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Down syndrome (DS) is a genetic disorder caused by triplication of human chromosome 

21 (Hsa21) and is the most common cause of intellectual disability. Several studies have 

revealed proliferation deficits and higher proportion of glial cells compared to neurones 

in the brains of DS humans and mouse models, which were suggested to contribute to 

intellectual disability. While a vast majority of previous literature has been focused on 

the molecular aspects, current knowledge on metabolic dysregulations in neural stem and 

progenitor cells (NSPCs) derived from embryonic Ts1Cje mice is limited. Ts1Cje mouse 

model for DS has been indispensable in expanding our knowledge on the molecular and 

cellular mechanisms of the disorder. In this study, embryonic cerebral cortex of Ts1Cje 

and wild type (WT) mice were isolated at embryonic day 15.5 and cultured in the form of 

neurospheres. Biolog Phenotype MicroArray (PM) was employed to obtain metabolic 

profiles for the embryonic Ts1Cje and WT neurospheres. Four types of PM colourimetric 

assays pre-coated with 367 biochemical substrates, including oxidizable carbon and 

nitrogen sources, were utilised. Analysis of Biolog PM data using an established 

statistical pipeline revealed a significant decrease in utilisation of 17 substrates and a 

significantly higher utilisation of 6 substrates in the Ts1Cje neurospheres compared to 

the WT neurospheres. A prominent finding is the significantly decreased utilisation of 

glucose-6-phosphate (G6P) and α-D-glucose in the Ts1Cje neurospheres compared to 

WT. L-serine, and dipeptides containing histidine and isoleucine were also utilised 

significantly lower in Ts1Cje neurospheres, whereas glutamate-containing dipeptides 

were utilised significantly higher in Ts1Cje neurospheres compared to WT neurospheres. 

G6P is involved in two energy-producing pathways: pentose phosphate pathway (PPP) 

and glycolysis. To investigate whether intermediates of G6P metabolism can improve 

generation of the embryonic Ts1Cje neurospheres, neurospheres were supplemented with 

6-phosphogluconic acid (6PG) and fructose-6-phosphate (F6P) and assessed after 6 days 

in vitro. The mean diameter of the embryonic Ts1Cje neurospheres was higher when 

supplemented with 2.0 mM of 6PG compared to no supplement, suggesting that 
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supplementation with 6PG may rescue the effects of perturbed PPP in the embryonic 

Ts1Cje neurospheres. On the other hand, there was no significant difference between the 

Ts1Cje neurospheres supplemented with and without F6P, indicating that there are 

possibly no alterations in glycolysis. The enzyme activity of glucose-6-phosphate 

dehydrogenase (G6PDH), which catalyzes the catabolism of G6P in PPP, was also 

assessed. The G6PDH activity of Ts1Cje neurospheres was generally lower compared to 

WT neurospheres, but the difference was not statistically significant. Without 

supplementation of 6PG, G6PDH activity of the embryonic Ts1Cje neurospheres was 

found to be lower than that of the WT neurospheres. Meanwhile, increasing 

concentration of 6PG results in a larger difference in G6PDH activity between the 

Ts1Cje and WT neurospheres, although the differences were not statistically significant. 

Taken together, these data suggest that alterations in metabolic pathways, particularly 

PPP, may contribute to defects observed in NSPCs of embryonic Ts1Cje mice. 

Investigation on the metabolic properties of Ts1Cje embryonic NSPCs enhances our 

knowledge on underlying dysregulations in NSPCs during early brain development in 

DS, and may complement previous genomic, transcriptomic and proteomic studies on 

Ts1Cje mice.  
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Sindrom Down (DS) adalah kecelaruan genetik yang disebabkan oleh triplikasi 

kromosom manusia 21 (Hsa21) dan merupakan penyebab ketidakupayaan intelektual 

yang paling biasa. Beberapa kajian telah membuktikan bahawa defisit percambahan dan 

perkadaran sel glial yang lebih tinggi berbanding dengan neuron di otak manusia DS dan 

