and ethics statement 

This study was approved by the Institutional Animal 

Care and Use Committee (IACUC), Universiti Putra 

Malaysia (UPM) (Reference number: UPM/IACUC/AUP-

R003/2014). Adult disomic C57BL/6 mice (WT/control) 

and adult trisomic Ts1Cje mice at postnatal days (P) 56–

70 were used. They were generated by mating male 

Ts1Cje mice with female C57BL/6 mice, and their 

genotypes were determined by tail genotyping as 

described previously [12,15]. All mice were bred under 

controlled environmental conditions with a 12-h 

light/12-h dark cycle at 21–23°C and 55% relative 

humidity. Food and water were available ad libitum with 

a standard pellet diet. All mice were euthanized by 

cervical dislocation after being anesthetized in a 

chamber containing 2.5% isoflurane in 100% oxygen. 

 

https://creativecommons.org/licenses/by-nc/4.0/
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2.2 Single myofiber isolation, immunostaining, and 

analysis 

The extensor digitorum longus (EDL) muscle from adult 

Ts1Cje mice (n = 9; 4 males, 5 females) and age-matched 

control littermates (n = 9; 4 males, 5 females) were 

harvested using a tendon-to-tendon approach. Single 

myofibers were isolated as described previously [16]. 

The satellite cells were immunostained with Pax7 (1:5; 

Developmental Studies Hybridoma Bank, Iowa City, 

USA), while the myonuclei were counterstained with 4, 

6-diamidino-2-phenylindole (DAPI). Subsequently, 

fluorescence microscopic images were acquired using 

an Olympus BX51 fluorescence microscope (Olympus, 

Tokyo, Japan) equipped with an UPlanF1 objective lens 

with Olympus ANALYSIS® FIVE acquisition software.  

Further image processing was achieved using ImageJ 

software (http://rsbweb.nih.gov/ij/). Satellite cells and 

myonuclei were counted manually in images captured 

at 10X magnification with the aid of ImageJ to 

determine the number of each myofiber.  Student’s t-

test was performed to test for significant differences 

between the two genotypes. This experiment was 

conducted on 20 isolated EDL myofibers per replicate 

and biological triplicates for each genotype (e.g., a total 

of ≥80 collected myofibers per genotype).  

 

2.3 Primary myoblasts isolation, culture, 

immunostaining and analysis 

The EDL of six adult male mice (n = 3 per genotype) was 

harvested and digested in 0.2% (w/v) collagenase type I 

solution at 37°C for 60 min. The cells were pelleted by 

centrifuged at 300g for 5 minutes at 16°C. The cell pellet 

was resuspended in 0.05% Trypsin-EDTA (Gibco, Paisley, 

UK), and serial trituration was subsequently performed 

using pipettes with different bore sizes (from 10-ml 

serological pipette, 5-ml serological pipette, 1-ml 

pipette tip to 18 G needle attached to a 1-ml syringe). 

The satellite cell-trypsin mixture was then incubated at 

37°C for 10 min, centrifuged at 300g for 10 min at 16°C.   

The cell pellet was resuspended in conditioned medium 

[DMEM containing sodium pyruvate, 20% fetal bovine 

serum (Gibco), 10% horse serum (Hyclone, Logan, UT, 

USA), 1% chick embryonic extract (Gemini Bio Products, 

West Sacramento, CA, USA), and 1% penicillin-

streptomycin (Gibco)] and filtered through a 40-µm 

nylon cell strainer (Corning Incorporated, Corning, NY, 

USA).  The cell suspension was preplated in uncoated T-

75 tissue culture flask (Techno Plastic Products, 

Trasadingen, Switzerland) for 2 h. After preplating, the 

purified cells were cultured in the 10% Matrigel®-coated 

24-well plastic tissue culture plates (Techno Plastic 

Products).  

 

When the primary myoblasts culture reached 75% 

confluency, they were trypsinised and seeded on 8-well 

removable micro-chamber slip (Ibidi USA, Madison, WI, 

USA) at a density of 1,000 cells/well in conditioned 

medium. The primary myoblast cultures were 

subsequently fixed and subjected to double 

immunocytochemical staining. In brief, the cells were 

fixed with 4% (w/v) paraformaldehyde (pH 7.4) in PBS 

for 10 min, permeabilized with 0.5% (v/v) Triton X-100 

for 8 min and blocked with 1X PBS containing 1% (v/v) 

goat serum (Gibco) overnight at 4°C. The cells were 

incubated with primary antibody for overnight at 4°C 

then with secondary antibody for 1 h at room 

temperature followed by mounting in ProLong® Gold 

Antifade Reagent (Invitrogen, Carlsbad, CA, USA) 

containing DAPI. Self-renewing, proliferating, and 

differentiating myoblast progeny were distinguished as 

Pax7+MyoD-, Pax7+MyoD+ and Pax7-MyoD+, 

respectively [17]. Myoblast proliferation and 

differentiation were confirmed using the cell 

proliferation marker Ki67 [18] combined with the 

myogenic marker MyoD. Proliferating and 

differentiating myoblast progeny were distinguished as 

Ki67+MyoD+ (proliferating) and Ki67-MyoD+ 

(differentiating). Primary antibodies used were mouse 

monoclonal anti-Pax7 (1:5; clone Pax7; Developmental 

Studies Hybridoma Bank, Iowa City, IA, USA), mouse 

monoclonal anti-MyoD (1:200; clone 5.8A; Thermo 

Fisher Scientific, Inc., MA, USA), and rabbit polyclonal 

anti-MyoD (1:200; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA).  

