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SUMMARY

Dopamine (DA) neurons have several fundamental functions in the brain, dysfunction of 

which has been implicated in neurological and psychiatric disorders, including Parkinson’s 

disease (PD) and schizophrenia. Embryonic stem cells (ESCs) and induced pluripotent stem 

cells (iPSCs) may provide an unlimited source of DA neurons for in vitro studies as they 

can be propagated indefinitely in culture in an undifferentiated state while retaining 

pluripotency. Interest has also focused on the use of DA neurons derived from these cells 

for regenerative medicine in PD. However, the potential o f ESCs and iPSCs is greatly 

hindered by the heterogonous nature o f cultures even after directed differentiation, with 

multiple cell types often o f more than one germ layer being present. This may be partly or 

wholly overcome by expression o f a marker, such as enhanced green fluorescent protein 

(EGEP), from a cell specific promoter, thus allowing both the selection o f a particular cell 

type from a mixed cell population by fluorescent activated cell sorting (FACS) and 

differentiation to be followed in real time in live cells.

The dopamine transporter (DAT) is exclusively expressed in DA neurons in the brain and 

thus is a unique marker o f these cells. Therefore, expression o f EGFP under the control o f 

the DAT promoter may label DA neurons, and the creation of such a stable mouse ESC line 

was a fundamental aim o f this study. To this end, a vector was constructed to express EGFP 

from the mouse DAT promoter contained within a bacterial artificial chromosome (BAC). 

Transfection of this vector into ESCs and selection by antibiotic resistance generated 42 

clones. Further analysis of these clones by polymerase chain reaction (PCR) o f genomic 

DNA for the EGFP transgene identified 7 positive clones. However, following expansion 

and dopaminergic neuronal differentiation, no clones expressed detectable levels o f EGFP 

protein even though DAT protein was observed.

Expression o f EGFP from  neural specific promoters, such as Soxl, in ESCs may allow 

sorting o f neural precursors (NPs) during early neural differentiation by FACS. These cells 

may then be further amplified and differentiated in vitro. Such a Soxl-G FP reporter ESC 

line has previously been established and, while inconclusive, reports suggest that enriched 

populations of DA neurons can be obtained from this cell line. Therefore, the dopaminergic



differentiation potential o f these cells was initially determined using a fast and efficient 

dopaminergic differentiation method (published by collaborators), which generates DA 

neurons from ESCs in a shorter time period than alternative differentiation procedures and 

thus is advantageous. This is achieved in a multi-stage procedure by the application o f 

signalling molecules already at early stages o f the differentiation process. Differentiated 

cultures were found to express the DA markers DAT, tyrosine hydroxylase (TH) and 

N urrl, and the pre-synaptic protein synaptophysin. Soxl-G FP was first detected in cells 

during the neural proliferation stage of the differentiation procedure and was down- 

regulated, as expected, with terminal differentiation. NPs were effectively sorted based on 

Soxl-G FP expression and terminal differentiation generated a highly enriched neuronal 

population (65 + 9.9% neurons/total cell population). These neurons also expressed the 

dopaminergic markers TH and DAT.

The generation o f induced pluripotent stem cells (iPSCs) from somatic cells has opened 

remarkable avenues for basic research and regenerative medicine, and may offer 

unprecedented potential for studying both neurological and psychiatric disorders associated 

with DA neurons. However, for the promise o f iPSCs to be realised fundamental questions 

need to be addressed about their pluripotency and lineage commitment, which can be 

assessed by direct comparison to ESCs. Thus the neural differentiation efficiency o f a 

mouse iPSC clone was examined by formation of neural stem spheres (NSSs) in suspension 

culture. iPSC derived NSSs were found to be remarkably similar to those derived from 

ESCs from the same mouse strain based on morphological assessment, neuroectodermal 

and neuronal marker expression. The efficiency with which iPSCs differentiated to neurons 

was also analysed using a procedure in which differentiation was induced by culturing cells 

as monolayers in chemically defined medium. Analysis of neuronal populations after 

differentiation again revealed that iPSCs were remarkably similar to ESCs based on 

morphological analysis, T ujl colony number, Tujl colony size, neurite length and neuronal 

subtype marker expression, including those o f the DA system.

The relevance o f these results in the context o f obtaining enriched DA neuronal populations 

from ESCs and iPSCs for further in vitro studies is discussed.
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Chapter 1 

General Introduction
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1.1 Overview of the dopamine system in the brain

Since the discovery of dopamine (DA) as a neurotransmitter by Carlsson some 50 years ago 

(Carlsson et al., 1957), research into this monoamine has increased considerably and today 

we are aware of its role in regulating several aspects of basic brain function (for review, see 

Girault and Greengard, 2004). Although DA neurons are rare (<1/100,000 brain neurons) 

they have a modulatory role in movement behaviour, cognition, motivation and reward, and 

the endocrine system (for review, see Girault and Greengard, 2004). Importantly, 

abnormalities in the DA signalling system are implicated in a myriad of neurological and 

psychiatric disorders, including schizophrenia. Attention Deficit Hyperactivity Disorder 

(ADHD), Parkinson’s disease (PD) and drug abuse (for review, see Greengard, 2001). 

Therefore, investigating the function, and dysfunction, of DA neurons may provide insight 

into the underlying causes o f these disorders. Embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs) may represent an ideal source o f cells to obtain DA neurons.

1.2 Synthesis and metabolism of dopamine

DA is classified as a catecholamine as it possesses a catechol nucleus (a 3,4-dihydroxylated 

benzene ring) and an ethylamine side chain (for review, see Rondou et al., 2010). This 

neurotransmitter is synthesised in dopaminergic neurons from the amino acid tyrosine in a 

two step enzymatic process (Fig. 1.1) (for review, see Rondou et al., 2010). The first, rate- 

limiting, reaction involves the hydroxylation of tyrosine to L-dihydroxyphenylalanine (L- 

DOPA) by the enzyme tyrosine hydroxylase (TH). L-DOPA is subsequently 

decarboxylated by aromatic L-amino acid decarboxylase (AADC) to form DA. In neurons 

possessing the enzyme dopamine p-hydroxylase, DA can be further transformed into 

noradrenaline.

After synthesis, DA is packaged into synaptic vesicles by the vesicular monoamine 

transporter 2 (VMAT2) in preparation for exocytosis (for review, see Parsons, 2000). 

VMAT2 has 12 transmembrane domains and transports DA using an electrochemical 

gradient generated by a vesicular ATP-dependent H^ pump (for review, see Parsons, 2000).
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Figure 1.1: Biosynthesis of dopamine

Dopamine is synthesised from the amino acid tyrosine in a two step process. The first and 

rate-hmiting step is catalysed by TH, using the cofactor tetrahydrobiopterin and generates 

L-DOPA. This is subsequently carboxylated by AADC to form dopamine. TH indicates 

tyrosine hydroxylase; L-DOPA, L-dihydroxyphenylalanine; AADC, aromatic L-amino acid 

decarboxylase. Adapted from Rondou et al. (2010).
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Following signalling, the action o f DA is terminated by re-uptake into DA neurons by the 

high affinity, cocaine sensitive dopamine transporter (DAT) (for review, see Torres et al., 

2003). Transport o f DA is accompanied by the co-transport of two Na^ ions and one Cl" ion 

(for review, see Torres et al., 2003). DAT is expressed exclusively in DA neurons and 

highest expression is observed in the ventral mesencephalic DA (mDA) cell group 

[substantia nigra pars compacta (SNpc) and ventral tegmental area (VTA)], where the 

protein is found on the dendritic plasma membrane (Augood et al., 1993; Ciliax et al., 

1995; Hersch et al., 1997; Turiault et al., 2007). On DA nerve terminals, DAT is strongly 

expressed in the striatum and is essential for DA clearance (Ciliax et al., 1995; Jones et al., 

1998; Moron et al., 2002). In this area, it is found on axons and the extrasynaptic regions of 

the axon terminal outside the active zone (Hersch et a l, 1997). In the prefrontal cortex 

(PFC) DAT expression is low and DA uptake may be mediated by the noradrenaline 

transporter (NAT) in this area (Carboni et al., 1990; Moron et al., 2002).

After uptake by DAT, DA is metabolised or repackaged into vesicles by VMAT2 (for 

review, see Eisenhofer et al., 2004). Metabolism involves a two step process, with DA first 

being oxidatively deaminated by monoamine oxidase A to form the intermediate aldehyde 

3, 4-dihydroxyphenylacetaldehyde and rapidly oxidised by aldehyde dehydrogenase to 3, 4- 

dihydroxyphenylacetic acid (for review, see Eisenhofer et al., 2004). In the PFC DA 

metabolism is thought to be mediated by catecol-O-methyl transferase, forming 3- 

methyoxytyramine (Karoum et al., 1994; Gogos et al., 1998; Tunbridge et a l, 2004; 

Tunbridge et al., 2006).

1.3 Dopamine signalling

DA is classed as a slow-acting neurotransmitter, having a modulatory effect that is 

achieved over hundreds o f milliseconds to minutes by binding to selective DA receptors 

(for reviews, see Greengard, 2001; Girault and Greengard, 2004). DA acts by controlling 

the efficacy o f fast synaptic transmission by the neurotransmitters y-aminobutyric acid 

(GABA) and glutamate (for review, see Greengard, 2001). The effect of DA is exerted in 

two ways, that is by binding to DA receptors located both pre- and postsynaptically (for 

review, see Greengard, 2001). At the presynaptic terminal DA regulates the

4



phosphorylation state o f key proteins, thus modulating the efficacy o f  neurotransm itter 

release (namely, the am ount o f  neurotransm itter released in response to an action potential) 

(for review, see Greengard, 2001). D A also regulates the phosphorylation state o f 

neurotransm itter receptors present on the post-synaptic plasm a m em brane, thus modulating 

the responsivity o f  these receptors to released neurotransm itter (that is, the magnitude o f  

electrophysiological response to a m olecule o f neurotransm itter) (for review, see 

Greengard, 2001).

DA receptors are m etabotrophic G -protein coupled receptors, being com posed o f  seven 

transm em brane dom ains (for reviews, see Girault and Greengard, 2004; Neve et al., 2004). 

B inding o f DA to these receptors initiates an intracellular signalling cascades, m ediated by 

activation o f  G -proteins, which modulate second messengers, protein kinases and protein 

phosphatases (for reviews, see Girault and Greengard, 2004; Neve et al., 2004). There are 

two m ajor classes o f  DA receptors, the D I-like family, which is coupled to G proteins that 

activate adenylate cyclase (AC), and the D2-like family which is coupled to G proteins that 

inhibit AC (Fig. 1.2) (Kebabian et al., 1972; S toof and Kebabian, 1981; for review, see 

Girault and Greengard, 2004). The D l-lik e  family contains two subtypes, D1 and D5, while 

the D2-like family contains three subtypes, D2, D3 and D4 (for review, see Girault and 

Greengard, 2004). Stimulation o f  AC by the D l-lik e  family results in elevation o f cyclic 

adenosine m onophosphate (cAM P) levels and subsequent activation o f  a cA M P-dependent 

protein kinase (PKA) (Kebabian et al., 1972). DARPP32 (dopam ine and cA M P-regulated 

phosphoprotein, 32 kDa) is a key substrate o f this enzym e (H em m ings et al., 1984b), with 

phosphorylation resulting in activation o f  this protein and subsequent inhibition o f  protein 

phosphatase 1 (H em m ings et al., 1984a). As this phosphatase controls the phosphorylation 

state o f num erous physiological substrates, DA can m odulate the activity o f a large array o f  

dow nstream  physiological effectors (for reviews, see Greengard, 2001; N eve et al., 2004). 

In particular, DA m ediated activation o f PK A  and DARPP23 has been shown to m odulate 

the activity o f  the glutam atergic N M D A  receptor (Snyder et al., 1998), the Na" ,̂ K"̂ - 

dependent ATPase (Bertorello et al., 1990), Ca'"^ channels (Surm eier et al., 1995), Na"  ̂

channels (Surm eier et al., 1992) and gene expression (Fienberg et al., 1998).
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Figure 1.2: Dopamine receptor signalling

(A ) Binding o f dopamine to D i- like  receptors results in activation o f specific 

heterotrimeric G-proteins (G) that stimulate adenylate cyclase (AC). This leads to an 

elevation o f cyclic adenosine monophosphate (cAMP) levels and subsequent activation o f a 

cAMP-dependent protein kinase (PKA). DARPP32 (dopamine and cAMP-regulated 

phosphoprotein, 32 kDa) is a key substrate o f this enzyme, with phosphorylation resulting 

in activation o f this protein and subsequent inhibition o f protein phosphatase 1 (PPl). As 

this phosphatase controls the phosphorylation state o f numerous physiological substrates, 

dopamine can modulate the activity o f a large array o f downstream physiological effectors.

(B) Binding o f dopamine to D2-like receptors results in activation o f specific heterotrimeric 

G-proteins that inhibit AC and a decrease in cAMP levels. These receptors also modulate 

phospholipases and ion channel conductance in the cell. ATP indicates adenosine 

triphosphate; GTP, guanosine triphosphate. Adapted from Girault and Greengard (2004).
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In addition to inhibiting AC and reducing cAM P levels (S toof and Kebabian, 1981), 0 2 -  

like receptors also exert other effects in the cells (Fig. 1.2), including m odulation o f ion 

channel conductance (Lacey et al., 1987; Surm eier et al., 1992; G reif et al., 1995; 

H ernandez-Lopez et al., 2000), activation o f phospholipase A: (Vial and Piom elli, 1995) 

and activation o f phospholiase C (H ernandez-Lopez et al., 2000). Interestingly, D2-like 

receptors can also modulate the activity o f  D A RPP32 independently o f  AC inhibition, with 

this being achieved by activating the calcium  dependent protein phosphatase calcineurin, 

which subsequently dephosphorylates and inactivates DARPP32 (Nishi et al., 1997). The 

D2-like receptor family also function as autoreceptors, being located presynaptically on DA 

neurons and providing feedback that lowers extracellular DA levels (M ercuri et al., 1997; 

Khan et al., 1998; Benoit-M arand et al., 2(X)1; Joseph et al., 2002).

1.4 Dopaminergic cell groups in the brain

The m am m alian brain contains a num ber o f  distinct groups o f DA neurons, designated A8- 

A17 depending on their structural position (Fig. 1.3) (for review, see Prakash and W urst, 

2006a). The largest o f  these groups is found in the ventral m esencephalon (A8-A10) (for 

review, see Prakash and W urst, 2006a), with neurons projecting to different regions o f  the 

forebrain, form ing the nigrostriatal, m esolim bic and m esocortical pathways (for review, see 

Greengard, 2001). These pathways m odulate voluntary m otor behaviour, m otivation and 

cognitive function (for review, see Girault and Greengard, 2(X)4). D egeneration or 

dysfunction in these pathw ays is associated with m ajor neurological and psychiatric 

disorders, including PD, schizophrenia. ADHD and drug abuse (for review, see Greengard, 

2001), and thus this cell group are o f particular im portance (for review, see Prakash and 

W urst, 2006a) and will be discussed in detail below.

A nother population o f DA  neurons is found in the diencephalon (hypothalam us/ventral 

thalamus) and com prises the A l 1-A15 groups (for review, see Prakash and W urst, 2006a). 

The A11 group send major descending project to the autonom ic areas o f the lower 

brainstem  and spinal cord (for review, see Prakash and W urst, 2006a). The A12 and A14 

groups project to the anterior pituitary and have endocrine functions, including inhibiting 

prolactin secretion and gene expression (for review, see Ben-Jonathan and H nasko, 2001).
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brain stem/splnal cord

Fig. 1.3: Positions and axonal projections of DA cell groups in the adult rodent brain

The m esencephalic A9 (SNpc, red) group projects to the dorsal striatum  (caudate nucleus 

and putam en) and the globus pallidus (GP) forming the nigrostriatal tract, while the AlO 

(VTA. green) group projects to the ventral striatum  (nucleus accum bens, N Acc), am ygdala 

(Amyg), o lfactory tubercle (O Tub) and prefrontal cortex. Additional connections from  the 

AlO (V TA ) group are established with thalam ic and hippocam pal regions. The approxim ate 

location o f  the diencephalic A11-A15 groups o f the hypothalam us/ventral thalam us (grey 

dotted fields) and their descending projections into the brain stem/spinal cord are indicated 

by dashed lines as they do not colocalise within the same section. Innervation o f the 

anterior pituitary by the A12 (arcuate nucleus) and A14 (periventricular nucleus) groups is 

indicated by the dashed line and arrow. The telencephalic A16 group consists o f  

interneurons within the olfactory bulb (yellow dashed line). The A8 (retrorubral field) and 

A17 (retina interneurons) DA groups as well as the local hypothalam ic projections o f the 

diencephalic groups have been om itted from the picture. Adapted from Prakash and Wurst 

(2006a).



Excess prolactin secretion (hyperprolactinem ia) causes reproductive disturbance in men 

and wom en, and can result from  loss o f  the inhibitory effect o f  DA on prolactin secreting 

cells (for review, see Ben-Jonathan and Hnasko, 2001). DA neurons in the A13 region 

project locally and to the am ygdala (for review, see Prakash and W urst, 2006a). The 

connectivity o f  the A15 group is unknown (for review, see Prakash and W urst, 2006a). The 

telencephalic A16 and A17 DA cell groups function as local interneurons, and have roles in 

the olfactory (Davila et al., 2003) and visual (W itkovsky, 2(X)4) systems, respectively.

1.5 Mesencephalic dopaminergic pathways

1.5.1 Nigrostriatal pathway and movement

DA neurons having their cell bodies in the SNpc that project to the dorsal striatum  (caudate 

nucleus and putam en) form the nigrostriatal tract (for reviews, see G irault and Greengard, 

2004; Prakash and W urst, 2006a). Interestingly, the SNpc has undergone considerable 

expansion in man, in com parison to other species (Nelson et al., 1996). The dorsal striatum  

is a com ponent o f the basal ganglia, which are interconnected subcortical nuclei o f  the 

cerebrum  and midbrain (for review, see Albin et al., 1989). The basal ganglia play a critical 

role in m odulation o f normal voluntary m ovem ent by form ing a highly organised m otor 

circuit with specific regions o f  the cerebral cortex and thalam us (for reviews, see Albin et 

al., 1989; DeLong and W ichm ann, 2007). The dorsal striatum  is the main input site o f  the 

basal ganglia, receiving projections from the cerebral cortex, thalam us and brainstem  (Fig. 

1.4) (for reviews, see Albin et al., 1989; DeLong and W ichm ann, 2007). Striatal neurons 

project to the internal segm ent o f the globus pallidus (GPi) and substantia nigra pars 

reticulata (SNpr), which provide the prim ary basal ganglia outputs to the thalam us and 

brainstem , and form the direct pathway o f the basal ganglia (for review, see D eLong and 

W ichm ann, 2007). Thalamic neurons in turn project to specific regions o f  the cerebral 

cortex, com pleting the m otor circuit (for reviews, see O lanow , 2004; DeLong and 

W ichm ann, 2007. The GPi and SNpr also receive projection from the subthalam ic nucleus 

(STN), which constitutes the indirect pathway o f  the basal ganglia with the striatum  and the 

external segm ent o f the globus pallidus (GPe) (for review, see D eLong and W ichm ann, 

2007).
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(A) Normal state (B) Parkinson’s disease

Indirect Direct Indirect Direct

Brainstem/ 
Spinal cord

Brainstem/ 
Spinal cord

GPe GPe

SNpc

STNSTN

SNpc

CortexCortex

GPi

SNpr

ThalamusThalamus Striatum

SNpr

GPi

Striatum _ _

Figure 1.4: The basal ganglia-thalaniocortical motor circuitry in the normal state and 

in Parkinson’s disease

The dorsal striatum  is the main input site o f  the basal ganglia, which in turn project to the 

main output region o f  the basal ganglia, the GPi and SNpr, by a direct and indirect 

pathway. Neurons in the direct and indirect pathways exert inhibitory and excitatory 

influences, respectively, on G Pi/SN pr neurons and thus regulate their tonic inhibitory effect 

on the thalam ocortical tract involved in the m otor circuit. The balance between these 

pathways is mediated by DA projections from  the SNpc. (A) In the normal state, DA 

increases activity o f  inhibitory neurons in the direct pathway and decreases excitatory 

influences in the indirect pathway, resulting in net activation o f thalam ocortical neurons. 

(B) In PD, depletion o f  DA projections from the SNpc leads to reduced activity in the direct 

pathw ay and increased activity in the indirect pathways, resulting in over-activation o f 

G Pi/STN  neurons and excess inhibition o f the thalam ocortical projections, and the 

developm ent o f  parkinsonian m otor features. Red and blue arrows indicate excitatory and 

inhibitory connections, respectively. Thickness o f arrow s indicates activity level. SNpc 

indicates substantia nigra pars com pacta; SNpr, substantia nigra pars reticulata; STN, 

subthalam ic nucleus; GPe, external segm ent o f  globus pallidus; GPi, internal segm ent o f  

globus pallidus. A dapted from O lanow  (2004).
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The connections between the dorsal striatum and output structures of the direct pathways 

are inhibitory, while those of the indirect pathway are both inhibitory, at the level of the 

striatum and GPe, and excitatory, at the STN (for review, see DeLong and Wichmann, 

2007). Thus, neurons in the direct and indirect pathways exert inhibitory and excitatory 

influences, respectively, on GPi/SNpr neurons and therefore regulate their inhibitory 

activity on thalamocortical and brainstem neurons involved in the motor circuit (for review, 

see Olanow, 2004). The balance between the direct and indirect pathways is regulated by 

the differential actions of DA on striatal neurons, provided by nigral projections (for 

review, see DeLong and Wichmann, 2007). Release of DA in the striatum increases activity 

in the direct pathway (acting on D1 receptors in striatal neurons) and reduces activity in the 

indirect pathways (acting on D2 receptors in striatal neurons) (for review, see DeLong and 

Wichmann, 2007). Together these actions result in a net reduction in SNpr and GPi activity, 

thereby reducing inhibition of thalamocortical neurons and facilitating movements initiated 

in the cortex (for review, see DeLong and Wichmann, 2007).

1.5.1.1 Parkinson’s disease

PD is characterised pathologically by preferential degeneration o f DA neurons o f the SNpc 

and a reduction in striatal dopamine (Ma et al., 1996). As discussed, DA is essential for 

regulation of the basal ganglia motor circuitry and modulation o f movement, with absence 

of nigrostriatal projections resulting in the classical motor abnormalities observed with this 

disorder, including bradykinesia, resting tremor and rigidity (for review, see Olanow, 

2004). The model o f basal ganglia-thalamocortical circuitry predicts that DA depletion 

would result in an increase in the firing rate of GPi/SNpr neurons due to decreased activity 

in the direct pathways and increased activity in the indirect pathway, leading to excessive 

inhibition of thalamocortical projection neurons (Fig. 1.4) (for reviews, see Olanow, 2004; 

DeLong and Wichmann, 2007). This idea is supported by the finding that lesion of the STN 

that suppresses over-activity in both PD patients and experimental monkey models provide 

antiparkinsonian benefits (Bergman et a l, 1990; Limousin et al., 1998; Grafton et al., 

2006).

At present treatment of PD is largely based on DA replacement and no therapies have yet 

been developed to slow or halt disease progression (for reviews, see Olanow, 2004; Beal,
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2010). In addition, the efficacy o f symptomatic therapy typically wanes after 5 to 10 years 

(for reviews, see Olanow, 2004; Beal, 2010). A significant obstacle in the generation of 

more effective therapies is lack of insight into the underlying pathogenesis o f idiopathic 

PD, which affects -95%  of patients (for review, see Olanow, 2004). This is due, in a large 

part, to lack o f human nerve tissue and faithful disease models (for reviews, see Beal, 2010; 

W ichterle and Przedborski, 2010). Thus further knowledge o f the disease process might be 

garnered by enhanced in vitro disease models, which may be provided by the use of ESCs 

and iPSCs (Martinat et al., 2004; Wichterle and Przedborski, 2010). ESC-derived DA 

neurons are also being actively investigated as a therapeutic cell source in the treatment of 

PD, with some success reported in animal models of the disease (Kim et al., 2002; Roy et 

al., 2006; Hedlund et al., 2008).