model mencit, yang telah menyumbang kepada ketidakupayaan intelektual. Walaupun 

beberapa penerbitan sebelum ini telah tertumpu kepada aspek molekul, pengetahuan 

semasa mengenai ketidakseimbangan metabolik dalam sel stem dan progenitor neural 

(NSPC) yang diperolehi daripada embrio mencit Ts1Cje adalah terhad. Ts1Cje adalah 

model mencit DS yang amat diperlukan dalam mengembangkan pengetahuan kita 

mengenai gangguan mekanisme molekul dan selular yang menyebabkan DS. Dalam 

kajian ini, korteks serebrum embrio Ts1Cje dan mencit jenis liar (WT) telah diasingkan 

pada hari embrionik 15.5 dan dikultur dalam bentuk neurosfera. Biolog Phenotype 

MicroArray (PM) digunakan untuk mendapatkan profil metabolik bagi neurosfera 

embrio Ts1Cje dan WT. Empat jenis PM ujian kolorimetrik yang telah disalut dengan 

367 substrat biokimia, termasuk sumber karbon yang boleh dioksida dan nitrogen, telah 

digunakan. Analisis data PM Biolog dilakukan menggunakan saluran perangkaan 

statistik yang telah diasaskan sebelum ini menunjukkan pengurangan ketara penggunaan 

17 substrat dan peningkatan ketara dalam penggunaan 6 substrat dalam neurosfera 

Ts1Cje berbanding neurosfera WT. Pemerhatian yang penting adalah pengurangan dalam 

glukosa-6-fosfat (G6P) dan α -D-glukosa yang ketara dalam neurosfera Ts1Cje 

berbanding WT. L-serine, dan dipeptida yang mengandungi histidine dan isoleucine juga 

digunakan dengan ketara lebih rendah dalam neurosfera Ts1Cje, manakala dipeptida 

yang mengandungi glutamate lebih banyak digunakan dalam neurosfera Ts1Cje 

berbanding dengan neurosfera WT. G6P terlibat dalam dua laluan yang menghasilkan 

tenaga: laluan pentosa fosfat (PPP) dan glikolisis. Untuk menyiasat sama ada perantaraan 

metabolisme G6P dapat meningkatkan penghasilan neurosfera Ts1Cje, neurosfera telah 

dibekalkan dengan 6-phosphogluconic acid (6PG) dan fructose-6-phosphate (F6P) dan 

dikaji selepas 6 hari secara in vitro. Diameter purata neurosfera Ts1Cje yang diberikan 
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suplementasi 2.0 mM 6PG adalah lebih tinggi berbanding dengan kumpulan yang tidak 

menerima suplemen, menunjukkan bahawa suplementasi dengan 6PG boleh 

membetulkan ketidakseimbangan PPP dalam neurosfera Ts1Cje. Sebaliknya, saiz 

neurosfera Ts1Cje yang diberikan suplementasi F6P tidak menunjuk perbezaan yang 

ketara berbanding dengan kumpulan kawalan, menunjukkan bahawa mekanisme 

glikolisis memainkan peranan yang minimal dalam penghasilan neurosfera. Seterusnya, 

aktiviti enzim glucose-6-phosphate dehydrogenase (G6PDH), yang memangkinkan 

katabolisme G6P dalam PPP, dinilai lebih lanjut. Secara amnya, aktiviti G6PDH dalam 

neurosfera Ts1Cje lebih rendah berbanding neurosfera WT, tetapi perbezaannya tidak 

ketara. Tanpa suplemen 6PG, aktiviti G6PDH dalam neurosfera Ts1Cje didapati adalah 

lebih rendah daripada neurosfera WT. Sementara itu, kepekatan 6PG yang semakin 

meningkat menyebabkan perbezaan aktiviti G6PDH yang lebih besar antara neurosfera 

Ts1Cje dengan WT, walaupun perbezaannya tidak ketara. Data ini mencadangkan 

bahawa perubahan dalam laluan metabolik, terutamanya PPP, telah menyumbang kepada 

kecacatan dalam percambahan NSPC embrio mencit Ts1Cje. Pengkajian sifat metabolik 

NSPC embrio Ts1Cje dapat meningkatkan pengetahuan tentang ketidakseimbangan 

dalam NSPC semasa perkembangan otak individu DS dan boleh melengkapkan kajian 

dari aspek genomik, transkriptomik dan proteomik.  
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 Background 

 

 

Down syndrome (DS), or Trisomy 21, is a genetic disorder that results from the 

triplication of human chromosome 21 (HSA21), which leads to multiple phenotypes 

with varying complexity.  The frequency of DS worldwide is approximately 1 in 1000 

live births (Busciglio et al., 2013), whereas in Malaysia, the prevalence of DS is 

approximately 1 in 660 live births (Kiwanis Down Syndrome Foundation, KDSF).  