 

Fluorescent microscope images were acquired then 

processed and assembled into figures using ImageJ 

(http://rsbweb.nih.gov/ij/). The number of progeny 

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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from each different group was counted manually in 

images captured at 20X magnification using ImageJ. The 

self-renewal, proliferation and differentiation indices of 

progeny were determined by calculating the mean 

percentage of Pax7+MyoD- (self-renewing); 

Pax7+MyoD+ and Ki67+MyoD+ (proliferating) and Pax7-

MyoD+ and Ki67-MyoD+ (differentiating) progeny in at 

least 200 cells. Significant differences between Ts1Cje 

and WT controls were determined using Student’s t-

test. A minimum of three replicates were analyzed for 

each experiment. 

 

3. RESULTS 

3.1 Assessment of satellite cell populations and 

myonuclei number in skeletal muscle of Ts1Cje mice 

Associated satellite cells were quantified by Pax7 

immunostaining (a marker for quiescent satellite cells), 

and all myonuclei were counterstained with DAPI 

(Figure 1a). The corresponding results showed no 

significant differences (P > 0.05) in the number of Pax7- 

 

expressing satellite cells per myofiber between the two 

genotypes in both male (WT = 7.73 ± 0.8; Ts1Cje = 6.97 

± 0.6; n = 4; P = 0.5845) and female (WT = 4.75 ± 0.6; 

Ts1Cje = 4.76 ± 0.5; n = 5; P = 0.9883) groups, suggesting 

there are no differences in the satellite cell pools 

between both genotypes and genders (Figure 1b). 

 

To further investigate the size of myofibers, the average 

number of myonuclei present in each myofiber was 

assessed. The results showed there was no significant 

difference (P > 0.05) in the average number of 

myonuclei present in each myofiber of the two 

genotypes for both genders (male: WT = 268.70 ± 9, 

Ts1Cje = 253.83 ± 11, n = 4, P = 0.4572; female: WT = 

233 ± 8, Ts1Cje = 213.59 ± 8, n = 5, P = 0.2844; Figure 

1c). These data suggest that Ts1Cje mouse myofibers 

are similar in size to those of WT mice. Taken together, 

normal satellite cell pool size and myonuclear 

populations are present in the Ts1Cje mouse skeletal 

muscle. 

 

 

 

Figure 1. Analysis of the satellite cells and myonuclei in the trisomic Ts1Cje skeletal muscle. (a) Isolated single myofibres 

immunostained with (i) Pax7 and (ii) DAPI show satellite cell and myonuclei. Scale bar 2000µm. Student t-test revealed both 

(b) average number of satellite cells and (c) average number of myonuclei in each myofiber did not differ significantly between 

the two genotypes for both genders. In vitro cellular function analysis also demonstrated that the (d) Pax7+MyoD--self-

renewing, (e) Pax7+MyoD+-proliferating and (f) Pax7-MyoD+ -differentiating population of satellite cells were not statistically 

significant between the two genotypes across the 24, 48 and 72 consecutive hours of assessment. 
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3.2 Assessment of the cellular function of satellite 

cells from Ts1Cje mouse skeletal muscle 

The self-renewal efficiency of satellite cells was also 

assessed in this experiment. The Pax7+MyoD- (self-

renewing) satellite cells of the Ts1Cje culture (24 h: 1.27 

± 0.34%; 48 h: 1.41 ± 0.41%; 72 h: 1.37 ± 0.40%) was 

consistently lower than the WT control (24 h: 2.17 ± 

0.49%; 48 h: 1.98 ± 0.44%; 72 h: 2.09 ± 0.41%), although 

not statistically significant (24 h: P = 0.2136; 48 h: P = 

0.3977; 72 h: P = 0.2725) (Figure 1d).   

 

We found that the number of Pax7+MyoD+ 

(proliferating) satellite cells in the WT control cultures 

(24 h: 78.62 ± 5.40%; 48 h: 68.09 ± 5.63%; 72 h: 31.68 ± 

4.63%) was consistently higher than the number of 

Pax7+MyoD+ satellite cells in the Ts1Cje culture (24 h: 

70.58 ± 6.84%; 48 h: 57.08 ± 3.53%; 72 h: 24.47 ± 4.46%), 

although no significant differences were found between 

the two genotypes (24 h: P = 0.4110; 48 h: P = 0.1863; 

72 h: P = 0.3254; Figure 1e). These data agreed with that 

obtained based on MyoD and Ki67 expression patterns, 

which also demonstrated that there was no difference 

in proliferative potential of satellite cells between the 

two genotypes (24 h: WT =  

68.71 ± 6.14%, Ts1Cje = 58.70 ± 5.69%, P = 0.4110; 48 h: 

WT = 50.42 ± 9.98%, Ts1Cje = 41.64 ± 6.30%, P = 0.5056; 

72 h: WT = 38.54 ± 4.76%, Ts1Cje = 28.11 ± 7.62%, P = 

0.3213; Figure 2a). 