1.5.2 M esolimbic pathway and motivation

DA neurons in the VTA (AlO) which project to the to the medial components of the limbic 

system, including the ventral striatum (shell of nucleus accumbens), ventral pallidum, 

medial PFC, hippocampus and amygdale, form the mesolimbic tract (Figs 1.3, 1.5) (for 

review, see Pierce and Kumaresan, 2006). The limbic system is responsible for the 

influence o f motivational, emotional, contextual and affective information on behaviour, 

with DA having a key modulatory role on this system and being particularly implicated in 

the processes o f motivation and reward (for reviews, see Wise, 2004; Pierce and 

Kumaresan, 2006). Interestingly, recent evidence also suggests that DA signalling in the 

nigrostriatal tract may mediate reward (for review, see Wise, 2009). In particular, DA is 

required for mediating the reinforcement process, which is the strengthening or ‘stamping- 

in’ o f stimulus associations and response habits that follows receipt of reward (for review, 

see Wise, 2004). Reinforcement is most often used in relation to instrumental learning, 

which is the learning and maintenance of habits that lead to reward (for review, see Wise, 

2004). It has been demonstrated that rats do not learn to lever press for natural rewards, 

such as food, if training takes place in the absence of DA function (Wise and Schwartz, 

1981), which has been separated from motor deficits (Franklin and McCoy, 1979).
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Mediodorsal thalamusmPFC

Amygdala
Nucleus Accumbens Ventral pallidum

Hippocampus

Ventral Tegmental area

Figure 1.4: Circuitry of the limbic system

Limbic nuclei including the amygdala, hippocampus and medial prefrontal cortex (mPFC) 

send major glutamatergic connections to the nucleus accumbens. The nucleus accumbens 

sends major GABAergic projects to the ventral pallidum, which in turn projects to the 

mediodorsal thalamus. Glutamatergic projections from this area to the mPFC close the 

limbic circuit. Dopamine neurons o f the V TA  innervate the amygdala, hippocampus, 

mPFC, nucleus accumbens and ventral pallidum, with changes in dopamine transmission 

playing a critical role in modulating the flow o f information through this circuitry. Red 

arrows indicate glutamatergic projections, blue arrows GABAergic projection and grey 

arrows dopaminergic projections. Adapted from Pierce and Kumaresan (2006).
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Furtherm ore, a progressive decline in response occurs in the presence o f D A  blockers in 

well trained rats and is sim ilar to the decline under conditions o f non-reinforcem ent, 

highlighting the continued reinforcing property o f  DA (Fouriezos et al., 1978; W ise et al., 

1978; G erber et al., 1981; W ise, 2004). In addition, both natural rewards, such as food and 

sexual contact, and unsensed laboratory rew ards, such as brain stim ulation and intracranial 

drugs, can increase concentrations o f  extracellular DA in the nucleus accum bens in rats (Di 

Chiara and Im perato, 1988; Hernandez and Hoebel, 1988; Fiorino et al., 1993; W enkstern 

et al., 1993; Pfaus et al., 1995; Pontieri et al., 1995). However, it should be noted that the 

reinforcing effects o f  some agents, such cholinergic agonists, opiates and G A B A a 

antagonists, may be induced indirectly at the level o f  the VTA, such as by acting on other 

neuronal subtypes that modulate dopam inergic transm ission (Devine and W ise, 1994; 

David et al., 1997; David et al., 2002; Ikem oto and W ise, 2002; Pierce and Kumaresan, 

2006).

1.5.2.1 Addiction

Due to the central role o f  DA and the m esolim bic system  in the reinforcing properties o f 

rewards, it has been proposed that DA may be im portant in the habit- and addiction- 

form ing properties o f  some drugs o f  abuse, with addiction being defined as a com pulsive 

habit m aintained despite harmful consequences (for reviews, see W ise, 2002; W ise 2004). 

However, while increased DA transm ission seem s both necessary and sufficient to promote 

psychostim ulant reinforcem ent (Pettit et al., 1984; Gerrits and Van Ree, 1996), it may not 

be essential for the reinforcing effects o f  o ther substances not essential (for review, see 

W ise, 2004), such as opiates (Pettit et al., 1984; Gerrits and Van Ree, 1996) and ethanol 

(Ikem oto et al., 1997). W hile the neurobiological basis o f  addiction rem ains to be fully 

determ ined, two proposals have been postulated to explain com pulsive behaviour (for 

review, see W ise, 2002). One states that initial ‘recreational’ drug use induces 

neuroadaptive changes in the addicted brain requiring the user to escalate drug intake to 

have the same effect, thus neuroadaptation explains the transition from  recreational to 

com pulsive drug use (for review, see W ise, 2002). Alternatively, it has been suggested that 

drug addiction results from  neuroadaptive changes associated with learning o f the drug- 

seeking behaviour, such that the drug rew ard is stam ped in more strongly than natural
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rewards (Hernandez and Hoebel, 1988; Wise, 2002). The role of DA in neuroadaptation 

may be important inasmuch as it is needed for initial drug reinforcement (Ikemoto et al., 

1997; Wise, 2002; Wise, 2004).

1.5.3 Mesocortical tract and cognitive function

The mesocortical tract originates in the VTA (A 10) and projects to the neocortex, 

particularly the PFC (for review, see Girault and Greengard, 2004). DA levels in the PFC 

are essential for modulating cognitive function (Brozoski et al., 1979; for reviews, see 

Goldman-Rakic et al., 2000; Tunbridge et a l ,  2006), with cognition being defined by the 

prominent cognitive psychologist Ulric Neisser (1967) as “all processes by which the

sensory input is transformed, reduced, elaborated, stored, recovered and used cognition is

involved in everything a human being might possibly do” . In fact, research suggests that 

there is an inverted U-shaped relationship between DA activity and PFC cognitive function, 

with this being optimal at intermediate levels o f DA and mediated by D1 and D2 receptors 

(Fig. 1.6) (for reviews, see Goldman-Rakic et al., 2000; W interer and W einberger, 2004; 

Tunbridge et al., 2006). In particular, D1 agonists and antagonists greatly impair normal 

working memory, with this being observed across species (Zahrt et al., 1997; Lidow et al., 

2003; Vijayraghavan et al., 2007). In addition, both age (Mizoguchi et al., 2009) and stress 

(Mizoguchi et al., 2000) have been reported to negatively impact on working memory by a 

D1 receptor dependent manner. Thus, it has also been proposed that DA is crucial in the 

PFC to maintain the delicate balance between excitatory and inhibitory synaptic 

interactions by modulating the excitability o f glutamatergic and GABA neurons in the PFC 

and consequently normal behaviour (for review, see W interer and Weinberger, 2004).

1.5.3.1 Schizophrenia

Schizophrenia is a severe and chronic mental illness, associated with a prevalence of 0.5- 

1 %,  and associated with positive, negative and cognitive symptoms (for review, see Abi- 

Dargham and Laruelle, 2005). Positive symptoms include delusions and hallucinations, 

while negative symptoms include flattened affect and social isolation, and deficits of 

memory and attention are typical o f cognitive symptoms.
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Figure 1.6: The inverted U-relationship between dopamine and prefrontal cortex 

function

Prefrontal cortex (PFC) function is optim al at interm ediate dopam ine (DA) levels, mediated 

particularly by D1 receptors. PFC function is im paired in states o f dopam inergic 

hypofunction (e.g., in aged anim als and patients with PD) and dopam inergic hyperfunction 

(e.g., in stressed anim als and am phetam ine (A M PH )-induced psychosis). Adapted from 

Goldm an-R akic et al. (2000) and Tunbridge et al. (2006).
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The observation that antipsychotic drugs had anti-dopam inergic properties and DA 

m im icking drugs could induce psychotic episodes resem bling the positive sym ptom s o f 

schizophrenia resulted in the dopam ine theory o f  schizophrenia, in which it was proposed 

that positive sym ptom s (psychosis) were the result o f dopam ine hyperactivity in the brain 

(Carlsson and Lindqvist, 1963; Seeman et al., 1976; Davis et al., 1991). However, this 

hypothesis was not convincingly confirm ed (Brozoski et al., 1979; for reviews, see 

W einberger, 1987; Davis et al., 1991) and thus a new model was postulated and suggested 

that decreased activity in the mesocortical pathw ay and increased activity in the m esolimbic 

pathw ay (nucleus accum bens), in particular the mesostriatal pathway, may cause the 

cognitive and negative, and positive sym ptom s o f  schizophrenia, respectively (for reviews, 

see W einberger, 1987; Davis et al., 1991; W interer and W einberger, 2004).

This model proposes that in the normal state, the m esocortical projections to the RFC 

activate an inhibitory feedback loop to m odulate the activity o f  the mesolimbic tract (Fig. 

1.7) (for reviews, see W einberger, 1987; Davis et a l ,  1991). However, in schizophrenia 

reduced activity in the inhibitory loop results in disinhibition and overactivation o f the 

m esolim bic pathw ay (for reviews, see W einberger, 1987; Davis et al., 1991; W interer and 

W einberger, 2004). Hence this raises the possibility that mesolimbic DA activity may be 

abnormal as a dow nstream  effect o f a prim ary prefrontal abnormality (for review, see 

W interer and W einberger, 2004). This model is supported by the finding that lesionings o f 

the PFC or mesocortical pathw ay results in enhanced activity in the m esostriatal pathway, 

specifically in the nucleus accum bens (Pycock et al., 1980; Jaskiw  et al., 1990). Support for 

increased activity in the m esostriatal tract has also been provided by num erous 

neuroim aging studies o f schizophrenic patients (A bi-D argham  et al., 1998; Abi-D argham  et 

al., 20(X); A bi-D argham  and Laruelle, 2005). Thus abnorm ality in DA  signalling may be a 

prom inent feature o f this psychiatric disorder.

1.5.3.2 Attention deficit hyperactivity disorder

W ith a prevalence o f  8-12%  worldwide, ADHD is one o f  the m ost com m on childhood 

psychiatric disorders, with sym ptom s persisting into adolescence and adulthood in 

approxim ately 80% o f suffers (Faraone et al., 2003).
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(A) Normal state (B) Schizophrenia
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Figure 1.7: Dopamine model of schizophrenia

This model postulates that under the normal state (A) the dopamine (D A) neurons forming 

the mesocortical pathway (blue line) acts through an inhibitory feedback loop (black line) 

involving the prefrontal cortex to modulate the function o f limbic areas and the dopamine 

mesolimbic pathway (grey line). A  primary defect in schizophrenia (B) may be depressed 

activity in the mesocortical pathway and subsequent loss o f inhibitory feedback from the 

prefrontal cortex (dashed black line) and hyperactivity o f the mesolimbic pathway and 

lim bic areas. Adapted from Weinberger (1987).
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Although the neurobiological basis o f this disorder has yet to be defined, there is a 

conveying role for dysfunction in the catecholamine system (for reviews, see Arnsten and 

Li, 2005; Biederman, 2005). For example, most medication used to treat ADHD facilitates 

catecholamine transmission (for review, see Arnsten and Li, 2005). Methylphenidate is an 

inhibitor of DAT and NAT and increases extracellular DA concentration in the PFC, 

striatum and nucleus accumbens, while increasing noradrenaline concentration in the PFC 

(Volkow et al., 1998; Volkow et al., 2001; Bymaster et al., 2002). In addition, it is widely 

recognised that ADHD has a strong familial and genetic component (Biederman, 2005; 

Faraone et al., 2005), with studies indicating an association between ADHD and genes 

related to the DA system such as D AT  (Daly et a l ,  1999; Barr et al., 2001; Hawi et al., 

2003). Furthermore, while the locus of brain dysfunction in ADHD has not been 

unequivocally identified, evidence suggests that, like schizophrenia, deficits in the PFC 

may exist (Ernst et al., 1998; Rubia et al., 1999; Hill et al., 2003; Arnsten and Li, 2005). As 

has been discussed, this area is essential for cognitive function and is highly connected to 

subcoitical structures. Hence, it has been proposed that ADHD medication may have 

therapeutic effects by optimising catecholamine signalling in the PFC and thus modulating 

inhibitory influences on subcortical structures, alleviating symptoms of ADHD (for 

reviews, see Arnsten and Li, 2005; Biederman, 2005).

1.6 Mesencephalic dopamine neuron development

1.6.1 Early neural development

All neurons of the central nervous system (CNS) and most in the periphery, mediated by 

neural crest migration, are generated in a region-specific manner by a series of inductive 

events (for review, see Alavian et al., 2008). During gastrulation, a sheet of ectodermal 

cells begins to acquire neural properties and form the neural plate. Soon afterward, the 

neural plate starts to thicken, starts to roll up along its anterior-posterior (AP) axis, and 

closes eventually to form the neural tube, through a process called neurulation (for review, 

see Alavian et al., 2008). At this time, the embryonic neural tube begins to be patterned 

along its dorso-ventral (DV) axis by the floor plate (ventral) and the roof plate (dorsal), and 

along its AP axis by position-dependent organising centres, including the isthmus at the
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junction of the mesencephalon and metencephalon (for review, see Prakash and W urst, 

2006b). These centres secrete signalling molecules which impose instructive information 

upon adjacent tissue, resulting in the appearance o f new molecular boundaries (for reviews, 

see Prakash and Wurst, 2006b; Smits et al., 2006).

1.6.2 Development of the isthmus

The isthmus is a very important region which separates the fore- and midbrain from 

hindbrain anatomically and molecularly (for review, see Smits et al., 2006). It is established 

early during neural development by the opposing expression domains o f two transcriptional 

repressors, Otx2 in the presumptive fore- and midbrain (anterior neural tube), and Gbx2 in 

the presumptive hindbrain and spinal cord (posterior neural tube) (Broccoh et a l ,  1999; 

Millet et al., 1999; Brodski et al., 2003). The effects of the isthmus can be mimicked by 

fibroblast growth factor 8 (FGF8)-containing beads and thus is considered to be the key 

signalling molecule o f this centre (Crossley et al., 1996; Martinez et al., 1999), with 

patterning activity o f its own along the AP axis o f the neural tube (Ye et a!., 1998). W ntl is 

another important signalling molecule secreted by the isthmus, and it has been 

demonstrated that FGF8 and W ntl cross-regulate each other (Crossley et al., 1996; Lee et 

al., 1997; Liu and Joyner, 2001; Chi et al., 2003). Expression of transcription factors 

belonging to homeodomain and paired-box families, such as Engrailed (En) 1 and 2, Pax2/5 

and Lm xlb, is also initiated at or across the isthmus at roughly the same time as FGF8 and 

W ntl, and prior to induction o f mDA neurons (Urbanek et al., 1997; Adams et al., 2000; 

Liu and Joyner, 2001; Prakash et al., 2006; Prakash and Wurst, 2006b; Alavian et al., 

2008). These factors participate in regional specification of midbrain tissue (for review, see 

Alavian et al., 2008).

1.6.3 Induction of mesencephalic dopamine neurons

After formation and positioning o f the isthmus, signals from the floor plate and roof plate 

divide the mesencephalon into dorsal and ventral parts, with each region having its own 

specific developmental cascades (for review, see Smits et al., 2006). Essential in inducing 

the ventral mesencephalon is the glycoprotein sonic hedgehog (Shh), which is expressed
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early during development in the floor plate and notochord and is the key signalling 

molecule conveying positional information along the DV axis (Hynes et al., 1995; Wang et 

al., 1995; for review, see Prakash and Wurst, 2006a). mDA progenitors first arise in the 

cephalic flexure at embryonic day (E) 9.5 in the mouse embryo in close vicinity to the floor 

plate and isthmus (Fig. 1.8) (Wallen et al., 1999; for review, see Prakash and Wurst, 

2006a), with the position of the isthmus controlling the location and size o f the 

dopaminergic population (Brodski et al., 2003). It has been demonstrated in vitro that 

cooperative signalling by Shh and FGF8 can induce mDA neurons at ectopic locations (Ye 

et al., 1998). Shh signalling is indispensable in this respect as mDA neurons are absent in 

Shh null mice and considerably reduced following conditional inactivation o f the Shh 

receptor Smoothened at E9.0 (Blaess et al.. 2006). Furthermore, ectopic expression o f Shh 

and its downstream effector Gli-1 can induce mDA neurons in the dorsal mid-/hindbrain 

region (MHR), in areas where FGF8 and WntI are normally expressed (Hynes et al., 1997). 

However, the necessity o f FGF-signalling for mDA neuron development has been 

somewhat compromised by the finding that FGF receptor 1 ablation in the MHR, which is 

the prominent receptor in this area, had no effect on the mDA neuronal population, but 

instead reduced the most rostral serotonin neurons (Trokovic et al., 2003). Furthermore, 

FGF8-containing beads are unable to induce ectopic mDA neurons in Wntl mutant 

forebrain cultures in contrast to wild-type tissue (Prakash et al., 2006). It has also recently 

been demonstrated that W ntl is required during early neural development for the in vivo 

generation o f mDA neurons, and thus it has suggested that Shh (and FGF8) work in concert 

with this factor leading to the establishment o f a mDA progenitor domain in the ventral 

mesencephalon which is competent to generate mDA precursors (Prakash et al., 2006).

In particular, it has been suggested that a W ntl-regulated genetic network and a Shh- 

controlled genetic cascade may act in parallel or sequentially to establish this mDA domain 

(for review, see Prakash and Wurst, 2006b). Experimental data indicates that W ntl is 

engaged in a positive feedback loop with Otx2 within the ventral mesencephalon, such that 

secreted W ntl protein induces and/or maintains Otx2 expression and vice verse (Prakash et 

al., 2006). Otx2 protein is in turn required for the repression of Nkx2-2 within this domain 

of the neural tube and the development of rostral hindbrain 5-HT neurons (Prakash et al., 

2006).
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Fig. 1.8: Mesencephalic dopamine neurons develop close to two important signalling 

centres in the mouse embryo

Sagittal view o f an E l 0.5 mouse em bryo head; anterior is to the left. Sonic hedgehog (Shh, 

blue) is secreted from the floor plate o f  the spinal cord and hindbrain, and the floor plate o f  

the midbrain and caudal forebrain, thus establishing a ventro-dorsal gradient that confers 

dorso-ventral positional inform ation. The isthmus (black arrow ) is established at the 

expression boundary o f Otx2 (yellow) in the fore- and midbrain and G bx2 (orange) in the 

hindbrain and spinal cord. Expression o f the secreted factors fibroblast grow th factor 8 

(FGF8, green) and W ntl (red) is confined to the caudal border o f  the isthm us in the rostral 

hindbrain, ventral telencephalon and anterior neural ridge (FGF8), and the rostral border o f  

the isthmus in the caudal midbrain, ventral m idline (cephalic flexure) o f  the m idbrain and 

dorsal m idline o f  the hindbrain and spinal cord (W ntl). Signals provided by the isthmus 

confer anterior-posterior positional inform ation. The m DA precursors (purple) are induced 

within the cephalic flexure (ventral m esencephalon) by a com bination o f  Shh, FGF8 and 

W ntl signals. Two additional neuronal populations develop close to the isthm us in the 

ventral hindbrain (serotonin neurons o f  the raphe nuclei, brown) or dorsal hindbrain 

(noradrenaline neurons o f the Locus coeruleus, turquoise). A dapted from Prakash and 

W urst (2006a).
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W ntl and Lm xl may also be involved in an auto-regulatory loop during mDA neuron 

development (Chung et a l ,  2009), with Shh and/or W ntl inducing expression of the 

homeodomain transcription factor Lm xla  in the ventral midbrain (Andersson et a l, 2006b; 

Chung et al., 2009). L m xla  activates the homeodomain transcription factor M sxl,  which is 

a transcriptional repressor and targets the homeodomain transcription factor Nkx6-1 

(Andersson et al., 2006b; Chung et al., 2009). Nkx6-1 is broadly expressed in the ventral 

neural tube at early stages of development and repression o f the most ventral Nkx6-1 

domain in the midbrain by M sxl may therefore delimit the mDA progenitor domain from 

the more laterally located progenitors of motor neurons (Andersson et al., 2006b). Thus a 

Wntl^, Otx2^, Shh*, Lmxla*, Msxl*  but Nkx2-2', Nkx6-1' domain may be established in the 

ventral mesencephalon from which mDA precursors develop (Fig. 1.9) (for review, see 

Prakash and Wurst, 2006b).

1.6.4 Specification of mesencephalic dopamine neurons

After the initial induction by Shh, W ntl and FGF8 in the ventral midbrain, the mDA 

precursor and postmitotic neurons go through several steps of specification (for review, see 

Alavian et a l ,  2008). However, current knowledge about the integrated mechanisms acting 

during early induction and specification o f mDA cell fate is still rudimentary, with these 

signalling molecules possibly having a direct role in specification of mDA progenitors (for 

review, see Prakash and Wurst, 2006a). Nevertheless, evidence suggests that Lm xla and 

M sxl continue to be expressed, with L m xla and W ntl also in an auto-regulatory loop 

(Andersson et a l ,  2006b; Chung et al., 2009). M sxl (Andersson et al., 2006b) and Oxt2 

(Vernay et al., 2005) induce expression of the proneuronal transcription factor Neurogenin2 

(Ngn2) in the ventral mDA precursors. Ngn2 appears to be required for the proper 

differentiation o f mDA precursors by acquisition of generic neuronal properties, but not 

their terminal differentiation (Andersson et a l ,  2006a; Kele et a l ,  2006). L m xla also 

appears to induce expression of transcription factors required for proper differentiation of 

mDA precursors, including N urrl and Pitx3 (Chung et a l, 2009; Friling et a l, 2009).
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Fig. 1.9: Establishment of mesencephalic DA neuron progenitor domain during early 

stages of mouse neural development

W ntl, Shh and L m xla expressed in the ventral mesencephalon positively control a genetic 

cascade including Otx2, required for repression of Nkx2-2, and M sxl, required for 

repression o f Nkx6-1. This establishes a domain from which mDA precursors develop. 

Expression o f Lm xla  in the ventral midbrain appears to require Shh. W ntl and Otx2 

mutually induce and/or maintain their expression in the ventral midbrain, although neither 

factor is necessary for it (indicated by broken arrows). W ntl and FGF8 are also engaged in 

cross-regulation of their expression, but a strict requirement o f FGF8 signalling for the 

development of mDA neurons in vivo is uncertain. L m xla and W ntl are also engaged in a 

auto-regulatory loop. Neither L m xla nor W ntl can induce DA neurons in the absence of 

Shh. Shh indicates sonic hedgehog; FGF8, fibroblast growth factor 8. Adapted from 

Prakash and Wurst (2006b) and Chung et al. (2009).
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1.6.5 Further differentiation and maintenance of mesencephalic dopamine neurons

After initial specification, mDA precursor cells gradually become postmitotic and several 

transcription factors begin to be expressed which are essential for their neurotransmitter 

phenotype, survival and long term maintenance throughout life, including N urrl, Pitx3, 

L m xlb  and En 1/2 (for review, see Alavian et al., 2008). It has been suggested that these 

genes may represent at least three independent molecular pathways (for review, see Alavian 

et al., 2008). E nl/2  and L m xlb  are widely expressed before induction o f mDA neurons but 

their expression becomes relatively specific to postmitotic mDA neurons during later 

embryogenesis (Smidt et al., 2000; Simon et al., 2001; for review, see Alavian et al., 2008).