Clinical manifestations that are prominent in individuals with DS include intellectual 

disability, craniofacial abnormalities and muscle weakness (hypotonia). Some 

individuals with DS are also affected by other medical complications such as 

congenital heart defects, early-onset Alzheimer’s disease, vision and hearing disorders 

(Asim et al., 2015; Roper and Reeves, 2006, Weijerman and de Winter, 2010). 

Furthermore, children with DS are also at a higher risk of developing both acute 

myeloid leukaemia and acute lymphoblastic leukaemia (Rabin and Whitlock, 2009). 

 

 

In recent years, the development of various mouse models for DS has been 

indispensable in enhancing our knowledge on the molecular mechanisms and ensuing 

complex phenotypes observed in DS. The partial synteny between HSA21 and mouse 

chromosome 16 (Mus musculus 16, MMU16), chromosome 10 (MMU10) and 

chromosome 17 (MMU17) have been an impetus for the generation of mouse models 

with DS (Rachidi and Lopes, 2010). Developed in 1998 by Sago and colleagues, the 

Ts1Cje mouse model carries ~80 genes of MMU16 that are syntenic to HSA21. This 

partially trisomic mouse model was reported to display DS-associated behavioural 

deficits and neuropathologies including hippocampus-related learning and memory 

impairment (Sago et al., 1998), as well as reduced cerebellar volume (Olson et al., 

2004; Laffaire et al., 2009).  

 

 

Neural stem and progenitor cells (NSPCs) is the collective term for a population of 

stem cells that can self-renew and also progenitor cells that are more committed to 

either the neuronal or glial lineage (Noctor et al., 2007). The process of transition from 

NSPCs to neurones and glial cells are known as neurogenesis and gliogenesis, 

respectively. Both these processes can occur during prenatal, postnatal and adult stages 

in the normal mouse brain (Urbán & Guillemot, 2014). Studies using an in vitro 

method, known as the neurosphere culture, have contributed to the existing knowledge 

on proliferative capacity and cell fate determination of NPCs (Reynolds and Weiss, 

1992; Qian et al., 2000). Neurospheres are free-floating spheres that are composed of a 

heterogeneous population and can differentiate into neuronal or glial cells (Bez et al., 

2003). They can be generated in the presence of growth factors epidermal growth 

factor (EGF) and foetal growth factor (FGF).  
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Emerging evidence has demonstrated impaired NSPC proliferation and neurogenesis in 

Ts1Cje mice. Hewitt and colleagues reported a reduced proportion of neurones and an 

increased proportion of astrocytes derived from adult Ts1Cje neurospheres (Hewitt et 

al., 2010). This neurogenic-to-gliogenic shift was also found in embryonic Ts1Cje 

mice. A higher proportion of cells positive for the immunohistochemical marker for 

glial cells, glial fibrillary acidic protein (GFAP) was observed when neurospheres from 

the embryonic neocortex of Ts1Cje mice were allowed to differentiate (Moldrich et al., 

2009). Also, the same study reported a decreased rate of proliferation in embryonic 

NSPCs derived from Ts1Cje mice compared to control. To increase our understanding 

of perturbed mechanisms that occur in cortical development of Ts1Cje mice, the focus 

of this present study will be on embryonic NSPCs in Ts1Cje mice.   

 

 

The emerging field of metabolomics involves the investigation of metabolites within 

cells, tissues or organisms and their role in biochemical processes. It is a complex, yet 

an integrative approach to understanding the interplay between genes, proteins and the 

environment. Metabolic studies on DS brain have shown that dysregulated level of 

metabolites and impaired glucose metabolism in the brain of individuals with DS are 

correlated with the progression of cognitive dysfunction in DS (Hsia et al., 1971; 

Labudova et al.,, 1999; Simo et al., 2004; Smigielska-Kuzia & Sobaniec, 2007). 