 

We also further assessed the differentiation potential of 

satellite cells. Based on the data obtained at 24, 48 and 

72 h after cell seeding. The percentage of Pax7-MyoD+ 

(differentiating) satellite cells in the Ts1Cje culture (24 

h: 18.57 ± 5.84%; 48 h: 25.50 ± 4.74%; 72 h: 34.30 ± 

6.73%) was not significantly different to that of the WT 

control culture (24 h: 11.68 ± 6.00%; 48 h: 15.50 ± 

5.28%; 72 h: 37.20 ± 2.88%; 24 h: P = 0.4595; 48 h: P = 

0.2328; 72 h: P = 0.7213; Figure 1f). Additionally, similar 

results were obtained based on MyoD and Ki67 

expression patterns analysis, which also suggested that 

the differentiation potential was not significantly 

different between the two genotypes across the 3 

consecutive days of evaluation (24 h: WT = 16.45 ± 

8.47%, Ts1Cje = 23.02 ± 7.01%, P = 0.5834); (48 h: WT = 

20.53 ± 9.43%, Ts1Cje = 31.91 ± 3.42%, P = 0.3346); (72 

h: WT = 21.97 ± 4.89%, Ts1Cje = 19.02 ± 5.72%, P = 

0.7158; Figure 2b). 

 

 

Figure 2. Percentage of proliferating and differentiating progenies of satellite cells. (a) Ki67+MyoD+ proliferating satellite cells 

showed no significant difference between two genotypes [24 h: WT = 68.71 ± 6.14%, Ts1Cje = 58.70 ± 5.69%, P = 0.2985; 48 h: 

WT = 50.42 ± 9.98%, Ts1Cje = 41.64 ± 6.30%, P = 0.5056; 72 h: WT= 38.54 ± 4.76%, Ts1Cje = 28.11 ± 7.62%, P = 0.3213]. (b) 

Ki67+MyoD- differentiating satellite cells of Ts1Cje were not significantly different from WT [24 h : WT = 16,45 ± 8.47%, Ts1Cje 

= 23.02 ± 7.01%, P= 0.5834; 48 h : WT = 31.92 ± 3.42%, Ts1CJe = 57.08 ± 6.11%, P= 0.3346; 72 h : WT = 21.97 ± 4.89%, Ts1Cje = 

19.02 ± 5.72%, P= 0.7158]. 
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4. DISCUSSION 

Our current data shows that both the satellite cell pools 

and the myonuclear populations present in the Ts1Cje 

mouse skeletal muscle are similar to those of WT. The 

myonuclear number often reflects the size of satellite 

cell populations because satellite cells are the main 

source of myonuclei during early postnatal muscle 

development and adult skeletal muscle regeneration 

[19-20]. As such, the satellite cell number is always 

directly proportional to the myonuclei number present 

on myofibers. To the best of our knowledge, this is the 

first study to profile these muscle cells in a DS model.  

 

The myonuclei number also reveals the size of the 

myofiber. Based on the myonuclear domain hypothesis, 

the nucleus-to-cytoplam ratio will remain constant 

during myofiber growth; hence, any increase in 

myofiber size must occur via addition of new myonuclei 

from satellite cell proliferation. In the current study, we 

found a normal number of myonuclei present in Ts1Cje 

mouse myofibers, indicating that these myofibers are 

comparable to that of WT mice. Even though this 

interpretation was predicted based on the myonuclear 

domain hypothesis [21-22], it supports data from our 

recent study on myofiber cross-sections [unpublished 

data]. In that study, the cell cross-sectional area and 

morphology of the Ts1Cje mouse skeletal muscle were 

investigated. The results of that study showed no 

significant difference in terms of the cell cross-sectional 

area and morphology between the two genotypes 

[unpublished data]. 

 

The present in vitro analyses revealed no significant 

differences of the functionality and populations of the 

satellite cells derived from Ts1Cje mice and WT 

littermates, indicating that the trisomic genes may exert 

minimal influence on the self-renewal, proliferation and 

differentiation profiles of the satellite cells. These 

results further suggest that the intrinsic cellular 

functionality of the DS satellite cell is similar to that of 

the WT. This finding is still less conclusive because the 

present experiments revealed only the in vitro cellular 

functionality of satellite cells and not the in vivo skeletal 

muscle regeneration process. Skeletal muscle 

regeneration is a highly synchronized process governed 

by both intrinsic and extrinsic regulatory cues and is also 

tightly linked to the local and systemic metabolism of a 

biological system [23-24]. Hence, further studies to 

reveal the overall in vivo skeletal muscle regeneration 

process of Ts1Cje mouse skeletal muscle are necessary 

in the future. 

 

5. CONCLUSIONS 

Overall, we showed that the DS skeletal muscle has 

similar satellite cell population and intrinsic cellular 

functionality as the WT. 
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