1.6.5.1 Nurrl

N urrl is an orphan nuclear receptor that is highly expressed during development in the 

CNS, including the ventral mesencephalon, and in the postnatal and adult brain, including 

in the mDA system (Zetterstrom et al., 1996; Zetterstrom et al., 1997). Analysis of Nurrl'^' 

mutant mice indicate that Nurrl is not strictly required for the specification and initial birth 

of mDA precursors, but instead is involved in inducing the dopaminergic phenotype in 

these cells, and later for maintenance and survival, with lack of N urrl expression resulting 

in selective death o f mDA precursors during development (Zetterstrom et al., 1997; Castillo 

et al., 1998; Saucedo-Cardenas et al., 1998; Wallen et al., 1999; Smits et al., 2003; 

Kadkhodaei et al., 2009). Indeed, it has recently been demonstrated that targeted ablation of 

the N urrl gene in late embryonic development results in a progressive decline of TH, DAT, 

VMAT2, AADC, L m xlb  and Pitx3 in the ventral mesencephalon, a reduction in striatal 

DA levels, and rapid cell loss in this area (Kadkhodaei et al., 2009). However, it should be 

noted that N urrl does not seem to be required for expression o f Pitx3, L m xlb  and AADC, 

with evidence suggesting it induces, directly or indirectly, the expression o f TH, D AT  and 

VMAT2 (Saucedo-Cardenas et al., 1998; Wallen et al., 1999; Sacchetti et al., 2001; Kim et 

al., 2003; Smits et al., 2003). Expression of the trophic factor receptor component, Ret, is 

also not detected in Nurrl'^' null mutant embryos from the earliest time point on 

(Zetterstrom et al., 1997; Wallen et al., 2001), which is of significance as Ret is required for 

long term survival o f nigral DA neurons (Kramer et al., 2007). In fact, it has been observed
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that inactivation of NurrJ in adulthood results in a progressive reduction in DA markers in 

the ventral mesencephalon and projection areas, and decrease in striatal DA levels 

(Kadkhodaei et al., 2009). Thus these results suggest that N urrl is essential for the proper 

differentiation and long term survival o f mDA neurons.

1.6.5.2 Lmxlb

Lm xlb  is a LIM homeodomain transcription factor and has been suggested to be important 

in the development o f mDA neurons (Smidt et al., 2000; Prakash and Wurst, 2006a). 

Lmxbl is expressed in ventral mesencephalon and caudal diencephalon of mid-gestational 

embryos, in the region where mDA neurons develop, and is later confined to the mDA 

progeny (Smidt et al., 2000). In the adult brain, it has a restricted expression pattern 

characterised by high expression in VTA and SNpc (Smidt et al., 2000). In wild-type 

animals, Lm bxl is expressed prior to N urrl, TH and Pitx3 and co-localises with Pitx3 in 

the ventral midbrain (Smidt et al., 2000). However, Lmxlb'^' null embryos fail to express 

Pitx3, while expression o f TH and Nurrl is intact (Smidt et al., 2000). Conversely, 

expression o f Lm xlb  and Pitx3 is maintained in N urrl ''' null embryos and it has been 

proposed that at least two independent cascades may operate during mDA neuron 

development, one involving L m xlb  and Pitx3 and the other involving Nurrl (Smidt et al., 

2000). However, development of the midbrain appears to be generally disturbed in the 

Lm xlb  knock-out (Smidt et al., 2000) and thus defects observed in the mDA neuronal 

population could therefore be a secondary consequence of disturbed midbrain patterning 

(for review, see Prakash and W urst, 2006a).

1.6.5.3 Pitx3

Pitx3 is a paired-like homeodomain transcription factor that is exclusively transcribed in 

the CNS at the cephalic flexure o f the neural tube during embryonic development (Smidt et 

al., 1997). Its expression continues throughout development and is restricted to mDA 

neurons in the adult brain (Smidt et al., 1997). Evidence suggests that Pitx3 is required for 

the proper differentiation o f mDA neurons specifically in the SNpc, with Pitx3'^' null mice 

failing to develop these cells or their projections to the dorsal striatum and exhibiting some
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m otor deficits, while neurons in the VTA are relatively spared (Hwang et al., 2003; Nunes 

et al., 2003; van den M unckhof et al., 2003; Smidt et al., 2004; M axwell et al., 2005). The 

selective loss of SNpc mDA neurons despite the expression o f Pitx3 in the SNpc and VTA 

may be the result o f differential transcriptional regulation o f the TH  gene (Maxwell et a l, 

2005). Pitx3 appears to be specifically required for the initiation and/or maintenance of TH  

transcription in the presumptive SNpc, while expression o f this enzyme is induced prior to 

Pitx3 in the presumptive VTA (Maxwell et al., 2005). Thus, Pitx3 may be required for 

proper terminal differentiation o f mDA neurons that will form the SNpc, by activating the 

TH  gene or other targets, ensuring cell survival (Prakash and W urst, 2006a). However, cells 

of the prospective VTA are not dependent on Pitx3 for this component of terminal 

differentiation and thus are less affected by its absence (Maxwell et a l ,  2005). Recent 

evidence also suggests that, like N urrl, D AT  and VMAT2, may be downstream targets of 

Pitx3 (Hwang et a l, 2009), with it now being proposed that Pitx3 and N urrl may, in fact, 

cooperatively promote terminal differentiation of mDA neurons (Martinat et a l, 2006; 

Hwang et a l, 2009; Jacobs et a l, 2009).

1.6.5.4 Engrailed 1 and 2

Engrailed homeodomain transcription factors, Enl and En2, are expressed in early neural 

development (E8.0) in the anterior mouse neuroectoderm as patches which subsequently 

fuse to form a band o f cells that will give rise to the isthmic organiser (Simon et a l, 2001). 

After their initial expression in the mid/hindbrain, mDA neurons begin to express the two 

En genes between E l 1.5 and E14 and their expression continues in the postnatal and adult 

brain in the SNpc and VTA (Simon et a l, 2001). Analysis o f Enl/2'^' null mice indicate that 

they have an essential role in survival and maintenance of mDA neuron (Simon et a l, 

2001). Interestingly it was observed that mDA neurons appeared similar to wild type mice 

in single homozygous mutants (E nf^ ' or En2'^') but were completely absent in double 

homozygotes (Simon et a l, 2001). Furthermore, while mDA neurons were substantially 

diminished in EnV^'/Enl^^' mutants, mDA neu rons 'm Enl^^'/EnZ^' mutants were identical to 

wild type mice, thus acting in a gene dosage dependent manner (Simon et a l ,  2001). 

Notably, a cluster of TH positive neurons were generated in the ventral aspect of the 

cephalic flexure in the double homozygotes, although it was smaller than that observed in
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wild type and heterozygous mice, providing direct evidence that these genes are not 

required for the induction of mDA neurons (Simon et al., 2001). However, these neurons 

disappeared in the double mutants over the next few days o f development, suggesting they 

have maintenance and survival function (Simon et al., 2001). Further studies using in vitro 

embryonic ventral mesencephalic cultures have shown that the En genes are cell- 

autonomously required for the survival of mDA neurons and loss o f En expression in these 

cells induces apoptosis (Alberi et al., 2004). Interestingly, analysis of mice heterozygous 

null for En 1 and homozygous null for En 2 {Enl^^'/Enl'^') during the first 3 months of 

adulthood has revealed a progressive degeneration o f DA neurons in the SNpc, suggesting 

that En gene expression may be required for long term survival o f these this population of 

mDA neurons (Sgado et al., 2006).

1.7 Embryonic stem cells

As discussed, mDA neurons have several fundamental functions in the brain, dysfunction 

or degeneration o f which are implicated in a myriad of psychiatric and neurological 

disorders (for review, see Greengard, 2001). In addition, while the development of these 

neurons has been intensively investigated, much remains to be elucidated (for review, see 

Prakash and Wurst, 2006a). As the brain is largely inaccessible, the analysis o f DA neurons 

in vitro may provide further insight into the mechanisms controlling neuronal development, 

neuronal function and degeneration, and provide a system for drug discovery and 

toxicological screens (Martinat et al., 2004; Rolletschek et al., 2004). ESCs may provide an 

ideal source o f DA neurons for such analysis as they can be propagated indefinitely in 

culture in an undifferentiated state while retaining pluripotency, and are easily accessible to 

genetic manipulation, allowing specific mutations to be readily analysed (Evans and 

Kaufman, 1981; Thomson et al., 1998; Lee et al., 2000; M artinat et al., 2004; Rolletschek 

et al., 2004; Wobus and Boheler, 2005). Furthermore, ESC derived DA neurons are being 

actively investigated as a therapeutic cell source in the treatment o f PD as the use of ESCs 

circumvent problems associated with other transplantable tissues (Roy et al., 2006; 

Astradsson et al., 2008; Hedlund et al., 2008).
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1.7.1 Derivation of dopamine neurons from embryonic stem cells

ESCs are pluripotent cells derived from the inner cell mass of the pre-implantation 

blastocyst-stage embryo and have been established from mouse (Evans and Kaufman, 

1981; Martin, 1981), primate (Thomson et al., 1995) and human (Thomson et a l ,  1998) 

embryos. Protocols have been established to direct differentiation of these cells to neurons, 

including DA neurons, and are largely based on the in vivo neuronal development discussed 

above (Kawasaki et al., 2000; Lee et al., 2000; Kawasaki et al., 2002; Ying et al., 2003; 

Perrier et al., 2004; Parmar and Li, 2007; Sonntag et al., 2007; Cooper et al., 2010). 

Methods to differentiate mouse ESC to DA neurons largely fall into three categories 

(Kawasaki et al., 2000; Lee et al., 2000; Stavridis and Smith, 2003; Ying et al., 2003; Lau 

et al., 2006; Parmar and Li, 2007). One strategy involves co-culture of undifferentiated 

ESCs on monolayers o f PA-6 bone marrow derived stromal cells, which have strong 

neural-inducing activity, and is based on what has been termed stromal-cell derived 

inducing activity (SDIA) (Kawasaki et al., 2000). 30% of neurons generated by this 

procedure express TH after 14 days of culturing and release DA following depolarisation 

(Kawasaki et al., 2000). Reports also suggest TH positive neurons also express markers 

typical of mDA neurons such as Pitx3 and N urrl (Kawasaki et al., 2000; Parmar and Li, 

2007). While the molecular nature of the SDIA long remained elusive (Kawasaki et al., 

2000), it now seems that factors present on the surface of stromal cells induce cell survival 

and overall neurogenesis, while secreted factors are primarily responsible for DA-inducing 

effects (Vazin et al., 2008).

The second approach involves a five-stage differentiation procedure in which in vitro 

differentiation recapitulates in vivo neuronal differentiation (Lee et al., 2000). 

Undifferentiated ESCs are first induced to form embryoid bodies (EBs) by growth in 

suspension culture (Lee et al., 2000), with EBs typically consisting of endodermal, 

ectodermal and mesodermal tissue and may reflect aspects of cell differentiation during 

early mammalian embryogenesis (Desbaillets et al., 2000). EBs are subsequently plated and 

neural precursors (NPs) are selected in defined medium (Lee et al., 2000). NPs then 

undergo expansion in the presence of the mitogen basic fibroblast growth factor (bFGF) 

(Murphy et al., 1990; Okabe et al., 1996) and signalling molecules Shh and FGF8 (Lee et
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al., 2000), with terminal differentiation and maturation of neuronal cells completed by 

bFGF withdrawal and application o f L-ascorbic acid (L-AA) (Lee et al., 2000). L-AA has 

been implicated in increasing DA neuron yield in primary CNS cultures (Kalir and 

Mytilineou, 1991; Yan et al., 2001). This procedure generates around 30% of TH positive 

neurons within 24 to 35 days o f initiation o f the differentiation method (Lee et a l ,  2000), 

with evidence suggesting that a proportion of these cells also expressing mDA markers 

such Nurrl and Pitx3 (Kim et al., 2002; Friling et al., 2009). These neurons also released 

DA upon depolarisation and displayed electrophysiological properties of mature neurons 

(Lee et al., 2000). Lau et al. (2006) have developed a similar method, which allows the fast 

and efficient differentiation o f ESCs to DA neurons within 14 days. In this protocol 

undifferentiated ESCs form neuronal stem spheres (NSSs) in suspension already in the 

presence of mitogens bPGF and epidermal growth factor (EGF), and L-AA (Lau et al., 

2006). NSSs have been reported to contain a periphery of neural stem cells, a core of 

proliferating ESCs and an intermediate layer (Nakayama et al., 2004). EGF has previously 

been shown to induce the proliferation o f embryonic NPs (Santa-Olalla and Covarrubias, 

1995; Reynolds and Weiss, 1996). Plating o f NSSs and culturing in the presence o f EGF, 

FGF8, Shh and L-AA induces proliferation and patterning o f NPs, with terminal neuronal 

differentiation being induced by withdrawal o f growth factors but still culturing in the 

presence of L-AA (Lau et al., 2006). This protocol has been reported to generate 40% of 

DAT expressing cells (Lau et al., 2006).

Ying et al. (2003) have established a distinct method for inducing neuronal differentiation 

from ESCs, in which NPs are generated by plating ESCs in adherent monocultures in 

chemically defined medium. This procedure does not require the application o f exogenous 

growth factors but instead depends upon autocrine EGF signalling (Ying et al., 2003). It has 

been reported that around 16% of neurons express TH after 14 days of differentiation, with 

this increasing to around 26% after application o f bFGF, Shh and FGF8 (Ying et al., 2003; 

Parmar and Li, 2007). However, this method does not seem to typically support the 

generation o f TH neurons co-expressing mDA neuronal markers, such as Pitx3 and L m xla 

(Parmar and Li, 2007; Friling et al., 2009).
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1.7.2 Direct visualisation and selection of ESC derived dopamine neurons

An impediment in the use o f ESC derived DA neurons for any application is that due to the 

developmental potency of ESCs it is not possible to synchronise the birth and development 

of cell populations to the extent seen in normal development, and consequently 

heterogeneous cell populations are typically generated after differentiation that contain cells 

at different stages of maturation and of more than one germ layer (for review, see Stavridis 

and Smith, 2003; Pruszak et a l ,  2007). Conversely, in vitro studies would greatly benefit 

from a large, homogenous cell population (for review, see Stavridis and Smith, 2003). The 

therapeutic potential o f ESCs for regenerative medicine is also compromised by the 

heterogeneous nature o f differentiated cell cultures (for review, see Stavridis and Smith, 

2003; Pruszak et al., 2007). However, this obstacle may be partly or wholly overcome by 

introducing a reporter cassette, such as enhanced green fluorescent protein (EGFP), into a 

locus with restricted expression in the specific cell type, effectively labelling the cell of 

interest (for review, see Stavridis and Smith, 2003; Hedlund et al., 2008). This would not 

only allow the enrichment of a particular cell type from a mixed cell population by 

fluorescent cell sorting (FACS) but also enable differentiation to be followed in vitro in real 

time in live cells (Tomishima et al., 2007; Hedlund et a l, 2008). This approach to label DA 

neurons derived from ESCs is o f particular relevance as there are currently no good cell 

surface markers specific for the DA precursor population which allow for their specific 

selection (Cai et al., 2010).

1.7.2.1 Strategies to target EGFP to cell specific promoters

Targeting EGFP expression to a desired locus may be achieved in a number o f ways, 

including site-specific targeting of EGFP into the endogenous gene of interest by 

homologous recombination, randomly integrating DNA containing a gene specific 

promoter or enhancer element adjacent to EGFP into the genome, and site-specific 

targeting o f EGFP into the entire gene contained within a bacterial artificial chromosomes 

(BACs) and random integration into the genome (Hedlund et al., 2007; Tomishima et al., 

2007; Hedlund et al., 2008). There are strengths and weaknesses in each strategy. Targeted 

insertion into the genome usually results in correct transgene expression but can be labour-
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intensive and results in a cell line with only one copy o f the gene of interest, as EGFP 

replaces the endogenous gene, which may disrupt normal cellular function (Spielewoy et 

a l ,  2001; Savelieva et al., 2002; Tomishima et al., 2007). Random integration o f promoter- 

driven EGFP constructs requires mapping o f the promoter structure (Tomishima et al., 

2007). After mapping, recombinant DNA techniques must be used to create truncated 

promoters that typically are smaller than 20 kilobases (kb) due to the practical limitations 

of conventional cloning strategies (Tomishima et al., 2007). These smaller, randomly 

integrated transgenes are frequently dysregulated (Hedlund et al., 2007; Tomishima et al., 

2007). Targeting EGFP into a gene within a BAG has several advantages over other 

strategies (Tomishima et al., 2007). As BAGs can accommodate very long regions of 

genomic DNA (up to several hundred kb), high transgene fidelity is typically achieved, 

likely owing to the fact that all regulatory elements of the gene contained within the BAG 

are maintained and their large size insulates the integrated transgene from the effects o f the 

surrounding chromatin structure (Zhang et al., 2004; Tomishima et al., 2007; Bian and 

Belmont, 2010). In addition, protocols have been established which allow BAGs to be 

rapidly modified in Escherichia coli (E.coli) using a highly efficient phage-based 

homologous recombination system termed recombineering (Yu et al., 2000; Gopeland et 

al., 2001; Lee et al., 2001). A disadvantage with the use of BAGs is that due to their large 

size they are more difficult to handle than conventional sized plasmids.

1.7.2.2 Strategies to enrich ESC derived dopamine neurons

Two strategies may be implemented to enrich DA neurons from ESGs, including 

expression o f EGFP from promoters specific to neural precursor (NPs), thus labelling cells 

at early stages o f in vitro neuronal differentiation, and expression from promoter specific to 

post-mitotic DA neurons, hence labelling neurons at late stages o f the differentiation 

process. In the case o f neural specific promoters, sorting NPs may allow for further 

amplification and differentiation in vitro (Li et al., 1998) and may prevent large scale cell 

death which has been reported to occur following dissociation at later stages of neuronal 

differentiation (Yoshizaki et al., 2004). The early stages of the differentiation process could 

also be monitored in real time in live cells (Li et al., 1998). Nestin and Soxl are both 

markers o f NPs, being expressed at early stages of in vivo neural development and down-
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regulated as development proceeds and cells become post-mitotic (Lendahl et al., 1990; 

Pevny et al., 1998; Wood and Episkopou, 1999). EGFP expressed from the nestin promoter 

in ESCs has been shown to be an effective way to purify NPs during w vitro differentiation, 

with a highly enriched neuronal and glial population generated after further differentiation 

(Andressen et al., 2001). No analysis was performed in this study to determine the specific 

neuronal subtypes present in differentiated cultures. Soxl-G FP is also an effective way to 

select ESC-derived NPs, with an enriched neuronal and dopaminergic population generated 

following further in vitro differentiation (Chung et a l, 2006; Fukuda et al., 2006; Parmar 

and Li, 2007). However, the enrichment for DA neurons in these studies was highly 

variable, possibly due to the use o f alternative differentiation procedures or time point of 

sorting.

Expressing EGFP from DA specific promoters may allow mature DA neurons to be 

enriched from other cell types by FACS, thus obtaining purified DA neurons which would 

otherwise be virtually impossible (Zhao et al., 2004; Hedlund et al., 2008). Labelling cells 

in this manner may also provide a model system to track the fate of in vitro generated DA 

neuron, thus enabling the identification of key determinants and regulatory genes governing 

this process (Zhao et al., 2004). To date EGFP has been targeted to the TH (Yoshizaki et 

al., 2004; Hedlund et al., 2007) and Pitx3 (Zhao et al., 2004; Hedlund et al., 2008) 

promoters in ESCs. Pitx3-EGFP reporter ESCs were found to be a good marker for DA 

neurons, with high over-lap detected between EGFP and TH expression (Zhao et al., 2004; 

Hedlund et al., 2008). However, the extent of co-expression appeared to be determined by 

the dopaminergic differentiation method used and TH positive cells were found in both 

studies that did not express EGFP, indicating that not all DA neurons were o f a midbrain 

lineage (Zhao et al., 2004; Hedlund et a l, 2008). Hedlung et al. (2008) also observed high 

over-lap o f EGFP with midbrain specific transcription factors, such as N urrl and Lm xl, 

and that DA neurons could be effectively sorted to purity by FACS. However, 

differentiated Pitx3-EGFP DA neurons represented only 2-5%  of all live cells in cultures 

after dissociation (Hedlund et al., 2008) and therefore may have limited potential for in 

vitro applications. Reports suggest that labelling ESC derived DA neurons by targeted 

expression o f EGFP from the TH promoter may not be an effective way to enrich DA 

neurons, or at least was not the case in published studies using a TH promoter fragment
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(Yoshizaki et al., 2004; Hedlund et al., 2007). While cells were detected in differentiated 

cultures which co-expressed EGFP and TH in both studies, a proportion of cells also 

expressed EGFP but not TH, and vice versa, and was correlated to the use o f a promoter 

fragments or the expression of TH in other cell types during differentiation (Yoshizaki et 

al., 2004; Hedlund et al., 2007). Furthermore, Hedlund et al. (2007) also reported the 

presence of a mixed cell population containing markers of pluripotent stem cells and 

proliferative cells after transplantation o f a FACS purified population into the rat brain. 

Selection o f EGFP positive and stage-specific embryonic antigen 1 (SSEA l) negative cells 

resulted in the purification o f only 1.4% of hve cells in this study (Hedlund et al., 2007), 

with TH-EGFP ESCs representing 2.6% of live cells following neuronal differentiation in 

the study o f Yoshizaki et al. (2004). These reports highlight the difficulties which can arise 

following the use of promoter fragments to drive transgene expression. Thus, targeting 

EGFP to a promoter which is more selectively expressed in DA neurons, such as DAT, and 

site-specific targeting to the endogenous gene contained within a BAG may overcome these 

problems.

1.8 Induced pluripotent stem cells

In 2006 a ground-breaking study published by Takahashia and Yamanaka (2006) reported 

that mouse embryonic and adult fibroblasts could be reprogrammed to cells resembling the 

morphology and growth properties o f ESCs, and expressing ESC marker genes, by 

retroviral expression o f four transcription factors, c-Myc, Sox2, Klf4 and Oct4. These cells 

were termed induced pluripotent stem cells (iPSCs). This discovery raised fundamental 

questions about the mechanisms by which transcription factors influence the epigenetic 

conformation and differentiation potential o f cells during reprogramming and normal 

development (for review, see Stadtfeld and Hochedlinger, 2010). In addition, iPSCs offer 

unprecedented potential for disease research, drug screening, toxicology and regenerative 

medicine (for review, see Yamanaka, 2009). Soon after publication of this initial study, 

mouse iPSCs were generated that functionally and molecularly more closely resembled 

ESCs, including competency to generate germline chimeras (Maherali et al., 2007; Okita et 

al., 2007; Wernig et al., 2007) and more recently rare mouse iPSC lines have been 

generated that are capable of generating “all iPSC” live adult mice upon injection into
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tetraploid blastocysts (Boland et al., 2009; Kang et al., 2009; Zhao et al., 2009; Stadtfeld et 

al., 2010a), suggesting that some iPSC clones have a developmental potency equivalent to 

ESCs (for review, see Stadtfeld and Hochedlinger, 2010). Importantly, iPSCs have also 

been derived from human fibroblasts (Takahashi et al., 2007; Yu et a l, 2007; Park et a l, 

2008b) and other somatic cell populations, including neural cells (Eminli et al., 2008; Kim 

et al., 2008), melanocytes (Utikal et al., 2009) and stomach and liver cells (Aoi et al., 

2008), thus underscoring the universality of induced pluripotency (for review, see Stadtfeld 

and Hochedlinger, 2010).