However, studies on the metabolic properties of embryonic NSPCs in mouse models, 

particularly Ts1Cje mice, are still limited. Biolog Phenotype MicroArray (PM) is a 

technology that provides cellular analysis of multiple physiological traits 

simultaneously, using a 96-well microplate pre-coated with different known carbon 

sources, L-amino acids and dipeptides (Bochner et al., 2011). Metabolic profiling using 

the PM technology has been useful for identification of biomarkers associated with 

Autism spectrum disorder (ASD) (Boccuto et al., 2013) and discovery of increased 

amino acid metabolism in prostate cancer cells as an effect of androgen signalling 

(Putluri et al., 2011). Therefore, utilizing this approach in the present study would 

enable the identification of altered metabolic pathways underlying the defective 

proliferation and neurogenesis observed in embryonic Ts1Cje mice.  

 

 

Much of the current literature has been emphasised on the molecular mechanisms 

underlying the disruptions in NSPC proliferation and neurogenesis observed in the 

Ts1Cje mouse model. However, our knowledge on the metabolic alterations in 

embryonic NSPCs derived from Ts1Cje mice is still limited. Indeed, recent findings 

indicate a correlation between metabolic dysfunction and some neurological disorders 

(Cai et al., 2012). Studying from a metabolic perspective may provide more insight into 

the abnormalities in NSPCs and abnormal brain development in Ts1Cje mice. By 

investigating the dysregulated metabolic pathways in NSPCs, this study aims to 

contribute to the understanding of mechanisms underlying the defective proliferation 

and neurogenesis observed in Ts1Cje mice.  

 

 

1.2 Problem statement 

 

 

Down syndrome (DS), the most common genetic cause of intellectual disability, was 

found to be associated with a disruption in proliferation and differentiation of NSPCs. 

Previous studies have also provided some evidence for metabolic properties in DS 
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human samples, giving clues to the possible correlation between metabolic disruption 

and cognitive abnormalities in DS. However, the metabolic properties of NSPCs 

derived from embryonic Ts1Cje mice have not been fully assessed, and metabolic 

alterations that could potentially lead to defective NSPCs in embryonic Ts1Cje mice 

has yet to be elucidated.  

 

 

1.3 Hypotheses 

 

 

This study hypothesises that: 

1. Ts1Cje embryonic neurospheres have a distinct energy metabolism compared 

to that of WT embryonic neurospheres. 

2. Abnormalities in NSPCs derived from embryonic Ts1Cje mice are associated 

with dysregulations in energy-producing metabolic pathways.  

 

 

1.4 Objectives 

 

 

1.4.1 General objective 

 

 

This study aims to investigate the metabolic properties of neural stem and progenitor 

cells (NSPCs) derived from embryonic Ts1Cje mouse model for Down syndrome. 

 

 

 

1.4.2 Specific objectives 

 

1. To investigate energy metabolism in neurospheres generated from embryonic 

day (E) 15.5 cerebral cortex of embryonic Ts1Cje and wild type (WT) mice 

using Biolog Phenotype MicroArray. 

2. To determine the effects of 6-phosphogluconic acid (6PG) and fructose-6-

phosphate (F6P) supplementation on neurospheres generated from embryonic 

Ts1Cje mice. 

3. To assess the enzyme activity levels of glucose-6-phosphate dehydrogenase 

(G6PDH) with and without 6PG supplementation in NSPCs derived from 

embryonic Ts1Cje mice. 

 

 

1.5 Significance of the study 

 

 

The findings from this study aim to provide more insight into the metabolic alterations 

that may contribute to defective proliferation and differentiation of NSPCs from 

embryonic Ts1Cje mice. This may be important for future researchers in their effort to 

enhance the current knowledge on cognitive dysfunction in DS. The findings of the 

study may also be a fundamental step in the discovery of therapeutic strategies using 

the nutritional approach to regulate proliferation and differentiation of NSPCs during 

early brain development in DS. 
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