1.8.1 Generation of iPSCs

The first studies generating iPSCs used constitutively active retroviral vectors that stably 

integrated into the host cell genome to introduce c-Myc, Klf4, Oct4 and Sox2 (Takahashi 

and Yamanaka, 2006; Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007), and 

although typically silenced towards the end of reprogramming (Stadtfeld et al., 2008b), this 

process was often found to be incomplete, resulting in partially reprogrammed cell lines 

that continued to depend on the exogenous factor and failed to express the corresponding 

endogenous gene (Takahashi and Yamanaka, 2006). In addition, residual activity or 

reactivation of viral transgenes in iPSCs-derived somatic cells can interfere with their 

developmental potential (Takahashi and Yamanaka, 2006) and integration of viral 

transgenes often occurs within endogenous genes and can result in gene activation (for 

review, see Yamanaka, 2009). Thus alternative strategies have been developed to 

reprogram cells (for reviews, see Yamanaka, 2009; Stadtfeld and Hochedlinger, 2010). 

These include the use o f inducible systems in which transgene expression is controlled by 

doxycycline, thus diminishing the risk o f continued transgene expression and allowing the 

selection o f fully reprogrammed cells, since cells that depend on exogenous factor 

expression readily stop proliferating upon doxycycline withdrawal (Brambrink et al., 2008; 

Stadtfeld et al., 2008a). Inducible polycistronic cassettes have also been generated in which 

all four reprogramming genes are expressed from one promoter, thus increasing efficiency 

and decreasing viral integration sites (Carey et a l ,  2009; Sommer et al., 2009). Mouse 

strains have also recently been developed harbouring a single copy of this polycistronic
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cassette in a defined genomic position, thus allowing for the controlled induction of 

pluripotency in various somatic cells (Carey et al., 2010; Stadtfeld et al., 2010).

Alternative strategies have also been developed to derive iPSCs free o f transgenic 

sequences, thus circumventing the potentially harmful effects o f leaky transgene expression 

and insertional mutagenesis (for review, see Stadtfeld and Hochedlinger, 2010). Techniques 

to generate integration-free iPSCs can be divided into three categories (for review, see 

Stadtfeld and Hochedlinger, 2010). The first approach involves the use of vectors which do 

not integrate into the genome and reprogramming has been achieved with mouse cells using 

adenoviral vectors (Stadtfeld et al., 2008b) and plasmids (Okita et al., 2008), and human 

cells using adenoviral vectors (Zhou and Freed, 2009), the Epstein-Barr virus (Yu et a l, 

2009) and the Sendai virus (Fusaki et al., 2009). However, reprogramming efficiency with 

these non-integrating methods are several order of magnitude lower (-0.001% ) than those 

achieved with integrating vectors (-0.1-1% ), most likely because factor expression is not 

maintained for sufficient length o f time to allow epigenetic remodelling (for review, see 

Stadtfeld and Hochedlinger, 2010). Thus, an alternative approach involves the use of 

integration-dependent gene delivery vectors which can subsequently be excised from the 

host genome after reprogramming has been completed (for review, see Stadtfeld and 

Hochedlinger, 2010). This has been achieved by incorporation of loxP sites into expression 

vector, which can subsequently be excised by transient expression o f Cre recombinase, and 

has successfully been applied to polycistronic vectors (Chang et al., 2009; Soldner et al., 

2009; Sommer et al., 2010). However, it remains to be determined if short vector 

sequences, which inevitably remain in the host genome after excision, affect cellular 

function (for review, see Stadtfeld and Hochedlinger, 2010). In addition, reprogramming of 

mouse and human cells has recently been achieved in the absence of viral or plasmid 

vectors, by application o f purified reprogramming proteins (Kim et al., 2009; Zhou et al., 

2009a), small molecules (Lin et al., 2009; Desponts and Ding, 2010; Li and Ding, 2010) 

and modified synthetic mRNA encoding reprogramming proteins (Warren et al., 2010). 

However, these approaches alone may also induce genetic or epigenetic abnormalities into 

the resultant iPSCs (for review, see Stadtfeld and Hochedhnger, 2010). Thus the generation 

of iPSCs still requires significant technical advancements (for review, see Yamanaka, 

2009).
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1.8.2 Application of iPSCs to neurodegenerative and psychiatric disorders

It has been suggested that while iPSC technology is still in its infancy and significant 

methodological improvements still need to be made, the potential application o f these new 

pluripotent stem cells remains enormous (for review, see Yamanaka, 2009). In the short 

term  it is anticipated that iPSCs will be used to create more effective disease models in 

vitro (for reviews, see Yamanaka, 2009; Stadtfeld and Hochedlinger, 2010), which is 

supported by the fact that multiple disease specific iPSCs have already been generated 

(Dimos et al., 2008; Park et al., 2008; Ebert et al., 2009; Lee et al., 2009; Soldner et a l, 

2009; Marchetto et al., 2010; Chiang et al., 2011; Nguyen et al., 2011). This may facilitate 

screening and identification o f safer and more effective medication, therefore accelerating 

their translation to the clinic (for reviews, see Yamanaka, 2009; Stadtfeld and 

Hochedlinger, 2010). This is of significance as one of the main obstacle to drug discovery 

is lack of adequate disease models (for review, see Rubin, 2008). In the long term it has 

been proposed that iPSCs may be used in regenerative medicine, particularly in relation to 

autologous transplantation, potentially overcoming problems associated with ESCs (for 

review, see Yamanaka, 2009). Furthermore, it has been suggested that techniques which 

have been optimised with ESCs, such as directed differentiation and selection of specific 

cell types, may be translated to iPSCs (for review, see Stadtfeld and Hochedlinger, 2010).

The applications o f iPSCs are of particular relevance to neurodegenerative and psychiatric 

disorders (for reviews, see Kim, 2010; W ichterle and Przedborski, 2010), subsets of which 

are caused by degeneration or dysfunction of the mDA system (for review, see Greengard, 

2001). In both cases the underlying pathogenic mechanisms are largely unknown, due in 

part to Umited access to human nerve cells, with cellular models o f these disorders being 

extremely limited and rational treatments lacking in most cases (for reviews, see Kim, 

2010; Wichterle and Przedborski, 2010). This is of particular importance in relation to 

neurodegenerative diseases, such as PD, with current medications having only a 

symptomatic effect and unable to halt or retard the degenerative process (for review, see 

W ichterle and Przedborski, 2010). Thus the derivation o f disease specific iPSCs from 

individuals suffering from these neurodegenerative and psychiatric disorders and the 

directed differentiation of these cells to the particular neuronal subtype implicated in the
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disease, such as DA neurons, may elucidate mechanisms of disease pathogenesis, allowing 

the creation o f more faithful disease models which may facilitate the development o f 

efficacious preventative or protective therapies (for reviews, see Yamanaka, 2009; Kim, 

2010; Wichterle and Przedborski, 2010). In relation to the long term application o f iPSCs, it 

has recently been shown that iPSC derived DA neurons survived transplantation and 

provided some behavioural recovery in animal models of PD, providing proof of principle 

for the use of these cells in regenerative medicine for PD (Wernig et al., 2008; Cai et al., 

2010; Hargus et al., 2010).

To date, iPSCs have been generated from patients with a range of neurodegenerative and 

psychiatric disorders including PD, Huntington disease (HD), spinal muscular atrophy 

(SMA), amyotrophic lateral sclerosis (ALS), familial dysautonomia (FD), schizophrenia 

and Rett syndrome (Dimos et al., 2008; Park et al., 2008; Ebert et al., 2009; Lee et al., 

2009; Soldner et a l ,  2009; M archetto et al., 2010; Chiang et al., 2011; Nguyen et al., 2011). 

Importantly, these reprogrammed cells were capable of further differentiation to the 

specific neuronal type affected by the disease (Dimos et al., 2008; Ebert et al., 2009; Lee et 

al., 2009; Soldner et a l, 2009; Cooper et a l, 2010; Hargus et a l ,  2010; Marchetto et al., 

2010; Nguyen et a l ,  2011). In particular, it was recently reported that PD iPSCs could be 

induced to differentiate to DA neurons expressing markers of the ventral mesencephalon, 

thus generating the specific dopaminergic subtype that degenerates in PD (Cooper et a l, 

2010). However, while neurons derived from SM A (Ebert et a l ,  2009) and FD (Lee et a l, 

2009) iPSCs recapitulated some of the hallmarks o f these diseases, such as the decrease o f 

survival motor neuron protein and nuclear localisation in SMA neurons (Ebert et a l, 2009), 

these are developmental neuropathologies and thus far no disease-related phenotypes have 

been reported for late-onset sporadic diseases such as PD, suggesting that these phenotypes 

may only manifest themselves after challenging neural cells with stressors (Dimos et a l, 

2008; Soldner et a l, 2009; Hargus et a l ,  2010; Wichterle and Przedborski, 2010). In fact, 

no disease specific markers o f PD were detected 12 weeks after transplantation of DA 

neurons derived from sporadic PD iPSCs into the striatum of the rat brain, with the authors 

suggesting observation periods may need to be prolonged for up to 3 years to evaluate any 

PD-related changes (Hargus et a l ,  2010). It should also be noted that iPSCs generated from 

a patient suffering from a genetic form of PD (mutation in Leucine-Rich Repeat Kinase-2
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(LRRK2) gene) could be differentiated to DA neurons and these neurons exhibited 

enhanced susceptibility to oxidative stress (N guyen et al., 2011).

Clearly, for the prom ise o f iPSCs to be realised, it is necessary to ask if and how effectively 

they may be differentiated to functional cells o f  various lineages (Hu et al., 2010). This 

question can be answered by direct com parison w ith ESCs, as iPSCs should, by definition, 

behave like ESCs in their self-renew al and lineage differentiation (Hu et al., 2010). Two 

studies recently published regarding the neural differentiation capacity o f hum an iPSCs 

resulted in disparate conclusions (Hu et al., 2010; Boulting et al., 2011). W hile Hu et al. 

(2010) reported that hum an iPSCs followed the same tem poral course during neural 

specification as hum an ESCs, iPSCs were found to exhibit low er and m ore variable 

neuroepithelial and neuronal differentiation efficiencies (Hu et al., 2010). However, 

Boulting et al (2011) reported that iPSCs gave rise to functional m otor neurons with a range 

o f efficiencies sim ilar to that o f  ESCs. This study is o f  significance as more iPSC and ESC 

lines were com pared (Boulting et al., 2011). Im portantly, both studies suggested that the 

m ethod used to generate iPSC clones did not negatively affect the neural d ifferentiation 

propensity o f  these cells (Hu et a l ,  2010; Boulting et al., 2011). As hum an iPSCs and ESCs 

are derived from  an outbred population, it m ay be o f interest to analyse the neural 

differentiation efficiency o f m ouse iPSCs in com parison to genetically m atched mouse 

ESCs.
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1.9 Aims of thesis

1. DA neurons have many fundamental functions in the brain. ESCs may provide an 

unlimited source o f these cells. To overcome the obstacle of heterogeneous cell 

populations post-differentiation, an objective was to label DA neurons with EGFP 

expressed from cell specific promoters. The purpose of this objective was to allow the 

direct visualisation of cells during the differentiation process and sorting o f 

differentiated cells to obtain pure a DA neuron population. DAT is a unique marker of 

DA neurons in the brain. Thus mouse ESCs stably expressing EGFP from the DAT 

promoter would be extremely beneficial and the creation o f such a cell line was an aim 

of this thesis.

2. Alternatively, EGFP may be expressed from neural specific promoters, such as Sox l, in 

ESCs to allow sorting o f cells during early neural differentiation. NPs may be further 

amplified and differentiated to post-mitotic neurons in vitro. A Soxl-G FP reporter ESC 

line has previously been established and, while inconclusive, reports suggest that 

enriched populations of DA neurons may be obtained from this cell line. Therefore, the 

ability to purify NPs and obtain an enriched DA neuron population after further 

differentiation was investigated, with cells being directed to a DA fate using the 

previously untested fast and efficient dopaminergic differentiation procedure described 

by Lau et al. (2006).

3. iPSCs offer unprecedented potential for studying both neurological and psychiatric 

disorders associated with DA neurons. For the promise o f iPSCs to be realised 

fundamental questions need to be addressed about their pluripotency and hneage 

commitment, and can be assessed by direct comparison to ESCs. Thus this aim was to 

assess the neural differentiation efficiency o f a mouse iPSC clone compared to a mouse 

ESC line from the same genetic background.
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Chapter 2 

General Methods
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2.1 Materials

NucleoBond PC 500 kit and NucleoBond BAC 100 were purchased from Macherey Nagel 

GmbH and Co. KG, Duren, Germany. Luria-Bertani (LB) broth, LB agar and SOB medium 

were supplied by Chromatrin Ltd., Dublin, Ireland. QIAquick PCR purification kit, 

QIAquick gel extraction kit, QIAprep spin miniprep kit and RNeasy Plus Micro Kit were 

from Qiagen Ltd., West Sussex, England. Knock-out Dulbecco’s modified Eagle’s medium 

(KO-DMEM), DMEM with GlutaMAX, DM EM /F-12, Neurobasal medium, foetal bovine 

serum (PBS), lOOX N-2 supplement, 50X B-27 supplement, 200 mM L-glutamine, lOOX 

non-essential amino acids (NEAA), 0.05% trypsin/EDTA solution, lOOX penicillin (50 

units/ml)/streptomycin (50 |ig/ml) (pen/strep), SuperScript III First-Strand Synthesis 

System, goat anti-mouse and anti-rabbit Alexa 488 conjugated secondary antibodies, and 

goat anti-mouse, anti-rabbit and anti-rat Alexa 546 conjugated secondary antibodies 

(Molecular Probes) were from Invitrogen, California, USA. IX phosphate buffered sahne 

(PBS) was obtained from BioSera, East Sussex, UK. ESC qualified FBS was obtained from 

HyClone, Utah, USA. Restriction enzymes, shrimp alkaline phosphatase (SAP), T4 DNA 

polymerase, T4 DNA ligase with PEG and O ’GeneRuler DNA ladder mix were purchased 

from Fermentas GmbH, St.Leon-Rot, Germany. High Fidelity PCR Enzyme Mix was 

obtained as kind gifts from Fermentas. Sodium selenite, putrescine dihydrochloride, 

progesterone, albumin from bovine serum (further purified Fraction V), sodium 

deoxycholate, kanamycin, chloramphenicol, gelatine from cold water fish skin, mitomycin 

C, bovine serum albumin (BSA), laminin, apo-transferrin, insulin solution, glucose, 

HEPES, ammonium persulfate, KOH, CaCh, M nCh, KCl, Tris, EDTA, glacial acetic acid, 

glycerol, agarose, ethanol, methanol, G418, triton X-100, (3-merceptoethanol ([3-MeOH), L- 

ascorbic acid (L-AA), propidium iodide (PI), bovine fibronectin, poly-D-lysine (PDL), 

poly-L-ornithine (PLO), protease inhibitor cocktail were obtained from Sigma Chemical 

Co., Poole, Dorset, England. DSF-Taq DNA polymerase and dNTP mixture were 

purchased from Bioron GmbH, Ludwigshafen, Germany. Mouse recombinant Shh, EGF, 

FGF8 and bFGF were obtained from R&D Systems Europe Ltd., Abingdon, United 

Kingdom. Ribonuclease A (RNase A) from bovine pancreas and cytidine were from 

Biochemika (Fluka), Seelze, Germany. Vectashield mounting medium with DAPI was from 

Vector Laboratories, Petersborough, England. Isopropanol was obtained from BDH
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laboratory supplies, Poole, Dorset, England. ProtoGel (30%) was purchased from National 

Diagnostics, Atlanta, Georgia, USA. Bicinchoninic acid (BCA) protein assay kit was from 

Pierce, Rockford, Illinois, USA. Esgro (Leukemia inhibitory factor, LIF, 1x10^ units/ml), 

goat anti-rabbit and goat anti-mouse horse radish peroxidase (HRP) conjugated secondary 

antibodies, Immobilon-P PVDF, Immobilon Western Chemiluminescent HRP Substrate, 

Immobilon Blotting Filter Paper and the primary antibodies rabbit anti-green fluorescent 

protein (GFP), rabbit and rat anti-DAT, mouse and rabbit anti-TH, rabbit anti-glutamic acid 

decarboxylase (GAD), mouse anti-neuronal nuclei (NeuN) were from Millipore, 

Massachusetts, USA. Mouse anti-noradrenaline transporter (NAT) primary antibody was 

obtained from Mab technologies, Stone Mountain, Georgia, USA. Mouse anti-neuronal 

class III (3-tubulin (Tujl clone) primary antibody was from Covance, Princeton, New 

Jersey, USA. Rabbit anti-synaptophysin primary antibody was from Synaptic Systems, 

Goettingen, Germany. Rabbit anti-excitatory amino acid carrier 1 (EA A Cl) primary 

antibody was from Alpha Diagnostics, San Antonio, Texas, USA. Rabbit anti-glial 

fibrillary acidic protein (GFAP) primary antibody was from DAKO, Glostrup, Denmark. 

Mouse anti-serotonin transporter (SERT) primary antibody was from Advanced Targeting 

Systems, San Diego, California, USA. Mouse anti-stage specific embryonic antigen 1 

(SSEA l) and rabbit anti-Nurrl primary antibodies were purchased from Santa Cruz 

Biotechnology, California, USA. Mouse anti-glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) primary antibody was obtained from Ambion, Austin, USA. Oligonucleotides 

were purchased from Eurogentec, Seraing, Belguim. Sequencing was performed by GATC, 

Germany.

2.2 Preparation of buffers and solutions

Buffers and reagents were prepared using water deionised with a Direct-Q UV Millipore 

deioniser. Reagents were weighed on either a Mettler K7T model top balance, for weights 

greater than 5 g or a Mettler College Model analytical balance, for weights less than 5 g. 

The pH of solutions was measured using a Corning pH meter which was calibrated daily 

using standard pH buffers of pH 4, 7 and 10.
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2.3 Pipetting

A set of Gilson automatic pipettes was used throughout experimental work to pipette 

volumes ranging from 0.2 |jl-5 ml. Autoclaved pipette tips were used where applicable.

2.4 Mouse pluripotent stem cell lines

R1 mouse embryonic stem cells (ESCs) and mouse embryonic fibroblasts (MEFs) were 

received as a kind gift from Dr Thorsten Lau (Central Institute of Mental Health, 

Mannheim, Germany). 46C mouse ESCs (Sox-l-G FP knock-in ESCs) were obtained as a 

kind gift from Prof Austin Smith (Cambridge University, UK). V6.5 mouse ESCs and V6.5 

mouse iPSCs were obtained as a kind gift from Dr Stephen Sullivan. iPSCs were derived 

from MEFs by retroviral transfection with c-Myc, Oct-4, Sox-2 and Klf-4.

2.5 General cell culture equipment

All cells were maintained in a Series 8000 DH CO2 incubator. Conditions were set to a 

constant temperature of 37°C and 5% CO 2 with humidity. Cells were visualised daily with 

a Nikon Eclipse TSIOO light microscope. Centrifugation steps were performed in a Heraeus 

Multifuge 3SR-I- Centrifuge at 800 rpm for 5 min at room temperature (RT), unless 

otherwise stated. An Eppendorf 5415R bench top centrifiige was used for volumes <1.5 ml.

2.6 General cell culture methods 

2.6.1 Preparation of gelatine coated dishes

0.1% (v/v) gelatine from cold water fish skin was prepared in water, sterilised by 

autoclaving and stored at 4°C. Cell culture dishes and plates were coated with gelatine 

solution to promote adhesion of ESCs. This was achieved by the addition o f the required 

volume o f gelatine solution (Table 2.1) to dishes/plates and incubation at RT for 30 min. 

The gelatine solution was subsequently removed and dishes/plates were dried by incubation 

for 1 hour at 37°C. Residual gelatine was removed prior to use by washing with IX PBS.
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Tissue culture dish/plate Volume of 0.1% gelatine

10 cm dish 5 ml

T25 flask 3 ml

6-well plate 2 ml/well

24-well plate 0.5 ml/well

96-well plate 100 M 1/well

Table 2.1: Volume of 0.1% (v/v) gelatine solution used to coat cell culture dishes and 

plates

2.6.2 Preparation of feeder cells

MEFs were used to make feeder cells, onto which R1 mouse ESCs were grown. Growth on 

feeder cells promotes health of ESCs and prevents differentiation. MEFs were cultured in 

DMEM with GlutaMAX containing 10% (v/v) FBS, IX pen/strep and maintained in the 

incubator. Cells were routinely grown in 10 cm dishes until confluency was reached, at 

which point they were passaged at a 1:4 ratio. This was achieved by removing medium 

from cells, washing thrice with 5 ml of IX PBS and adding 2 ml o f pre-heated 0.05% 

trypsin/EDTA solution. Dishes were returned to the incubator for 5-10 min until cell 

detached. Trypsin was then inactivated with 6 ml of fresh medium and transferred to 4 new 

dishes containing 8 ml o f medium. Dishes were rocked gently to ensure an even 

distribution. Cells were allowed to grow to confluency again and treated with 10 pg/ml 

mytomycin C for 2-2.5 hours at 37°C to inactivate the cell cycle. After this time, medium 

containing mytomycin C was removed, cells were washed 3 times with 5 ml IX PBS and 

fresh medium was added. Cells were maintained in culture for 2-3 days to ensure the 

mytomycin C treatment was effective and cells were not damaged during the process, after 

which they were used as feeder layer for ESCs or frozen.

2.6.3 Propagation of mouse pluripotent stem cells

R1 ESCs were maintained on feeder layers. 46C ESCs, V6.5 ESCs and V6.5 iPSCs were 

feeder independent and maintained on gelatine coated dishes. A vial o f cells was thawed
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rapidly at 37°C until almost all ice crystals were dissolved. The vial was cleaned thoroughly 

with 70% (v/v) ethanol and the cells were transferred to 10 ml pre-warmed ESC medium 

(KO-DMEM supplemented with 15% (v/v) ESC qualified FBS, IX NEAA, IX pen/strep, 2 

mM L-glutamine, 0.1 mM (3-MeOH, 1000 units/ml LIP) in a Falcon tube. Cells were 

pelleted by centrifugation, resuspended in fresh pre-warmed ESC medium, and transferred 

to a 10 cm dish or T25 flask pre-coated with feeders or 0.1% (v/v) gelatine solution, as 

required. Dishes were rocked gently to ensure the cell suspension was evenly distributed 

and transferred to the incubator. Medium was changed daily and cells were typically 

passaged every second day.

2.6.4 Passaging of mouse pluripotent stem cells

Cells were routinely passaged when semi-confluency was reached. This was achieved by 

first removing medium from cells and washing thrice with 4 ml IX PBS. Pre-heated 0.05% 

trypsin/EDTA solution (1 or 2 ml) was subsequently added to dishes/flasks and returned to 

the incubator for 5 min. After this time cells were observed microscopically to ensure 

detachment. Fresh medium (4 or 6 ml) was subsequently added to inactivate trypsin, the 

cell suspension was transferred to a Falcon tube and centrifuged. The cell pellet was 

resuspended in 4 ml o f medium and 1 ml was transferred to new dishes or flasks pre-coated 

with feeders or 0.1% (v/v) gelatine solution, thus achieving a 1:4 split ratio. Fresh pre

heated medium was added, dishes were rocked gently to ensure an even distribution of 

cells, observed microscopically and returned to the incubator. Cells were passaged twice 

prior to use in experiments. Experiments with V6.5 ESCs and iPSCs were performed on 

cells o f the same passage number, typically around passage number 24. Experiments with 

46C ESCs and R1 ESCs were typically performed on cells of passage number 20-24.

2.6.5 Cell counting and cell viability assay

Cell counts and cell viability was routinely assessed with the Trypan blue exclusion assay. 

This assay is based on the principle that viable cells have intact cell walls and therefore 

exclude the dye (clear cytoplasm), whereas non-viable cells do not exclude the dye (blue 

cytoplasm). An aliquot of cell suspension (30 |al) was typically diluted 1:4 with Trypan
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b lue, v o rtexed  and 10 |j 1 p laced  on  the  co u n ting  ch am b er o f  a h aem o cy to m eter. T he to tal 

n u m b er o f  ce lls  and the  num ber o f  unsta ined  cells in fou r squares o f  the ch am b er w ere 

co u n ted , a llow ing  p ercen tag e  v iab ility  and n u m b er o f  ce lls  to  be dete rm in ed  based  on  the 

fo llow ing  form ulae:

N u m b er o f  ce lls /m l = T o ta l num ber o f  cells co u n ted  x d ilu tio n  x 10^

N um ber o f  squares coun ted

% V iab le  ce lls  = N u m b er o f  unsta ined  cells x 100 

T o ta l num ber o f  cells

2.6.6 Freezing of ceils

C ells to  be frozen  w ere  trypsin ised  and re su sp en d ed  to  a sing le cell su spension , a 30 |j 1 

a liquo t w as tak en  and a cell coun t w as perfo rm ed . T he cell su spension  w as subsequen tly  

cen trifuged  and the cell p e lle t w as resu sp en d ed  in freezing  m edium  (10%  D M SO , 90%  

FB S) to  o b ta in  a d ensity  o f  a round  2x10^ ce lls /m l (for p la ting  in T 25 flasks) o r  4 .5x10^ 

ce lls/m l (fo r p la ting  in 10 cm  d ishes). O ne m l o f  the  cell su spension  w as tran sfe rred  to  each 

labelled  c ry o g en ic  vials and  frozen  slow ly  at -80°C  in a C ryogen ic  freezing  con ta iner. V ials 

w ere  tran sfe rred  to liquid  n itrogen  fo r long term  sto rage  the su b sequen t day. F eed er cells 

w ere frozen  in a s im ila r m anner, w ith  one d ish  being  frozen  p er c ryogen ic  vial.

2.6.7 Preparation of piates for neurai stem sphere attachment

In o rd e r to  de te rm ine  the  o p tim al co n d itio n s fo r a ttach m en t o f  neural s tem  spheres (N SSs), 

p la tes w ere  co a ted  w ith  a range o f  su b stra te  p rev iously  rep o rted  in the lite ra tu re  to  enhance 

cell a ttach m en t and n eu rona l d ifferen tia tion . P la tes w ere coa ted  as fo llow s:

1. G e la tine /lam in in : P lates w ere  coa ted  w ith  g e la tin e  as described  above p rio r to the 

ad d itio n  o f  1 \xglcm  lam in in  so lu tion  fo r 3 hours at 37°C. P lates w ere  w ashed  w ith  

IX  PB S  p rio r to  the add ition  o f  cells.

2. P D L /lam in in : P la tes w ere co a ted  w ith  10 pg/cm ^ P D L  so lu tion  overn ig h t a t 37°C, 

w ashed  th rice  w ith  IX  PBS and  coa ted  w ith lam in in  as described  above.
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3. PD L/fibronectin; Plates were coated with PDL as described above and subsequently 

coated with 0.1 |ug/cm bovine fibronectin for 3 hours at 37°C. Plates were washed 

with IX  PBS prior to use.

4. PLO/lam inin: Plates w ere coated with 3.125 pg/cm  PLO solution (working

concentration 15 |Jg/m l in H 2 O) overnight at 37°C. Plates were subsequently

w ashed thrice w ith H 2 O and coated with lam inin as described above. Plates were

washed with IX  PBS prior to addition o f  cells.

5. PLO /fibronectin: Plates were coated with PLO first and then fibronectin as 

described above.

6. PLO /fibronectin/lam inin: Plates were coated sequentially with PLO and fibronectin 

as described above, and laminin (1 |jg/cm ") for 1 hour at 37°C. Plates were washed 

with IX  PBS prior to the addition o f cells

2.7 Neuronal differentiation

Neuronal differentiation was induced in pluripotent stem cells by two methods, including a 

m ulti-stage grow th factor induced (GFI) protocol (Lau et al., 2006) and a m onolayer (M L) 

procedure (Ying and Smith, 2003; Ying et al., 2003). An overview o f  each m ethod is 

provided in Fig. 2.1. D etails are provided in T able 2.2 o f the differentiation m ethod used 

with each cell line and the corresponding thesis chapter in which they are found.

S tem  cell line D ifferentiation protocol Thesis chapter

R1 ESC GFI Chapter 3, 4

R1 ESC M L Chapter 4

46C ESC GFI, ML Chapter 4

V6.5 ESC GFI, M L Chapter 5

V6.5 iPSC GFI, M L Chapter 5

Table 2.2: Differentiation protocol used with each cell line and the corresponding 

thesis chapter in which they are found

ESC indicates em bryonic stem  cell; iPSC, induced pluripotent stem cell; GFI, growth factor 

induced differentiation; ML, m onolayer differentiation.
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(A) Stage 1 Stage 2 Stage 3 Stage 4

Expansion ESC/iPSC NSS formation Neural proliferation Terminal differentiation

+LIF____________ p E G F , b P G F . L -A A ^ E G F , F G F 8 , S h h , L-AA^________________ +L-AA_______________________ ^

DO D4 D9 D19

Expansion Plating ML Differentiation 

ESC/iPSC 

+LIF + N 2B 27

D-1 DO D14/D16

Fig. 2.1: Overview of neuronal differentiation methods

(A) G row th factor induced neuronal differentiation involved four stages, as indicated. (B) 

M onolayer neuronal differentiation was induced in N2B27 m edium  by plating cells as 

m onolayers (M L), as indicated. Detailed descriptions for each protocol are provided in 

section 2.7. ESC indicates em bryonic stem cells; iPSC, induced pluripotent stem  cells; LIF, 

leukem ia inhibitory factor; NSS, neural stem  sphere; Shh, sonic hedgehog; EGF, epiderm al 

grow th factor; FGF8, fibroblast growth factor 8; bFG F, basic fibroblast grow th factor; L- 

AA, L-ascorbic acid; D, day.
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2.7.1 Growth factor induced neuronal differentiation

Cells were differentiated to dopamine (DA) neurons according to Lau et al. (2006), with 

modifications. This protocol involved culturing cells in four stages (Fig. 2.1) and typically 

generated DA neurons faster than alternative published reports (Lee et al., 2000; 

Rolletschek et al., 2001) by the application of growth factor at early stages o f the 

differentiation process.

In the first stage (stage 1), undifferentiated pluripotent stem cells were expanded as 

described above in Section 2.6. When cells reached semi-confluency after being sub

cultured twice, they were induced to form NSSs by growth in suspension culture (stage 2). 

This was achieved by trypsinisation and resuspension in 10 ml NSS medium (KO-DMEM 

supplemented with 10% (v/v) ESC qualified PBS, IX NEAA, IX pen/strep, 2 mM L- 

glutamine with 20 ng/ml EGF, 20 ng/ml bFGF, 100 |j M L-AA added freshly prior to use). 

LIF was removed at this stage to induce differentiation. 46C ESCs, V6.5 ESCs and V6.5 

iPSCs were transferred to non-adhesive bacteriological dishes. R1 cells were successively 

transferred to three culture dish, for 20 min each time to separate ESCs from any remaining 

feeders prior to plating in non-adhesive dishes. Medium was changed after two days by 

allowing the spheres to settle to the bottom o f a Falcon tube and resuspending the pellet in 

fresh pre-warmed medium.

NSSs were collected after 4 days by allowing the cell aggregates to drop to the bottom of a 

Falcon tube by gravity. 0.05% trypsin/EDTA (500 pi) was added and incubated at 37°C for 

5 min in a water bath. Trypsin was inactivated with 2 ml proliferation medium (1:1 

DMEM/F-12, IX NEAA, IX pen/strep, 2 mM L-glutamine, IX N2 supplement, IX B27 

supplement, with 25 |Jg/ml insulin, 50 jjg/ml apo-transferrin, 100 ^iM putrescine, 20 nM 

progesterone, 30 nM sodium selenite, 50 jJg/ml BSA, 100 |j M L-AA, 20 ng/ml EGF, 20 

ng/ml FGF8, 25 ng/ml Shh added prior to use) supplemented with 10% FBS. Cells were 

filtered through a 40 |jm  cell strainer to obtain a single cell suspension and a cell count was 

performed. Cells were plated at a density o f -8x10'* cells/cm“ on substrate coated dishes. 

Proliferation medium supplemented with 10% FBS, to a final volume o f 3 ml/well for a 6 

well plate and 0.5 ml/well for a 24 well plate and the cells were incubated overnight. The
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presence o f FBS promotes adhesion of the cells. The medium was subsequently replaced 

with proliferation medium without serum to induce expansion of neural precursors (stage 

3), and thereafter replaced every day.

After 5 days, proliferation medium was replaced with differentiation medium (1:1 

DMEM/F-12, IX NEAA, IX pen/strep, 2 mM L-glutamine, IX N2 supplement, IX B27 

supplement, with 100 |aM L-AA added prior to use). The removal o f growth factors 

induced terminal differentiation and maintenance of dopaminergic neurons, and 

encompassed stage 4 of the protocol. Differentiation medium was changed every second 

day and cells were typically harvested for analysis on day 10 of differentiation.

2.7.2 Monolayer neuronal differentiation

Undifferentiated pluripotent stem cells were also differentiated to neurons according to the 

protocol published by Ying et al (2003) and Ying and Smith (2003). In this procedure 

differentiation is induced by culturing cells as monolayers in chemically defined medium in 

the absence o f LIF. It has been reported that autocrine signalling is required for neural 

conversion during this procedure (Ying et al., 2003). This method can also generate DA 

neurons without the application o f extrinsic signalling molecules (Parmar and Li, 2007).

Briefly, when undifferentiated ESCs and iPSCs reached semi-confluency after being sub

cultured twice they were dissociated and plated at a density o f 1.5x10^ cells/cm^ on gelatine 

coated dishes in ESC medium. Medium was subsequently changed to N2B27 medium (1:1 

mixture of Neurobasal medium with IX B27 supplement and F12/DMEM with modified 

N2 supplement containing 25 |ag/ml insulin, 100 jJg/ml apo-transferrin, 100 |j M putrescine, 

20 nM progesterone, 30 nM sodium selenite and 50 |ag/ml BSA, IX NEAA, IX  pen/strep, 

2 mM L-glutamine) and thereafter changed every second day (Fig. 2.1). Cells were 

analysed after 14 or 16 days o f differentiation.
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2.8 Determination of protein concentration

Protein concentration was determined using the detergent compatible BCA based assay 

from Pierce. This method combines the reduction of Cû "̂  to Cu"̂  by protein in alkaline 

medium (biuret reaction) with the highly selective and sensitive colorimetric detection of 

the cuprous cation (Cu^) using a unique reagent containing BCA. The reaction product of 

this assay is formed by the chelation of two molecules of BCA with one cuprous cation and 

exhibits a strong absorbance at 562 nm that is nearly linear with increasing protein 

concentration. A range o f BSA concentrations (125-2000 pg/ml) were used to create a 

standard curve, from which total cellular protein was determined. A microplate procedure 

was used, in which 10 |j 1 of each standard and sample was added in triplicate to a 

microplate followed by the addition of 200 pi o f BCA reagent. The plate was subsequently 

mixed on a plate shaker and incubated for 30 min at 37°C. The absorbance was then 

measured at 562 nm using a SpectraMAX GeminiXS well plate reader and a standard curve 

was prepared.

2.9 SDS-PAGE and Western blotting

2.9.1 Preparation of samples

Cells were trypsinised at required time period, centrifuged and resuspended in 100 |j 1 of 

ice-cold lysis buffer (150 mM NaCl, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 0.5% (w/v) 

sodium deoxycholate, 50 mM Tris, pH 8) containing freshly added protease inhibitor 

cocktail (1:1000 dilution). The cell solution was transferred to an ice-cold 1.5 ml 

microcentrifuge tube and shaken gently for 30 min at 4°C. Lysates were centrifuging at 

maximum speed (13,200 rpm) for 20 min at 4°C in a bench top centrifuge. The supernatant 

containing proteins was carefully transferred to a fresh labelled 1.5 ml microcentrifuge tube 

and stored at -80°C until required. Mouse brain lysate was used as a positive control to 

detect neuronal proteins. This was prepared by homogenising tissue in 4 ml modified RIPA 

buffer (1% (v/v) Triton X-100, 0.2% (w/v) SDS, 0.2% (w/v) sodium deoxycholate, 1 mM 

EDTA, 50 mM Tris, pH 7.4) with freshly added protease cocktail (1:1000 dilution). 

Homogenate was transferred to labelled 1.5 ml microcentrifuge tubes and tissue and cell
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debris w ere rem oved by centrifugation in at m axim um  speed for 20 min at 4°C  in a bench  

top centrifuge. The supernatant w as subsequently rem oved, transferred to new 1.5 ml 

m icrocentrifuge tubes and centrifuged again. The cleared supernatants were transferred to 

new  m icrocentrifuge tubes and stored at -80°C  until required. Protein concentration was 

subsequently determined by the B C A  assay (Section 2 .8). Proteins (10 -30  |ag) w ere 

incubated with IX  LaemmU loading buffer (2% (w /v) SD S, 5% (v/v) P-M eOH, 10% (v/v) 

glycerol, 0.002%  (w /v) brom ophenol blue, 0 .0625  mM Tris-HCl, pH 6 .8 ) at 95°C  for 5 

min. Sam ples to be probed with N A T  and E A A C l antibodies were incubated with IX  

loading buffer for 30 min at 37°C.

2.9.2 SDS-PAGE

Sam ples were typically run on 10% or 12% gels, with the com position  o f  one 10% gel 

provided in Table 2 .3 . Glass plates w ere w ashed thoroughly with H 2 O and ethanol, a spacer 

was placed along the length o f  one plate, plates were aligned and clam ped. The resolving  

gel w as added slow ly , overlaid with ethanol and allow ed to polym erise for 45 min-1 hour. 

Ethanol w as carefully poured off, the gel surface w as washed with H 2 O and 5% stacking  

gel w as added. A  cleaned com b w as placed in the stacking gel solution to create pockets for 

sam ple addition. G els were run at 20 mA, typically for 1-2 hours in IX  running buffer (25  

mM Tris, 0 .192  M glycine, 0.1%  (w /v) SD S). A  pre-stained protein marker was 

electrophoresed with sam ples to determine the m olecular w eight o f  proteins.

5% Stacking gel, 4 ml 10% R esolving gel, 10 ml

2.7  ml H 2 O 2.3 ml H 2 O

0.67  ml 30% acrylam ide mix 5.0  ml 30% acrylam ide mix

0.5 ml 1.0 M Tris, pH 6.8 2.5 ml 1.5 M  Tris, pH 8.8

0 .0 4  ml 10% SDS 0.1 ml 10% SD S

0 .0 4  ml 10% amm onium  persulfate 0.1 ml 10% am m onium  persulfate

0 .004  ml TEM ED 0.004  ml TEM ED

Table 2,3: Composition of one 10% SDS polyacrylamide gel

53



2.9.3 Semi-dry transfer of proteins to PVDF membrane

W hen the m igration front reached the bottom  o f  the gel the pow er was switched o ff and the 

gel was incubated in IX  transfer buffer (24 mM Tris, 0.192 M glycine, 0.05%  SDS, 10% 

M eOH ) w ith agitation for 15 min. PV D F m em brane was carefully cut to the sam e size as 

the gel, activated in 100% m ethanol for 1 min and placed in IX  transfer buffer for 5 min. 

T w o pieces o f B ioRad thick filter paper w ere cut to the same size as the gel and saturated in 

IX  transfer buffer. A sandw ich o f  filter paper/PV D F/gel/filter paper was arranged on the 

sem i-dry apparatus, with air bubbles being carefully rem oved at each step. Proteins were 

transferred at 10 V for 1 hour. The transfer efficiency was typically analysed by incubating 

the PV D F m em brane in Ponceau Red stain (0.1%  (w/v) Poncaeu S, 5% (v/v) acetic acid) 

for 5 min. The m em brane was subsequently  w ashed in H 2O until protein bands were clearly 

visible. This was followed by com plete destaining in IX  TB S-T  (50 mM Tris, pH 7.4, 150 

mM NaCl, 1% (v/v) Tw een-20, pH 7.6) and re-activation o f  the m em brane in 100% M eOH 

for 1 min. The m em brane was then returned to IX  TB S-T  until required.

2.9.4 Blocking and incubation with antibodies

The PV D F m em brane was subsequently  incubated in blocking buffer (5% (w/v) non-fat dry 

m ilk in IX  TBS-T) for 1 hour at R T to prevent non-specific background binding o f  the 

antibodies. After blocking, the m em brane was w ashed 3 times for 5 min with IX  TBS-T. 

Rabbit anti-DA T (1:1000 dilution), m ouse anti- neuronal class III p-tubulin (T u jl clone; 

1:2000 dilution), rabbit anti-TH  (1:1000 dilution), rabbit anti-G FP (1:500 dilution), rabbit 

anti-G A D  (1:2000 dilution), rabbit an ti-E A A C l (1:500 dilution), rabbit anti-synaptophysin 

(1:2000 dilution), rabbit anti-G FA P (1:2000 dilution), m ouse anti-N A T (1:2000 dilution), 

m ouse anti-G A PD H  (1:4000 dilution), rabbit an ti-N urrl (1:1000 dilution), m ouse anti- 

NeuN  (1:1000 dilution) and m ouse anti-SE R T  (1:2000 dilution) were diluted in IX  TB S-T 

and incubated for 1 hour at RT with agitation. After incubation, the m em brane w as washed 

once for 15 min and thrice for 5 m in w ith IX  T B S-T  at RT. The m em brane was then 

incubated with goat anti-rabbit or goat anti-m ouse H RP conjugated secondary antibodies 

(1:2000 dilution) diluted in IX  T B S-T  for 1 hour at RT with agitation. The m em brane was 

then w ashed w ith IX  TBS-T, once for 15 min and thrice for 5 min.
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2.9.5 Chemi-luminescent protein detection

The chem i-lum inescence reagent was prepared by m ixing 500 )j 1 HRP substrate luminal 

w ith 500 )j 1 H RP substrate peroxidase. This was then added to the PV D F m em brane and 

incubated with agitation for 2 min. Proteins were detected by exposure o f the m em brane to 

photographic films and processing in a developer or digitally using a FU JIFILM  Intelligent 

Dark Box m achine and Im age Reader LA S-300 software.

2.9.6 Stripping of membranes for re-probing

W hen required, the m em brane was stripped of antibody by incubation in stripping buffer 

(0.2 M glycine, 0.1%  (w/v) SDS, 1% (v/v) Tw een-20, pH 2.2) for 10 min tw ice, followed 

by w ashing in IX  PBS (137 mM N aCl, 2.7 mM KCl, 4.3 mM N a2H P0 4 , 1.47 mM 

KH2PO4, pH 7.4) for 10 min tw ice and IX  TB S-T  for 5 min tw ice at RT. Blocking and 

probing were perform ed as described above.

2.9.7 Semi-quantitative densitometry

The relative am ount o f neuronal proteins in sam ples was quantified using the Gel A nalyser 

Option o f Im ageJ. Briefly, digital im ages w ere opened in Im ageJ and the rectangular 

selection tool was used to draw a rectangle around the first lane. This was subsequently 

selected and the rem aining lanes were then highlighted. The lanes were plotted and a peak 

was generated for each lane. These w ere consecutively selected and the size o f each peak 

was calculated, with the size being expressed as a percentage o f the total size o f  all 

m easured peaks. This was then repeated for GAPDH. The percentage values for each 

sam ple o f  neuronal protein were then divided by the values obtained for GAPDH, 

generating a value equivalent to relative intensity.
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2.10 RNA extraction and reverse-transcription polymerase chain reaction

2.10.1 RNA extraction from cells

Total ribonucleic acid (RNA) was extracted from  cells using the RNeasy Plus M icro Kit 

from  Q iagen. This kit allows the purification o f high-quality RNA  m olecules longer than 

200 nucleotides from  a sm all num bers o f  cells, w ith the removal o f genom ic 

deoxyribonucleic acid (DNA). Briefly, cells were harvested and spun down in RN ase-free 

tubes. The supernatant was carefully rem oved and 350 |j1 o f  Buffer RLT Plus added. 

Sam ples were pippetted to mix and passed through a blunt 20 gauge needle fitted w ith an 

RNase free syringe at least 5 times. The hom ogenised lysates were transferred to gD NA 

ehm inator spin colum ns placed in 2 ml collection tubes to rem ove genom ic DNA and 

centrifuged at full speed in a bench top centrifuge for 2 min at RT. Colum ns were 

subsequently discarded, 350 p i o f 70% (v/v) ethanol was added and mixed by pipetting. 

Sam ples was transferred to RNeasy M inElute spin colum ns in 2 ml collection tubes and 

centrifuged for 15 sec at m axim um  speed. The flow through was discarded, 700 ^il B uffer 

R W l was added to  spin colum ns and centrifuged at m axim um  speed for 15 sec. The flow 

through was again discarded, 500 |j1 B uffer RPE was added and centrifuged at m axim um  

speed for 15 sec. The flow through was again discarded, 500 |jl o f  80% (v/v) ethanol was 

added to the spin colum n and centrifuged for 2 min at full speed. Spin colum ns were placed 

in new 2 ml collection tubes and centrifuged for 5 min. Spin colum ns were then placed in 

new 1.5 ml collection tubes, 14 p i o f  RNase free H 2 O was added and centrifuged for 1 min. 

The concentration o f  RNA was determ ined with an eppendorf B ioPhotom eter Plus 

spectrophotom eter and used for com plem entary DNA (cDN A) synthesis.

2.10.2 Reverse-transcriptase polymerase chain reaction

cDNA was synthesised using the SuperScript III F irst-Strand Synthesis System  from  

Invitrogen. Briefly, 1 pg  o f  RNA was m ixed with 1 |al o f  50 ng/pl random  hexam ers, 1 p i 

o f 10 mM dN T P mix and DEPC H 2 O was added to a final volum e o f  10 pi. The m ixture 

was incubated at 65°C for 5 min and placed on ice for at least 1 min. During incubation the 

cD NA Synthesis M ix was prepared on ice and contained lOX RT buffer (2 p 1/reaction), 25
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mM  MgClz (4 |i 1/reaction), 0.1 M D TT (2 |jl/reaction), RN aseO U T (1 jjI/reaction), 

SuperS crip tlll RT (I |j 1/reaction). 10 |j 1 o f cD NA Synthesis M ix was added to each 

RN A /prim er mix, mixed gently and incubated for 10 min at 25°C and 50 inin at 50°C. The 

reaction was term inated by incubation at 85°C for 5 min and chilled on ice. The mixture 

was subsequently collected by b rie f centrifugation and RNA was digested by incubation 

with 1 |j 1 RN ase H for 20 min at 37°C. cD N A  (1 |al) was then am plified using the following 

prim ers: GAPDH: 5-G A C C A C A G T C C A T G C C A T C A C T -3’, 5 '-TCC A C C A C CC TG TTG  

C T G T A G -3’, 454 bp (Fukuda et a l ,  2006); Nestin, 5 -G G A G T G T C G C T T A G A G G T G C - 

3 ’, 5 '-TCC A G A A A G C  C A A G A G A A G C -3’, 327 bp (Lee et al., 2000) ; O ct4, 5 -G G C G T T  

C TC TT T G G A A A G G T G T T C -3’, 5 '-C TC G A A C C A C A TC C TTC TC T-3’, 312 bp (Ying et 

al., 2003); N anog, 5’-A G G G T C T G C T A C T G A G A l'G C T C T G -3’, 5 '-CA A CC A C TG G TT 

TTTC T G C C A C C G -3’, 363 bp (Chung et al., 2006); alpha-fetoprotein (AFP), 5'-GCCACC 

G A G G A G G A A G T G -3’, 5 '-A G TC TTC TTG C G TG C C A G C -3’, 262 bp; bone m orphogenic 

protein 4 (BM P-4), 5-TA  G C A A G A G T G C C G TC A T T C C -3’, 5 '-CC A G TC TC G TG C C A G T 

A G TC G -3’, 398 bp (Y ing et al., 2003); Sox-1, 5’-C C T C G G A TC TC TG G TC A A G T-3’, 5'- 

TA C A G A G C C G G C A G T C A T A C -3’, 593 bp (Ying et al., 2003). All prim ers spanned at 

least one intron o f  genom ic sequence. PCRs were carried out as described in Section 2.11.

2.11 Polymerase chain reactions

PCRs were perform ed with 0.2 mM o f each dN TP, 1 x reaction buffer, 0.5 jjM  each o f 

forw ard and reverse prim ers, 1 |j1 o f  tem plate DNA (100-500 ng) or cDNA and 0.625 U 

Taq polym erase, to a final volume o f 25 |j1. Sam ples were am plified in a Peqlab Prim us 96 

Therm ocycler under the following conditions: denaturation step at 95°C, 2 min; 

denaturation step at 95°C, 30 sec, annealing step at 55°C, 30 sec, am plification step at 72°C, 

1 min, for 25-30 cycles; and final am plification step at 72°C, 5 min. Reactions with Sox-1 

prim ers were perform ed at an annealing tem perature o f 58°C and w ith 5% (v/v) DM SO.

2.12 Agarose gel electrophoresis

Agarose gel electrophoresis was used to resolve DNA fragm ents after PCR. Typically 1% 

(w/v) or 1.5% (w/v) agarose gels w ere used, depending on the size o f  the fragm ents to be
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visualised. This w as prepared by d isso lv in g  agarose in IX  TAE buffer (40  mM Tris- 

acetate, 1 mM E D T A ), w ith the addition o f  1 |ag/ml ethidium  bromide to visualise D N A . 

Sam ples w ere m ixed with 6X  loading dye and loaded onto into pockets o f  the gel. A  D N A  

ladder mix (10  p i) ranging from 0.1 to 10 kb w as also loaded to determine the size  o f  

sam ples. The gel w as run in a Jencon electrophoresis cham ber in IX  TAE buffer at 70  V  

for 1-2 hours and visualised in a U V  cham ber with short-w ave U V  light (320 nm).

2.13 Immunocytochemistry

C ells w ere w ashed tw ice w ith IX  PBS (37°C) and fixed with pre-warmed 4% (w /v) 

paraformaldehyde (PFA ) solution in IX  PBS containing 4% (w /v) sucrose, 5 mM M gC l2, 

10 mM EG TA, pH 7.4  for 15 min. PFA w as dissolved  w ith 10 N NaOH and the pH w as  

adjusted with 6 N  HCl. PFA w as subsequently rem oved, ce lls  were washed tw ice in ice- 

cold PBS and perm eabilised with 0.1%  (v/v) Triton X -1 0 0  in IX  PBS for 10 min. Sam ples  

were w ashed three tim es with IX  P B S, 5 min per wash, and incubated with blocking buffer 

(0.1%  (v/v) Triton X -100 , 1% (w /v) B SA  in IX  PBS) for 30 min. Primary and secondary  

antibodies w ere diluted in b locking buffer and sequentially applied to sam ples for one hour 

each at RT. A lternatively primary antibody w as applied overnight at 4°C. Incubation with  

secondary antibodies was performed in the dark. Cells w ere washed thrice w ith IX  P B S, 5 

min per wash, after each antibody incubation step. Sam ples w ere mounted with V ectashield  

m ounting m edium  containing D A PI to counter-stain nuclei and stored in the dark at 4°C 

until analysed by m icroscopy. N egative controls w ere included, in w hich primary 

antibodies were om itted. The fo llow in g  primary antibodies w ere used: m ouse anti-SSE A l 

(1:50 dilution), rabbit anti-GFP (1 :200  dilution), rabbit anti-D A T (1:200 dilution), rat anti- 

D A T (1:200  dilution), rabbit anti-G FA P (1:200  dilution), rabbit anti-TH (1:200  dilution) 

and m ouse anti- neuronal class III P-tubulin (T ujl clone; 1:500 dilution). Goat anti-m ouse, 

goat anti-rabbit and goat anti-rat secondary antibodies w ere conjugated to A lexa  488  and 

A lexa 546  (1:1000  dilution). Im ages w ere co llected  using an Olym pus FVIOOO laser 

scanning confocal m icroscope set to U PlanSA PO  40 x o il objective or Olym pus 1X 81-long  

focal length fluorescent m icroscope set to 4  x, 10 x or 4 0  x objective as indicated. Im ages 

were processed with ImageJ analysis software.
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2.14 Tujl positive colony measurements

The average num ber o f neuronal class III (3-tubulin (T u jl clone) positive colonies per well 

was determ ined by taking 10 random ly selected im ages per well o f  a 24-well plate. The 

average diam eter o f T u jl colonies was calculated from  10 random ly selected T u jl positive 

colonies per well, w ith the diam eter o f the colony at its centre and along the shorter axis 

being m easured using Im ageJ analysis software. The average length o f  T u jl positive 

neurites for each T u jl positive colony was determ ined by m easuring the length o f 10 

random ly selected neurites per colony for 5 colonies per well using the N euronJ application 

o f Im ageJ. This was achieved by m anually tracing along each neurite from  the colony to its 

tip. All im ages were acquired using an O lym pus 1X81-long focal length fluorescent 

m icroscope set to 4 x or 10 x objective. Experim ents were perform ed in triplicate and 

repeated with three independent cell preparations, unless otherw ise stated.

2.15 Statistical analysis

Data are presented as m ean + standard error o f the mean (SEM ). S tudent’s unpaired two- 

tailed t-test was used to determ ine significance o f data. Values o f  p<0.05 were taken as 

significant. Statistical analysis was perform ed with SPSS software.
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Chapter 3

Targeting EGFP to the DAT promoter and analysis of 
selected R1 ESC DAT-EGFP transgenic cell lines
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3.1 Introduction

DA neurons have several fundam ental functions in the brain, dysfunction o f w hich are 

im plicated in m ultiple disease states, including PD and schizophrenia (for review , see 

Greengard, 2001). ESCs can be propagated indefinitely in culture in an undifferentiated 

state w hile retaining pluripotency (Evans and Kaufm an, 1981) and therefore m ay provide 

an unlim ited source o f DA neurons for in vitro studies. Intense interest has also focused on 

the ability to use ESC derived DA neurons for regenerative m edicine in PD (for review , see 

A stradsson et a l ,  2008). However, the potential use o f  ESC is greatly hindered by the 

heterogonous nature o f cultures even after directed differentiation (for review, see Stavridis 

and Sm ith, 2003; Pruszak et al., 2007). This may be overcom e by expression o f  EGEP from 

a cell specific prom oter, thus allowing the selection o f a particular cell type from  a mixed 

cell population by FACS, enabling the study o f  a pure cell population w hich would 

otherw ise be virtually im possible (Chung et al., 2006; H edlund et al., 2008; Placantonakis 

et al., 2009). Furtherm ore, it would also allow differentiation to be follow ed in real time in 

live cells, greatly enhancing our ability to study gene regulation and lineage choice during 

developm ent (Tom ishim a et al., 2007). Therefore, expression o f EGFP from  a DA specific 

prom oter would not only allow the genesis o f  DA neurons to be analysed in vitro  during 

neural induction but also the selection o f DA neurons by FACS. This hom ogenous cell 

population could subsequently be used for m any functions, including in vitro disease 

modelling.

Two key markers o f  the DA system  are the biosynthesis enzym e TH and transporter DAT. 

W hile TH  is the rate lim iting step in the synthesis o f  DA, this neurotransm itter is the 

precursor o f noradrenaline and adrenaline and therefore is also a m arker o f noradrenergic 

and adrenergic neurons. In addition, expression o f EG FP from a fragm ent o f the TH 

prom oter thought to be sufficient to drive TH  expression resulted in a m ixed cell population 

containing m arkers o f  pluripotent stem cells and proliferative cells ten weeks after sorting 

and transplantation into the rat brain (Hedlund et al., 2007). DAT is expressed exclusively 

in DA neurons in the brain (A ugood et al., 1993; Turiault et al., 2007) and is also a key 

regulator o f  the dopam inergic system  (Jones et al., 1998), being located on pre-synaptic DA 

neurons and functioning to transport this neurotransm itter from  the synaptic cleft after
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exocytosis (for review, see Torres et al., 2003). Previous studies have identified the DAT 

promoter as an effective system for driving transgene expression in mice in a DA specific 

manner (Zhuang et al., 2005; Backman et al., 2006; Ekstrand et al., 2007; Turiault et al., 

2007; Lu et al., 2009). At the time o f performing these studies no reports had been 

published o f ESCs expressing EGFP from the DAT promoter. Therefore, the creation o f 

such a cell line was a primary aim o f this thesis.

Analysis o f the human DAT gene suggests the 5 ’ untranslated region (UTR) has a role in 

regulating its transcription (Donovan et al., 1995; Sacchetti et al., 1999; Bannon et al., 

2001). Sequence conservation is found between non-coding region of the mouse and human 

DAT genes (Donovan et al., 1995) and therefore a strategy was developed to clone EGFP 

into exon 2 o f the DAT gene at the level of the start codon so as to preserve any possible 

non-coding regulatory regions. It has also been observed that DAT heterozygous mice 

display subtle behavioural and biochemical abnormalities (Spielewoy et a l ,  2000; 

Spielewoy et al., 2001; Savelieva et al., 2002; Hall et al., 2003). Therefore, due to these 

considerations, EGFP expression was targeted to the DAT promoter contained within a 

bacterial artificial chromosome (BAC), as published reports suggest that this is an effective 

way to drive gene expression in transgenic mice (Turiault et al., 2007; Lu et al., 2009; 

GENSAT). GENSAT (Gene Expression Nervous System Atlas) is a publicly available gene 

expression atlas o f the developing and adult central nervous system in the mouse. The 

project also generates transgenic BAC-EGFP reporter mouse hnes.

One o f the key advantages of using BAC vectors is that due to their large size they can 

accommodate very long regions o f genomic DNA and therefore high transgene fidelity can 

be achieved (Tomishima et a l, 2007). It is thought that this is owing to the fact that all 

regulatory elements o f the gene contained within the BAC are maintained and that their 

large size insulates the integrated transgene from the effects o f the surrounding chromatin 

structure (Tomishima et al., 2007). Another key advantage is that protocols have been 

established which allow BACs to be rapidly modified in bacterial cells (Yu et a l ,  2000; Lee 

et al., 2001). These are based on a highly efficient prophage-mediated homologous 

recombination system in Escherichia coli (E.coli) termed recombineering (Copeland et al., 

2001). In the most effective of these methods, bacterial cells contain a defective X prophage
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integrated into the E.coli genome (Yu et a l, 2000; Lee et al., 2001). Only two phage 

proteins are required for recombination, Exo and Beta, encoded by Red  genes exo and bet, 

respectively (Liu et al., 2003). Exo is a 5’-3’ exonucleases that acts on 5 ’ ends of linear 

double stranded DNA (dsDNA) to produce 3’ single stranded DNA (ssDNA) overhangs, 

while Beta is an annealing protein that binds to these ssDNA overhangs and promotes 

annealing to complementary sequences on target DNA (Liu et al., 2003). Expression of 

these proteins is typically accompanied by that of ^.-encoded Gam protein which prevents 

degradation of linear DNA (Yu et a l, 2000). Expression of the prophage genes is controlled 

by the pL promoter, which is itself under the control of the temperature-sensitive 1. 

repressor cI857 (Yu et al., 2000; Lee et al., 2001; Liu et al., 2003). At temperatures below 

32°C, expression of exo, bet and gam  is undetectable (Yu et al., 2000; Liu et al., 2003). 

However, increasing culturing temperature to 42°C for a short period of time (15 min) 

results in de-repression of the pL promoter, expression of the Red  genes and induction of 

recombination (Yu et al., 2000; Lee et al., 2001; Liu et al., 2003). This process is so 

efficient that the gene o f interest to be recombined need only be flanked by short sequences 

of homology, typically 40-50 bp, allowing fragments to be generated by PCR (Lee et al., 

2001).

BACs have, in fact, recently been shown to be an effective way to express EGFP from 

multiple neural specific promoters in mouse and human ESCs (Tomishima et al., 2007; 

Placantonakis et al., 2009). In both cell types, EGFP was successfully monitored in real 

time in live cells during the process o f neural induction and motor neurons derived from 

human ESCs were enriched from a mixed cell population and subsequently differentiated 

and analysed (Tomishima et al., 2007; Placantonakis et al., 2009). Therefore, it was 

hypothesised that expression o f EGFP from the DAT promoter in mouse ESCs would not 

only be o f great value but also readily achievable using a BAC carrying the DAT gene. 

Therefore, this chapter details the insertion o f EGFP into the DAT gene contained with a 

BAC by recombineering, transfection o f mouse R1 ESCs with this construct and selection 

of antibiotic resistant clones, expansion and analysis o f these resistant clones by PCR of 

genomic DNA, in vitro dopaminergic neuronal differentiation (Lau et al., 2006) of positive 

clones, and analysis o f the level o f EGFP and DAT protein by Western blotting and the
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cellular distribution of EGFP and DAT by immunocytochemistry in these differentiated 

cells.

3.2 Methods

3.2.1 Overview of construction of DAT-EGFP vector

A BAG clone (RP23-150M 11) was obtained that encompassed a large segment of mouse 

chromosome 13 (-217.5 kb) including the DAT gene, with -22.8  kilobases (kb) of genomic 

DNA upstream and -152.7 kb downstream o f the gene (referred to as BAC-DAT; Fig. 3.1). 

A recombination fragment EGFP-polyA-PGK-Em7-Neo-polyA (referred to as EGFP 

targeting cassette) was recombined into the DAT gene to direct expression of EGFP from 

the DAT promoter (Fig. 3.1). The EGFP targeting cassette was composed of the open 

reading frame (ORF) o f EGFP followed by a polyadenylation (polyA) signal and neomycin 

selection cassette (neo) with polyA signal (Fig. 3.1).

The cloning strategy used to construct this vector consisted of the following steps:

1. EGFP-polyA was digested from IRES-EGFP-PolyA plasmid and inserted into 

linearised plasmid pL451 by ligation. After selection and screening this formed pL451- 

EGFP.

2. pL451 -EGFP was used as template to amplify the EGFP targeting cassette with primers 

that contained two parts, a 5 ’ end homologous to exon 2 o f the DAT gene and a 3 ’ end 

that primes the plasmid DNA, thus enabling recombination into the DAT gene (Fig. 

3.2).

3. The EGFP targeting cassette was electroporated into recombineering competent 

bacteria containing the BAC-DAT vector and clones positive for recombination were 

selected by antibiotic resistance and whole cell PGR. This generated vector BAC-DAT- 

EGFP-Neo (referred to as DAT-EGFP).
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Figure 3.1: Schematic representation of the DAT-EGFP construct and its structure.

The position of the DAT gene in BAC clone RP23-150M 11 is indicated, along with the 

other putative genes contained with the BAC. The intron/exon structure of the DAT gene is 

shown. The gene has 14 coding exons (black squares) and one non-coding exon (exon 1, 

white square). Recombination targeted the second exon, with the start codon (ATG) of 

DAT being replaced with the start codon of EGFP. The EGFP targeting cassette (EGFP- 

PolyA-PGK-Em7-Neo-PolyA) consisted of the EGFP open reading frame followed by a 

polyA signal and the neomycin selection cassette with a polyA signal. The neomycin gene 

was expressed from the PGK promoter in eukaryotic cells and the Em7 promoter in 

prokaryotic cells and therefore was independent of the DAT promoter. EGFP indicates 

enhanced green fluorescent protein; DAT, dopamine transporter; Neo, neomycin selection 

cassette; PolyA, polyadenylation signal; PGK, phosphoglycerate kinase promoter. Adapted 

from Turiault et al. (2007).
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Figure 3.2: Construction and schematic representation of EGFP targeting cassette

The open-reading frame o f EGFP with the SV40 polyA signal was ligated into pL451 just 

preceding the PGK promoter. This generated the plasmid pL451-EGFP. The EGFP 

targeting cassette (EGFP-PolyA-PGK-Em7-Neo-PolyA) was subsequently amplified from 

this plasmid by PCR with primers containing two parts, a 5 ’ end homologous to exon 2 of 

the DAT gene and a 3 ’ end that primes the plasmid DNA This created the targeting cassette 

with homology arms and allowed recombination into the DAT gene. The neomycin gene 

was followed by a polyA signal from bovine growth hormone (bGH) gene and was 

expressed from the PGK promoter in eukaryotic cells and the Em7 promoter in prokaryotic 

cells. EGFP indicates enhanced green fluorescent protein; DAT, dopamine transporter; 

Neo, neomycin selection cassette; PolyA, polyadenylation signal; PGK, phosphoglycerate 

kinase promoter; PCR, polymerase chain reaction.
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3.2.2 DN A  vectors, bacterial strains and bacterial grow th m edium

The BAC vector pBACe3.6 contam ing segm ent o f  m ouse chrom osom e 13 (clone RP23- 

150M 11) was obtained in the E.coli strain EL250 from  D r Thorsten Lau (Central Institute 

o f M ental Health, M annheim ). pL451 was obtained as from  Katrin Bartels (Central 

Institute o f M ental Health, M annheim ). IR ES-EG FP-PolyA  plasm id was obtained from Dr 

Kai Schonig (Central Institute o f M ental Health, M annheim ). One Shot TO P 10 com petent 

E.coli cells were obtained from  D r Tania O ’C onnor (Trinity College Dublin, Dublin).

Luria-Bertani (LB) broth and LB agar were used to grow bacterial strains. SOB was used to 

prepare chem ocom petent cells. SOC was used as recovery m edium  following 

transform ation o f bacteria. These were prepared as described below in Table 3.1. After 

preparation the solutions were autoclaved, allow ed to cool to RT and stored until use. LB 

agar was m elted prior to use and antibiotics were added when the tem perature o f the agar 

reached 52°C. A ntibiotics were prepared as described in Table 3.2 and stored at -20°C.

Grow th medium Preparation

LB broth, pH 7 10 g tryptone, 5 g yeast extract, 5 g NaCl dissolved in 1 L o f H 2 O

LB agar, pH 7 5 g yeast extract, 5 g NaCl, 15 g bacteriological agar, 10 g tryptone 

dissolved in 1 L o f H 2 O

SOB, pH 7 20 g tryptone, 5 g yeast extract, 5 g M gS 0 4 , 5 g NaCl, 0.186 g KCl 

dissolved in 1 L o f H 2 O

SOC SOB+10 mM sterile glucose im m ediately prior to use

Table 3.1: C om position o f bacterial growth m edia

Antibiotic Stock concentration (w/v) W orking concentration (w/v)

Plasm id BAC

Kanamycin (Kan) 50 mg/ml in H 2 O, sterile filtered 50 |ag/ml 25 jJg/ml

C hloram phenicol (Chlor) 34 mg/ml in EtO H NA 12.5 jJg/ml

Table 3.2: C om position and concentration o f antibiotics used with plasm id and BAC  

containing bacteria. NA indicates not applicable.
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3.2.3 DNA based cloning methods

A num ber o f  DN A  based cloning m ethods were used to construct the D A T-EG FP vector 

and are described in the follow ing sections.

3.2.3.1 Restriction endonuclease digestion

R estriction endonucleases (10 units (U)/|al) were supplied in storage buffer containing 50%  

glycerol, with corresponding lOX reaction buffer. D igestion reactions w ere typically  

perform ed for 1-3 hours at 37°C. T o prepare DNA for subsequent cloning, 10-30 U o f 

enzym e, IX  reaction buffer and 1-3 )ag DNA was prepared to a final volum e o f 50 |j1 w ith 

M illiQ  H 2 O. W hen m ultiple plasm ids w ere digested with the sam e restriction enzym e, a 

m asterm ix was typically prepared w ith 2-5 U o f restriction enzym e per reaction. This was 

subsequently m ixed with 500 ng o f  DN A  and m ade to a final volum e o f 20 pi w ith M illiQ  

H 2 O. Double digests containing tw o different restriction enzym es were carried out in the 

sam e IX  reaction buffer if this was com patible with enzym e activity. If this was not the 

case, reactions were carried out separately in the recom m ended buffers, with DNA 

purification being perform ed betw een digestions.

3.2.3.2 Blunting of DNA fragments

T4 DNA polym erase was supplied w ith 5X reaction buffer. This enzym e is a tem plate 

dependent m esophilic enzym e that catalyses 5 ’ to  3 ’ synthesis from  single stranded DNA 

m olecules, thereby creating blunted D N A ends. It is used when it is required to ligate DNA 

fragm ents that do not have com patible ends. This is the case when, for exam ple, plasm id 

DN A  and insert DNA have been digested  with different restriction enzym es. Reactions 

w ere typically carried out w ith 2.5 U (0.5 |ul) o f  polym erase, IX  reaction buffer, 0.1 mM 

dN TPs and digested DNA. T he final volum e was m ade up to 20 or 30 p i with M illiQ  H 2 O 

and incubated at room  tem perature for 5 min. The reaction was subsequently term inated by 

heating to 75°C for 10 min.
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3.2.3.3 Dephosphorylation of linearised plasmid DNA

Linearised plasm id DNA was treated with siirimp alkaline phosphatase (SAP) in order to 

dephosphorylate the vector. The enzym e catalyses the release o f 5 ’-phosphate groups from 

DNA, thus ensuring that the linearised vector does not re-hgate when 5 ’ and 3 ’ ends are 

com patible. The enzym e was supplied w ith lOX reaction buffer. D ephosphorylation 

reaction typically consisted o f  2 pg  o f plasm id DNA, IX  reaction buffer, SAP (1 U/1 

picom ole DNA 5 ’-term ini, 1 U/|al) to a final volum e o f  50 p i w ith M illiQ  H 2 O. The 

reaction was incubated at 37°C for 30 min. This was followed by inactivation at 65°C for 

20 min. D N A  was purified using Q IA quick PCR  purification kit and DN A  concentration 

was determ ined spectrophotom etrically.

3.2.3.4 Ligation of DNA fragments

Ligation reactions were catalysed with T4 DNA ligase. This enzym e catalyses the 

form ation o f a phosphodiester bond between 5 ’-phosphate and 3 ’-hydroxyl term ini in 

double stranded D N A  and requires ATP as a cofactor. Ligation reactions consisted o f 

linearised plasm id DNA, insert DNA, 2 |j1 PEG, IX  reaction buffer (2 |j1), 1 |j1 ligase (5 

U/|j1) to a final volum e o f 20 |al with M illiQ  H 2 O, and were incubated overnight at 16°C.

3.2.3.5 Polymerase chain reactions

The E G FP targeting cassette was am plified from  pL451-EG FP using High Fidelity PCR 

Enzym e M ix w ith forw ard prim er G FPH A _F100 and reverse prim er N eoH A _R 100 (Table 

3.3). The forw ard prim er contained 42 nucleotides hom ologous to the 5 ’ region o f exon 2 

o f the D A T gene and 28 nucleotides hom ologous to EG FP in the tem plate DNA. The 

reverse prim er contained 42 nucleotides hom ologous to the 3 ’ region o f exon 2 o f the DAT 

gene and 28 nucleotides hom ologous to polyA sequence o f  neo in tem plate DNA. The start 

codon o f  the DAT gene is located in exon 2 and the forward prim er was designed to  replace 

this w ith the start codon o f EG FP. Sam ples w ere am plified under the following conditions: 

denaturation step at 95°C, 2 min; denaturation step at 95°C, 30 sec, annealing step at 66°C,
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30 sec, amplification step at 68°C, 3.5 min, for 30 cycles; and final amplification step at 

68°C, 10 min. The final product was 3.2 kb.

Whole cell PCR was performed on colonies following electroporation of bacteria with the 

EGFP targeting cassette using forward primer DATintronl_F and reverse primer 

GFPHA_R (Table 3.3), with an annealing temperature of 55°C and standard PCR 

conditions (Section 2.11). PCR of genomic DNA (1 |ul) was performed on antibiotic 

resistant R1 ESC clones transfected with DAT-EGFP using primers D A Tintronl_F and 

EGFP_R1 (Table 3.3), with annealing temperature of 55°C and standard PCR conditions 

(Section 2.12). In both instances, the forward primer was complimentary to intron 1 of the 

BAC-DAT vector and the reverse primer was complimentary to inserted DNA. All PCR 

products were resolved by agarose cell electrophoresis (Section 2.12). DAT-EGFP vector 

was sequenced prior to transfection with primers NeoCassette_Forwardl, 

NeoCassette_Forward2, EGFP_ Forward and DATintronl_Forward (Table 3.3)

Primer name Primer sequence

GFPHS_F100 5’-CGAAGAAGAAGGAAACAGACTTCCTCGGGCTCCCGTCT

ACCCATGGTGAGCAAGGGCGAGGAGCTGTTCA-3’

NeoHS_R100 5 ’-GG AGGCCAGGCC AC ACTC ACCTCC ACC ATTTTTGTAGC 

ACAGGTCTAGAACTAGTGGATCCACCTAATAAC-3’

D A Tintronl_F 5 ’ -GTCTCTGTGTTCAACCC A AG-3 ’

GFPHA_R 5 ’ -AG AAG ATATCCG ATGCCCTT-3 ’

EGFP_R1 5 ’ - ACTTGTACAGCTCGTCC AT-3 ’

DAT intron 1 _Forward 5 ’-GTCTCTGTGTTCAACCCAAG-3 ’

EGFP_Forward 5 ’-GCAAAGACCCCAACGAGAAG-3’

NeoCassette_Forward 1 5 ’ -GTTCTCCTCTTCCTC ATCTCC-3 ’

NeoCassette_Forward2 5 ’ -TCTCTAG AGCTCGCTGATC A-3 ’

Table 3.3: Sequence of PCR primers used in this chapter
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3.2.4 Methods used to purify DNA

DNA fragm ents were purified from  reaction mixtures, and intact plasm ids and BACs were 

isolated after overnight am plification in bacteria, as described in the succeeding sections.

3.2.4.1 Purification of DNA fragments

3.2.4.1.1 QIAquicli gel extraction

Q IA quick gel extraction kit from  Qiagen was typically used to extract and purify DNA 

fragm ents after restriction digestions that had been resolved on a 1% agarose gel with 5 

mM cytidine (section 2.12). Gels were visualised with long-wave UV light (360 nm). High 

grade 100% EtOH was added to Buffer PE (concentrate) prior to use, as instructed in the 

manual. All centrifugation steps were perform ed in a bench top centrifuge at RT and 

m axim um  speed (13,200 rpm) for 1 min. The desired agarose band corresponding to the 

fragm ent o f interest was excised from the agarose gel using a clean, sharp scalpel and 

collected in a pre-w eighed 1.5 ml m icrocentrifuge tube. The tube was re-w eighed and the 

final weight o f the band was determ ined. Buffer QC was subsequently added to the gel 

slice, with a 3:1 ratio o f buffer volum e to gel weight being used to determ ine required 

volume. The gel was dissolved in the buffer by heating at 50°C with regular vortexing. If  

the colour o f the ensuing solution was not yellow, 10 p i o f N aO A c (3M, pH 5) was added, 

as DN A  only adsorbs to the colum n when the pH is less than 7.5. One gel volum e o f  room  

tem perature isopropanaol was added and vortexed, aiding recovery o f  DNA. The solution 

was then loaded onto QIA quick colum n and centrifuged. The flow -through was re-applied 

to the colum n and centrifuged. This step was again repeated and the flow -through was then 

discarded. The colum n was loaded w ith 0.5 ml B uffer QC, centrifuged and the flow 

through discarded. The colum n was then washed with 0.75 ml o f B uffer PE and 

centrifuged. The flow -through was discarded and the colum n was centrifuged em pty to 

ensure the rem oval o f any residual ethanol. The colum n was placed into a clean labelled 1.5 

ml m icrocentrifuge tube and bound DNA was eluted by applying 32 p i o f  elution buffer 

(lOmM  Tris-Cl, pH 8.5) pre-w arm ed to 65°C directly onto the centre o f the m em brane. The
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column was allowed to stand for 1 min prior to centrifugation to allow maximum recovery 

of DNA. DNA yield was determined spectrophotometrically at 260 nm and stored at -20°C.

3.2.4.1.2 QIAquick PCR purification

QIAquick PCR purification kit from Qiagen was typically used to purify DNA from PCR 

mixtures and linearised plasmids from restriction digest mixtures. High grade 100% ethanol 

was added to Buffer PE (concentrate) prior to use as instructed in manual. All 

centrifugation steps were performed at RT in a bench top centrifuge for 1 min at maximum 

speed (13,200 rpm). Buffer PBI was added to samples in a 5:1 volume ratio and vortexed. 

If the ensuing solution was not yellow, 10 )j 1 of 3M NaOAc, pH 5 was added and vortexed. 

This ensures that the pH is suitable for DNA adsorption onto the QIAquick column. To 

bind DNA, the sample was loaded onto a QIAquick column and centrifuged. The flow

through was discarded and 0.75 ml PE Buffer was added to wash the column. The flow

through was again discarded and the column was centrifuged to empty ensure all residual 

ethanol was removed. The column was transferred to a clean labelled 1.5 ml 

microcentrifuge tube. DNA was eluted by applying 32 |j 1 of elution buffer pre-warmed to 

65°C directly onto the centre o f the membrane. The column was allowed to stand for 1 min 

prior to centrifugation. DNA yield was determined spectrophotometrically at 260 nm and 

stored at -20°C.

3.2.4.2 Small scale purification of plasmid DNA

Small amounts of pure plasmid DNA were prepared using QIAprep Spin Miniprep Kit 

from Qiagen. This kit is optimised for the purification o f plasmids less than 10 kb. Prior to 

use, RNase A and LyseBlue reagent were added to Buffer P I, and this was subsequently 

refrigerated. High grade 100% ethanol was added to Buffer PE (concentrate) as instructed 

in manual. All centrifugation steps were performed at maximum speed (13,200 rpm) for 1 

min at RT in a bench top centrifuge, unless otherwise stated.

Single clones from LB agar plates were used to inoculate 5 ml of LB broth with appropriate 

antibiotics and grown overnight at 37°C with shaking. The cells were pelleted by
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centrifugation (2000 g, 15 min, 4°C). The supernatant was immediately removed and the 

cells were resuspended in 250 |j 1 Buffer PI and transferred to a clean labelled 1.5 ml 

microcentrifuge tube. Cells were subsequently lysed by the addition of 250 |ul Buffer P2. 

The cell suspension turned blue and the tube was inverted 4-6 times until a homogenously 

coloured sample was formed. The lysis reaction was stopped by addition of 350 pi Buffer 

P3. The tube was mixed immediately and thoroughly by inverting 4-6 times until all traces 

of colour was gone and the suspension was colourless. The sample was centrifuged (13,200 

rpm, 10 min, RT) and the clear supernatant was carefully decanted from the tube and 

applied to a QIAprep spin column. The column was centrifuged to bind DNA, washed by 

loading once with 0.5 ml PB buffer and centrifuging and once with 0.75 ml PE buffer and 

centrifuged. The flow-thi'ough was discarded after each washing step. The column was 

centrifuged empty after PE buffer to ensure all residual ethanol had been removed. The 

column was transferred to a clean labelled 1.5 ml microcentrifuge tube and DNA was 

eluted by applying 50 |al o f elution buffer pre-warmed to 65°C directly onto the centre of 

the membrane. The column was allowed to stand for 1 min prior to centrifugation to ensure 

maximum DNA recovery. DNA yield was determined spectrophotometrically at 260 nm 

and stored at -20°C.

3.Z.4.3 Large scale purification of plasmid DNA

Large amounts of ultra-pure plasmid were prepared using NucleoBond AX 500 columns 

with supplied buffers. A single colony from a LB agar plate was used to inoculate 500 ml 

LB broth containing appropriate antibiotics. This was shaken overnight at 37°C. The 

culture was subsequently transferred to a 500 ml centrifuge tube and the cells were pelleted 

by centrifugation (2000 g, 20 min, 4°C). The supernatant was removed and the pellet was 

resuspended in 12 ml SI buffer containing freshly added RNase A (100 pg/ml). The cell 

suspension was transferred to a 50 ml centrifuge tube and the cells were lysed with 12 ml 

S2 buffer. The tube was carefully inverted 8-10 times and the mixture was incubated for 3 

min at RT. The lysis reaction was stopped with 12 ml ice-cold S3 neutralisation buffer. The 

cell suspension was inverted 8-10 times and placed on ice for 5 min. The bacterial lysate 

was cleared by centrifugation (12000 g, 45 min, 4°C). The supernatant was then loaded 

onto wet filter paper and the flow-through was collected. The filter paper was moistened
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with 6 ml N2 buffer prior to use. The cleared lysate was loaded onto a NucleoBond AX500 

column that had been pre-equilibrated with 6 ml N2 buffer and allowed to empty by 

gravitational flow. The flow-through was discarded. The column was subsequently washed 

with 32 ml o f N3 buffer and the flow-though was discarded. The DNA was eluted with 15 

ml o f N5 buffer at 55°C. The DNA was subsequently precipitated with 11 ml o f RT 

isopropanol and centrifuged (15000 g, 45 min, 4°C). The supernatant was then carefully 

removed and 5 ml of 70% EtOH was added. The DNA was pelleted by centrifugation 

(15000 g, 10 min, RT). The ethanol was removed and the pellet was allowed to air dry for 

-15  min at RT. The dried pellet was re-dissolved in 200 pi o f elution buffer pre-warmed to 

65°C and DNA yield was determined spectrophotometrically.

3.2.4.4 Large scale purification of BAC DNA

Large amounts o f ultra-pure BAC were prepared using NucleoBond BAC 100 kit, which 

has been adapted for the low copy number and large size o f BAC DNA. A starter culture (5 

ml) was inoculated with a single colony picked from a freshly streaked agar plate of BAC- 

DAT-EGFP-Neo and grown with agitation at 2 8 ^  or 37°C depending on the bacterial 

strain for ~8 hours at -300  rpm in LB broth/kan/chlor. An overnight culture was 

subsequently prepared by diluting the starter culture 1/1000 into 400 ml o f LB 

broth/kan/chlor and grown overnight with shaking at 28°C or 37°C. The overnight culture 

was transferred to a 500 ml centrifuge tube and the cells were pelleted by centrifugation 

(2000 g, 20 min, 4°C). The supernatant was removed and the pellet was resuspended in 24 

ml SI buffer containing freshly added RNase A (100 pg/ml). The cell suspension was 

transferred to a 50 ml centrifuge tube and the cells were lysed with 24 ml S2 buffer. The 

tube was carefully inverted 20 times and the mixture was incubated for 3 min at room 

temperature. The lysis reaction was stopped with 24 ml ice-cold S3 neutralisation buffer. 

The cell suspension was inverted 20 times and placed on ice for 5 min. The bacterial lysate 

was loaded onto filter paper moistened with 6 ml N2 buffer and the flow-through was 

collected. The cleared lysate was loaded onto a NucleoBond column that had been pre

equilibrated with 6 ml N2 buffer and allowed to empty by gravitational flow. The flow

through was discarded. The column was subsequently washed with 36 ml o f N3 buffer and 

the flow-though was discarded. The DNA was eluted with 15 ml o f N5 buffer pre-warmed
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to 55°C. The DNA was subsequently precipitated with 11 ml o f RT isopropanol and 

centrifuged (15000 g, 45 min, 4°C). The supernatant was then carefully removed and 5 ml 

of 70% EtOH was added. The DNA was pelleted by centrifugation (15000 g, 10 min, RT). 

The ethanol was removed and the pellet was allowed to air dry for -15  min at RT. The 

dried pellet was re-dissolved in 200 )il o f 65°C elution buffer and DNA yield was 

determined spectrophotometrically.

3.2.5 Methods used to prepare and transform competent bacteria

The methods used to prepare and transform chemocompetent, electrocompetent and 

recombineering competent bacteria are described in the ensuing sections. The choice of 

transformation method used depended on the requirement of the experiment, as indicated.

3.2.5.1 Preparation of chemocompetent bacteria

Chemocompetent cells were prepared according to Inoue et al. (1990). Briefly, One Shot 

ToplO cells were grown overnight at 37°C in 5 ml of LB broth with shaking. The inoculum 

was diluted into 250 ml of SOB and incubated at 25-30°C with shaking (160 rpm) until the 

optical density at 600 nm (ODeoo) reached 0.4-0.5. The cells were subsequently chilled on 

ice for 15 min and centrifuged (2000 x g, 10 min, 4°C) to pellet bacteria. The supernatant 

was immediately removed and the cell pellet was gently resuspended in 40 ml o f sterile TB 

buffer (10 mM HEPES, 15 mM CaCh, 55 mM MnCl, 250 mM KCl, pH 6.7 with KOH) 

and incubated on ice for 10 min. The cells were again centrifuged (2000 g, 10 min, 4°C). 

The supernatant was immediately removed and the cells were resuspended in 10 ml TB- 

DMSO solution (10 mM HEPES, 15 mM CaCh, 55 mM MnCl, 250 mM KCl, pH 6.7 with 

KOH, 7% DMSO). The cell solution was incubated on ice for 10 min and 50 |il was 

transferred to sterile cryogenic vials. The cells were shock freezed in liquid nitrogen and 

stored at -80°C. Before use in experiments, the transformation efficiency o f the cells was 

determined by performing control transformation with plasmid DNA and calculating the 

colony forming units (CFU)/|jg DNA. Only bacterial preparations that generated high 

transformation efficiencies were used.
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3.2.S.2 Transformation of chemocompetent bacteria

A vial o f  chem ocom petent cells was thawed on ice and 50 |al was aliquoted into sterile 1.5 

ml m icrocentrifuge tubes. L igation m ixture (1-5 |j 1) or pure plasmid (1-10 ng) was added to 

the tube and incubated on ice for 30 min. The cells were subsequently heat shocked at 42°C 

for 30 sec and placed on ice. Cells were gently m ixed with 250 |j 1 SOC and shaken at 37°C 

for one hour. Varying volum es w ere then spread on LB agar plates with appropriate 

antibiotics and grow n overnight at 37°C.

3.2.S.3 Preparation of EL250 bacteria for recombineering

EL250 bacterial cells containing BAC clone R P23-150M 11 were recom bineering 

com petent as they contained the defective X prophage integrated into the E.coli genom e, 

allowing recom bination to occur at culturing tem peratures above 42°C (Yu et al., 2000; Lee 

et al., 2001). Cells were prepared for recom bineering according to Liu et al. (2003), with 

slight m odifications. Briefly, bacteria were scraped from  a glycerol stock and shaken in 1 

ml SOC w ithout selection for 1 hour at 28°C before spreading on LB /chlor agar plates. 

Plates were grow n overnight at 28°C and a single clone was subsequently used to inoculate 

5 ml LB /chlor broth and grow n overnight at 28°C. The following day a 1:50 dilution was 

perform ed by adding 400 |al o f  overnight culture to 20 ml o f LB/chlor broth and shaken 

(180 rpm) in 50 ml Falcon tube until the ODeoo reached 0.6-0.8. The culture was transferred 

to two 50 ml Falcon tubes (10 ml each), with one rem aining at 28°C (uninduced control) 

and one being shaken at 42°C in a w ater bath for 15 min to  induce genes for recom bination. 

Im m ediately after induction, both tubes were rapidly placed in ice-w ater slurry, shaken 

gently to reduce the tem perature as quickly as possible and placed on ice for 10 min. 

Bacteria were pelleted by centrifugation (5000 rpm, 5 min, 0°C). The supernatant was 

rapidly rem oved, the tubes w ere briefly  inverted on paper tow el and resuspended in 1 ml 

sterile ice-cold M illiQ  H 2O by shaking tube gently in ice-w ater slurry. The cell suspension 

was transferred to a chilled 1.5 ml m icrocentrifuge tube and spun at m axim um  speed 

(13,200 rpm) in bench top centrifuge for 30 sec at 4°C. This process was repeated an 

additional tw o times. Finally, all supernatant was rem oved and cells w ere resuspended in
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100 |al ice-cold M illiQ  H 2 O, providing enough cells for tw o electroporation procedures 

(-8x10® cells per reaction) (Yu et a l ,  2000).

3.2.5.4 Electroporation of EL250 bacteria

The EG FP targeting cassette was prepared for recom bineering by PCR, tem plate (plasm id) 

DNA was destroyed by treatm ent with D pnl (Yu et al., 2000), and the recom bination 

fragm ent was purified by gel extraction. E lectrophoresis was perform ed at a low voltage 

(20 V) overnight to ensure all plasm id D N A  was removed. Purified DNA (25 ng, 50 ng) 

was added to 50 |j1 o f induced EL250 cells on ice. The m icrocentrifuge tubes were tapped 

gently to  mix and transferred to chilled 0.2 cm  electroporation cuvettes. The outside o f  the 

curette was dried w ith paper tow el and placed in the B io-Rad electroporation machine. An 

electrical pulse was initiated (2.5 kV, 25 |jF , 200 ohms) and 1 ml o f  SOC was im m ediately 

added to the cells. This was repeated until all sam ples (DNA w ith induced cells, DNA with 

uninduced control cells, 2 p i H 2 O with induced cells) had been electroporated. The sam ples 

were transferred to labelled 1.5 ml m icrocentrifuge tubes and gently shaken at 28°C for two 

hour. Recom bined m utants were selected by growth on LB /kan/chlor agar plates for 18-24 

hours at 28°C until colonies were apparent. W hile resistant m utants colonies were 

som etim es observed on control plates, they were always far m ore num erous on plates with 

induced bacteria and DNA.

3.2.5.5 Preparation of electrocompetent bacteria

Electrocom petent cells were prepared according to M orrison (2001). Briefly, One Shot 

Top 10 cells were grow n overnight at 37°C in 5 ml o f  LB broth with shaking (250 rpm). 

The inoculum  was added to 500 ml LB broth and incubated at 37°C with shaking (250 rpm) 

until the ODeoo reached 0.5-1. The culture was chilled on ice for 15 min and centrifuged 

(2000 X g, 10 min, 4°C) to pellet bacteria. The supernatant was im m ediately rem oved and 

the pellet w as gently resuspended in 500 ml ice-cold sterile H 2 O and centrifuged (2000 x g, 

15 min, 4°C ). This washing process was repeated with 250 ml ice-cold sterile HoO, 

follow ed by centrifugation (2000 x g, 15 min, 4°C) and rem oval o f  supernatant. The pellet 

was resuspended in 10 ml o f ice-cold 15% (v/v) glyercol and centrifuged (1500 x g, 15
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min, 4°C). The supernatant was decanted and the pellet was transferred to a 1.5 ml 

microcentrifuge tube. This was centrifuged in a bench top centrifuge (13,000 rpm, 5 min, 

4°C) and the pellet was resuspended in 1.5 ml o f ice-cold 15% (v/v) glyercol solution. The 

bacterial cells were distributed into sterile cryogenic vials (50 (j 1), shock freezed in liquid 

nitrogen and stored at -80°C. Before use in experiments, the transformation efficiency of 

the cells was determined by performing control transformation with plasmid DNA and 

calculating the CFU/|jg DNA. Only bacterial preparations that generated high efficiency 

were used.

3.2.S.6 Transformation of electrocompetent bacteria

Following identification of DAT-EGFP positive clones, BAG DNA was purified from 

EL250 cells and electroporated into non-recombination electrocompetent bacterial cells for 

large scale amplification and purification o f DNA. A vial o f electrocompetent bacterial 

cells was thawed on ice. Freshly prepared ice-cold BAG DNA (500 ng) was added to the 

cells. The cell suspension was transferred to an ice-cold 0.2 cm electroporation cuvette and 

incubated on ice for 10 min. The outside o f the cuvette was dried thoroughly and placed in 

the Bio-Rad electroporation machine. An electrical pulse was initiated (2.5 kV, 25 |iF, 200 

ohms) and 1 ml of SOG was immediately added to the cells. The samples were transferred 

to labelled 1.5 ml microcentrifuge tubes and gently shaken at 37°G for one hour. Varying 

volumes were spread on LB agar/kan/chlor plates and incubated overnight at 37°G. BAG 

DNA was subsequently purified as described in Section 3.2.4.4 and the location and 

sequence o f the targeted DNA was verified by sequencing using the primers in Table 3.3 

prior to use.

3.2.6 Methods used to transfect R1 ESCs and analyse antibiotic resistant clones

Undifferentiated R1 ESGs were transfected with the DAT-EGFP vector and selected by 

antibiotic resistance. Surviving clones were subsequently analysed for insertion o f the BAG 

vector into the genome and those that were positive were expanded and differentiated to 

DA neurons and analysed for EGFP expression. The steps taken during this procedure are 

detailed in the following sections.
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3.2.6.1 Determination of optimal G418 concentration to select stable clones

Expression o f the neo selection cassette from the PGK promoter in DAT-EGFP allowed 

selection o f transfected clones by resistance to G418. In order to determine the optimal 

concentration o f G418 required to kill non-transfected cells, 2x10® R1 ESCs, cultured 

according to Section 2.7, were separated from feeder cells, plated on gelatine coated dishes 

and treated with 0, 200 |Jg/ml, 300 pg/ml, 400 |Jg/ml , 500 |ag/ml, 600 |Jg/ml G418 for 7 

days. G418 stock solution (100 mg/ml) was prepared by dissolving 1 g o f G418 in 9.8 ml 

PBS, followed by the addition o f 180 )al 10 N NaOH. The solution was sterile filtered and 

stored, protected from light, at 4'’C. Culture medium and G418 were changed daily. Cell 

death was observed microscopically every day. The lowest concentration which resulted in 

cell death within 7 days was 200 |ag/ml and was selected for additional experiments.

3.2.6.2 Transfection of R1 ESCs

Mouse R1 ESCs were transfected by nucleofection developed by Amaxa. In this technique, 

cells are exposed to a unique combination of cell-type specific solutions and electrical 

parameters in a Nucleofector device. Mouse ESCs nucleofector kit was used for all 

transfection procedures. Prior to nucleofection, 0.5 ml Supplement was added to 2.25 ml 

Mouse ESC Nucleofector Solution, mixed gently and stored at 4°C. This was heated to 

room temperature prior to use. Transient transfections were initially performed with the 

plasmid pmaxGFP contained in the kit, which expresses maxGFP from a CMV promoter. 

Only exponentially growing culture with cells in well-formed colonies were used for 

transfection procedures.

3.2.6.2.1 Transient transfection of R1 ESCs and determination of 

transfection efficiency

Four programs, A-013, A-023, A-024, A-030, are recommended for transfection of mouse 

ESCs with plasmid DNA, with no program recommended for BAC DNA, and therefore 

transient transfections were initially performed to determine the program resulting in the 

highest transfection efficiency with R1 ESCs. Cells were cultured according to Section 2.6.
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N u cleofection  is m ost effic ien t in the absence o f  feeder cells and therefore E SC s w ere  

separated from feeders by su ccessive plating on cell culture dishes three tim es for 20 min  

each. Non-adherent cells w ere collect and a ce ll count w as performed to determine the cell 

number. T w o m illion cells w ere added to four tubes and centrifuged (200  g, 5 min, RT). 

C ell pellets w ere then w ashed with 5 ml PBS and centrifuged again (200  g, 5 min, RT). 

Parallel to these centrifugation steps, four tubes were prepared containing 2 pg pm axG FP  

in 10 |il  o f  pre-warmed supplem ented M ouse ESC N ucleofection  Solution. Culture m edium  

(10  ml) w as added to four gelatine coated 10 cm dishes and pre-incubated in a hum idified  

37°C/5%  CO 2 incubator. Cell pellets were sequentially resuspended in 90 |j1 supplem ented  

M ouse ESC  N ucleofection  Solution, m ixed with 10 |j1 o f  D N A  solution by pipetting up and 

dow n and transferred to a cuvette. This w as placed in the cuvette holder, the required 

program w as selected and the ce lls  w ere nucleofected. Pre-heated medium (500  |al) was 

then added to the cuvette and the cells w ere transferred to pre-incubated medium. This 

procedure w as repeated for all sam ples. T w o m illion untransfected cells were also plated as 

above as control cells. EGFP expression  w as monitored 24 and 48  hours after transfection  

by fluorescent m icroscopy. Transfected cells w ere analysed by FACS after 48 hours to 

determ ine w hich program resulted in the highest percentage o f  GFP expressing cells. H igh  

cell death w as observed after transfection with program A -0 3 0  and therefore the ce lls  w ere 

not analysed. C ells were harvested for FACS by trypsinisation, resuspension in 500  |al PBS  

containing 2% FBS and filtration through a 50  |jm  cell strainer. Cells were first gated by 

forward and side scatter to rem ove cell debris and doublets and subsequently by forward 

scatter and GFP fluorescence. A n untransfected cell sam ple w as used to set gates for 

fluorescence, with 20 ,0 0 0  ce lls  being analysed for each sam ple. A D ako C yA n A D P  

m achine was used and data w ere processed using FlowJo software. Program A -023 resulted  

in 66.7%  GFP expressing ce lls  and resulted in the highest transfection effic ien cy  (Figure 

3 .3 ). It w as used for all subsequent transfections.

3.Z.6.2.2 Stable transfection of R1 ESCs

E SC s w ere transfected as described above. T w o reactions w ere prepared, containing 2x10^ 

cells  w ith or w ithout (control) 10 p g  D A T -E G FP and transfected with program A -023 . 

Inspection o f  ce lls  the fo llow ing day by hght m icroscopy verified high cell survival.

80
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Figure 3.3: Program A-023 results in the highest transfection efficiency of R1 ESCs

Two million undifferentiated R1 ESCs were transfected with 2 |jg  pm axG FP plasmid by 

nucleofection using the recom m ended program s and analysed 48 hours later by FACS to 

determ ine w hich resulted in the greatest num ber o f GFP fluorescent cells. Flow cytom etry 

profiles for program  A-013 (B), A-023 (C) and A-024 (D) are provided, with untransfected 

control cells (A) included to identify GFP fluorescent cells, which are observed in the top 

left quadrant. Non-fluorescent cells are observed in the bottom  left quadrant.
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Cells were allowed to recover for 48 hours in non-selective medium and subsequently 

treated with selective medium  containing 200 |ag/ml G418. Tw o million untransfected 

control cells were also treated with G 418 in a sim ilar manner to determine toxicity o f  the 

m edium. Selective medium was changed daily. After 10 days o f selection, surviving 

colonies were expanded in non-selective m edium  for one day, followed by m echanical 

picking.

3.2.6.3 Picking of antibiotic resistant clones

After selection, 42 round undifferentiated colonies were picked, as described by Tem pers 

and Labosky (2004). Ideal colonies were initially identified m icroscopically and the 

bottom s o f  the culture dishes were m arked. M edium  was subsequently rem oved from 

dishes and cells were wa.shed tw ice with 5 ml PBS, followed by the addition o f  5 ml PBS. 

Colonies were picked from the dishes w ith a m icropipette .set to 10 |j 1 and transferred to a 

well o f  a gelatine coated 96-well plate. Follow ing picking, colonies were trypsinised with 

50 |j 1 0.05%  trypsin/ED TA  solution and incubated at 37°C for 5 min. Trypsinisation was 

stopped by the addition o f  150 )il non-selective medium and the cell suspension was 

aspirated to obtain a single cell suspension. Colonies were allowed to grow until they 

becam e sem i-confluent, at which tim e they were split (1:2) to two gelatine coated 96-well 

plates. This was achieved by washing each well thrice with PBS, treating with 50 pi 0.05%  

trypsin/ED TA  solution for 5 min at 37°C, inactivation with 200 |j 1 m edium  and transferring 

125 |j 1 to two wells. An additional 75 |j 1 o f  m edium  was subsequently added to bring the 

final volum e to 200 |jl per well. This was repeated so as to obtain 4 dishes, 3 o f w hich were 

frozen and one was m aintained in culture to perform  PCR o f genom ic DNA to determ ine if 

clones contained inserted DNA.

3.2.6.4 Freezing of antibiotic resistant clones

M edium  was rem oved from each well o f  the 9 6 -well plate and washed tw ice w ith 100 |j 1 

PBS. 0.05%  trypsin/ED TA  solution (50 |al) was subsequently added to each well and 

incubated at 37°C for 5 min. Ice cold freezing m edium  (50 pi, 20% DM SO, 60% FBS, 20% 

ESC medium) was added to each well and cells w ere aspirated gently to obtain a single cell
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suspension. Each well was carefully layered with 100 p i sterile mineral oil to prevent 

evaporation during freezing. Plates were wrapped with parafilm and placed in a well- 

insulated Styrofoam box in -80°C freezer.

3.2.6.5 Extraction of genomic DNA from antibiotic resistant clones

Cells were allowed to grow until wells became confluent. Medium was subsequently 

removed and wells were washed twice with 100 |j 1 PBS. Cells were then lysed by the 

addition o f 50 pi lysis buffer (100 mM NaCl, 50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 

0.5% SDS, freshly added 1 mg/ml proteinase K) to each well. Plates were wrapped with 

parafilm and incubated overnight at 55°C in humid conditions. The following morning 

plates were centrifuged (1000 rpm, 10 min) to collect any moisture and DNA was extracted 

from lysed cells by the addition o f 50 )j 1 isopropanol to each well. Plates were incubated for 

1 hour with gentle rotation to precipitate DNA. Plates were subsequently centrifuged (1000 

rpm, 10 min) to attach DNA firmly to the bottom of each well and liquid in each well was 

carefully removed. Wells were washed thrice with 100 |j 1 ice-cold 70% ethanol. DNA was 

allowed to air dry for 30 min and dissolved in 50 |al elution buffer. DNA was dissolved 

overnight at 4°C with gentle shaking. PCR was performed the following morning as 

described in sections 2.12 and 3.2.2.5.

3.2.6.6 Expansion and neuronal differentiation of positive clones

Once positive clones were identified by PCR, individual colonies were thawed and 

expanded. Frozen 96-well plates were thawed by incubation at 37°C/5% for 10-15 min in 

the morning. The lower layer o f cells (100 pi) was transferred to individual wells of 

gelatine coated 96-well plate, with care being taken to avoid pipetting the layer o f mineral 

oil. Fresh ESC medium (100 pi) was subsequently added to each well and the cells were 

allowed to recover. In the afternoon, after cells had settled and attached to the dish, the 

medium was removed, each well was washed thrice with PBS and 200 pi o f fresh medium 

was added. When cells became -70%  confluent they were split between two 96-well plates 

as described above. When cells reached -70%  confluency again they were each expanded 

to a well of 24-well plate containing feeder cells. When cells in this plate became confluent
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they were subsequently transferred to a 6-well plate containing feeder cells. Finally, cells 

were transferred to 10 cm dishes containing feeder cells and expanded to freeze down 

several vials o f cells for each clone. Cells were subsequently differentiated to dopaminergic 

neurons by the growth factor induced (GFI) differentiation procedure (Lau et al., 2006) 

described in section 2.7.1. Briefly, when undifferentiated cells reached the required density 

they were transferred to non-bacteriological dishes to form neural stem spheres (NSSs) in 

suspension culture, with medium containing EGF, bFGF and L-AA (stage 2 o f 

differentiation procedure). NSSs were collected after 4 days, dissociated and plated in 

neural proliferation medium containing EGF, Shh, FGF8 and L-AA (stage 3). After 5 days, 

differentiation was induced by replacing proliferation medium with differentiation medium 

in the absence o f growth factors (stage 4). Samples were analysed on day 10 o f 

differentiation for EGFP and DAT expression by immunocytochemistry and Western 

blotting (sections 2.9, 2.13).

3.4 Results

3.4.1 Construction of DAT-EGFP vector

EGFP-polyA was cloned into linearised pL451 by overnight ligation. Following 

transformation and overnight culturing, plasmid DNA was purified from 12 clones, 

digested with EcoRI and resolved by agarose gel electrophoresis (Fig. 3.4A). Four clones 

(Clone 2, 3, 5, 7) generated a fragment o f 6.4 kb and verified the presence of EGFP-polyA. 

A second fragment predicated at 0.28 kb following digestion by EcoRl was not visually 

detected in these clones. The remaining clones contained linearised plasmid DNA (4.8 kb). 

Plasmid DNA from the four positive clones was further digested with BamHI/EcoRI to 

investigate if the DNA fragment was correctly oriented in pL451 (Fig. 3.4B). This was 

necessary as the linearised plasmid and EGFP-polyA were blunted prior to ligation (as they 

had incompatible ends after digestion with different restriction enzymes) and therefore the 

DNA fragment could insert in the incorrect orientation. However, all clones yielded two 

products of the correct size (2.9, 3.7 kb) and created plasmids pL451-EGFP-2, -3, -5 and -7.
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Figure 3.4: Four clones tested positive for the insertion of EGFP-polyA into pL451

(A) Control digestion with EcoRI was performed on plasmid DNA isolated from 12 

selected colonies after transformation with pL451 and EGFP-polyA ligation reaction 

(Clones 1-12). Positive clones yielded bands 0.28 and 6.4 kb. Control pL451 plasmid digest 

(C) yielded one band o f 4.8 kb. (B) Control digest o f four positive clones carrying EGFP- 

polyA cassette was performed with BamHI/EcoRI (Clone 2, 3, 5, 7). Correctly oriented 

insert DNA was cut twice and yielded bands 2.9 and 3.7 kb. Control pL451 plasmid digest 

was cut twice and yielded bands 1.8 and 2.9 kb (C). In both images L indicates ladder and 

contained bands corresponding to the following sizes (kb): 10, 8, 6, 5, 4, 3.5, 3, 2.5, 2, 1.5, 

1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1.
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The EGFP targeting cassette was am plified from  pL451-EG FP-2 using prim ers that created 

hom ology arms for recom bination into B A C -D A T (Sections 3.2.1, 3.2.3.5). R esolution o f 

PCR product by agarose gel electrophoresis dem onstrated product o f the predicted size (3.2 

kb) had been am plified (Fig. 3 .5A). The PCR product was subsequently digested w ith N hel 

and yielded tw o fragm ents o f the correct size (1.3, 1.9 kb), verifying the correct sequence 

had been am phfied (Fig. 3.5B). This created the EGFP targeting cassette.

The EG FP targeting cassette was subsequently electroporated into EL250 recom bineering 

com petent bacteria containing B A C-D A T w hich had been induced to express prophage 

proteins. Tw o control transform ations were included. In one control induced bacteria were 

electroporated with H 2O to assess the num ber o f  clones that were spontaneously resistant to 

kan/chlor selection. In the other control uninduced bacteria were electroporated with the 

targeting cassette. The presence o f  colonies after kan/chlor selection m ay indicate that the 

targeting cassette was not com pletely purified from  the tem plate (pL451-EGFP) prior to 

electroporation. Follow ing overnight incubation and selection on LB agar/kan/chlor plates, 

few colonies w ere present on control plates w hereas num erous colonies were detected with 

the positive transform ation. W hole cell PCR was then perform ed on 13 colonies (C lone 1- 

13) from  the positive sam ple and one colony from  non-induced bacteria plus D N A  as 

control. R esolution o f PCR products by agarose gel electrophoresis identified one colony 

that am plified the correct sized product (clone 8, 580 bp) and generated vector D A T-EG FP 

(Fig. 3.6). N o PCR product was detected in non-induced sample.

3.4.2 Analysis of antibiotic resistant clones after transfection and selection

Follow ing transfection o f D A T-EG FP into R1 ESCs and selection by G418 resistance, 42 

colonies w ere picked and genom ic DN A  was isolated from  these clones. PCR  was 

subsequently perform ed using this genom ic D N A  as tem plate and prim ers specific to  the 

vector DNA. Seven clones generated PCR products o f the correct size (850 bp; Fig. 3.7). 

A lthough the band intensities o f  these PC R  products varied across sam ples all w ere 

considered as indicative o f  vector insertion and generated positive clones 1, 2, 16, 18, 23, 

37 and 42. A positive control reaction using D A T-EG FP vector was included and am plified 

the correct sized PCR product as expected.
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Figure 3.5: Amplification and digestion of EGFP targeting cassette

(A) EGFP targeting cassette was amplified from pL451-EGFP-2 and generated product of 

the predicted size (S; 3.2 kb). Negative control was included containing no DNA and no 

PCR product was detected (C). (B) PCR product was digested with Nhel and gel 

electrophoresis of digest reaction detected band of the predicted size (1.3, 1.9 kb), verifying 

the correct sequence had been amplified (S). Undigested EGFP targeting cassette was run 

as control (C). In both images L indicates ladder and contained bands corresponding to the 

following sizes (kb): 10, 8, 6, 5, 4, 3.5, 3, 2.5, 2, 1.5, 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 

0 . 1.
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L C 1 2 3 4 5 6 7 8 9 10 11 12 13 UI

Figure 3.6: One BAC-DAT clone tested positive for recombination of EGFP targeting 

cassette

Whole cell PCR was performed on 13 clones from induced bacteria (Clones 1-13) and one 

clone from non-induced bacteria (UI) following recombination o f EGFP targeting cassette 

into BAC-DAT. Positive clones yielded band of 580 bp. No PCR product was detected in 

non-induced sample. Negative control was included containing no template DNA (C). L 

indicates marker and contained bands corresponding to the following sizes (kb): 10, 8, 6, 5, 

4, 3.5, 3, 2.5, 2, 1.5, 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1.
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(D) 42

Figure 3.7: Seven R1 ESC clones tested positive for the integration of DAT-EGFP 

after selection with G418 by PCR of genomic DNA

PCR was performed using genomic DNA isolated from 42 clones resistant to G418 as 

template (A, B, C, D). Positive clones yielded band of 850 bp. Negative control (-) reaction 

contained no DNA and did not amplify PCR product. Positive control (+) reaction 

contained DAT-EGFP as template and amplified 850 bp product. In all gels L indicates 

marker and contained bands corresponding to the following sizes (kb): 10, 8, 6, 5, 4, 3.5, 3, 

2.5, 2, 1.5, 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1.
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No PCR product was detected in negative control in the absence of DNA. Expansion of 

these positive clones created seven transgenic cell lines named R1 ESC DAT-EGFP-1, -2, - 

16, -18, -23, -37 and -42. One clone (Clone 10) which did not amplify PCR product was 

included as a control (transgenic line R1 ESC DAT-EGFP-10) to investigate the specificity 

of the genomic screen.

3.4.3 Dopaminergic differentiation and analysis of R1 ESC DAT-EGFP transgenic 

cell lines

These transgenic cell lines were then subjected to in vitro GFI dopaminergic neuronal 

differentiation (section 2.7.1) to analyse EGFP expression. EGFP fluorescence was 

monitored daily during the process of terminal differentiation (stage 4 of differentiation 

procedure) in each transgenic cell line (1, 2, 10, 16, 18, 23, 37, 42) by fluorescent 

microscopy of live cells (Fig. 3.8). However, no EGFP was detected at any time point in 

any cell line, with representative images on day 10 o f stage 4 provided in Fig. 3.8. Cells 

exhibiting a neuronal morphology were apparent at this stage of the differentiation process.

To further assess EGFP and DAT expression in clones. W estern blotting was performed on 

protein extracts from day 10 o f terminal differentiation for each cell line (Fig. 3.9). It had 

previously been determined that DAT can be detected already by day 5 o f this stage in 

wild-type cells, with neuronal processes clearly being visualised and co-express o f DAT 

and the neuronal marker Tujl observed (Fig. 3.10). Therefore it was predicted that EGFP 

would have had sufficient time to fold and accumulate by day 10. While DAT was 

observed in each differentiated population, no EGFP was detected (Fig. 3.9). A positive 

control sample was also analysed using protein extracted from HeLa cells which 

constitutively expressed EGFP from the CMV promoter to detect the GFP band.

EGFP expression was also analysed at the cellular level by immunocytochemistry at day 10 

o f terminal differentiation to identify if even a subset o f differentiated cells were positive 

for this protein, with the level o f EGFP protein possibly below the level o f detection by 

W estern blotting. However, no EGFP expression was observed in any transgenic cell lines, 

as determined by endogenous EGFP expression and using an anti-GFP antibody (Fig. 3.11).
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Figure 3.8: EGFP fluorescence is not detected in live R1 ESC DAT-EGFP transgenic 

cell lines at day 10 of terminal neuronal differentiation

EG FP fluorescence was analysed in seven positive transgenic cell lines (1 ,2 , 16, 18, 23, 37, 

42 in im age) and one negative cell line (10 in image) on each day o f  terminal differentiation 

(stage 4) during the growth factor induced dopam inergic neuronal differentiation procedure 

using an O lym pus 1X81-long focal length fluorescent m icroscopy with phase contrast and 

GFP filters. Im ages were captured at 10 x objective with an F-View II digital camera. 

R epresentative im ages are presented for clones on day 10 o f  term inal differentiation. PH 

indicates phase contrast; EGFP, enhanced green fluorescent protein. Scale bar: 100 |jm.
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Figure 3.9: R1 ESC DAT-EGFP transgenic cell lines express DAT protein but not 

EOF? protein on day 10 of terminal neuronal differentiation

Protein was extracted from seven R1 ESC DAT-EGFP positive cell lines (1, 2, 16, 18, 23, 

37, 42) and one negative cell line (10) on day 10 of terminal differentiation o f the growth 

factor induced dopaminergic neuronal differentiation procedure and 10 |ig o f each sample 

was run on a 12% SDS-PAGE gel. Membranes were probed for DAT and EGFP expression 

using anti-DAT and anti-GFP antibodies, as indicated. HeLa cells (HeLa) constitutively 

expressing EGFP from CMV promoter was run as a positive control. DAT indicates 

dopamine transporter, -55 kDa; EGFP, enhanced green fluorescent protein, -28  kDa.
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Figure 3.10: DAT expressing neurons are already detected on day five of terminal 

neuronal differentiation

R1 ESCs were fixed and stained for Tujl (green) and D A T (red) expression on day 5 o f 

term inal differentiation o f  the growth factor induced dopam inergic neuronal differentiation 

procedure. Cells expressing T ujl and DAT appear yellow. Nuclei were counterstained with 

DAPI (blue). Samples were analysed using an O lym pus FVIOCX) laser scanning confocal 

m icroscope at 40 x objective. DAT indicates dopam ine transporter. Scale bar: 50 jam.

9 3



EGFP/DAPI EGFP/DAPI EGFP/DAPI EGFP/DAPI

Figure 3.11: R1 ESC DAT-EGFP transgenic cell lines do not express EGFP at the 

cellular level on day 10 of terminal neuronal differentiation

Cells from DAT-EGFP positive cell lines (1, 2, 16, 18, 23, 37, 42) and one negative cell 

line (10) were fixed and stained for EGFP expression with an anti-GFP antibody (red) on 

day 10 of terminal differentiation o f the growth factor induced dopaminergic neuronal 

differentiation procedure. Nuclei were counter-stained with DAPI (blue). Shown are 

representative images for each clone. No endogenous EGFP fluorescence was detected in 

any clones (green). No EGFP was detected with anti-GFP antibody in any clones. Samples 

were analysed using an Olympus FVIOOO laser scanning confocal microscope at 40 x 

objective. EGFP indicates enhanced green fluorescent protein. Scale bar: 50 |jm.
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All cell lines were also stained for co-expression o f  DAT and EGFP (using an anti-GFP 

antibody) to examine the cellular expression o f  DAT (Fig. 3.12). The results from  this 

series o f stains corroborated the findings from W estern blotting, with all differentiated 

sam ples expressing DAT but no EGFP was observed. Neuronal processes were typically 

stained in these cell lines, with staining sim ilar to that observed in w ild-type cells (Fig. 

3.14). To further assess the neuronal phenotype o f  these differentiated cells, sam ples from 

each representative transgenic line were probed for co-expression o f  the general neuronal 

m arker T ujl and EGFP (Fig. 3.13). All sam ples were found to express T u jl and no sam ple 

expressed EGFP. The detection o f neuronal proteins by im m unocytochem istry at this time 

point o f terminal differentiation is in agreem ent with w ild-type R1 ESCs differentiated by 

this procedure, in which DAT, TH and T ujl are typically observed (Fig. 3.14). In each 

case, neuronal processes are visualised. Therefore, by the m ethods used here to assess 

EGFP expression by R1 ESC DAT-EGFP transgenic cell lines it was determ ined that no 

cell line expressed detectable levels o f EG FP protein, although the dopam inergic genotype 

o f the ESC-derived neurons was proven by DAT expression.
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Figure 3.12: R1 ESC DAT-EGFP transgenic cell lines express DAT but not EGFP and 

have a typical neuronal morphology on day 10 of terminal neuronal difTerentiation

Cells from seven R1 ESC DAT-EGFP positive cell lines (1,2,  16, 18, 23, 37, 42) and one 

negative cell line (10) were fixed and stained for EGFP and DAT expression with anti-GFP 

(green) and anti-DAT (red) antibodies on day 10 of terminal differentiation o f the growth 

factor induced dopaminergic neuronal differentiation procedure. Nuclei were counter

stained with DAPI (blue). Shown are representative images for each clone. All clones 

expressed DAT and had a typical neuronal morphology. No clones expressed EGFP. 

Samples were analysed using an Olympus FVIOOO laser scanning confocal microscope at 

40 X objective. DAT indicates dopamine transporter; EGFP, enhanced green fluorescent 

protein. Scale bar: 50 |jm.
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Figure 3.13: R1 ESC DAT-EGFP transgenic cell lines express the neuronal marker 

Tujl but not EGFP on day 10 of terminal neuronal differentiation

Cells from seven R1 ESC DAT-EGIT' positive cell lines (1 ,2 , 16, 18, 23, 37, 42) and one 

negative cell line (10) were fixed and stained for EGFP and Tujl expression with anti-GFP 

(green) and anti-Tujl (red) antibodies on day 10 of terminal differentiation o f the growth 

factor induced dopaminergic neuronal differentiation procedure. Nuclei were counter

stained with DAPI (blue). All clones expressed Tujl and had a typical neuronal 

morphology. No clones expressed EGFP. Samples were analysed using an Olympus 

FVIOOO laser scanning confocal microscope at 40 x objective. EGFP indicates enhanced 

green fluorescent protein. Scale bar: 40 |jm.
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Figure 3.14: R1 ESCs co-express the neuronal marker Tujl and dopaminet^ic 

markers DAT and TH on day 10 of terminal differentiation

R1 ESCs were fixed and stained for Tujl (green), DAT (red) and TH (red/green) 

expression, as indicated, on day 10 o f term inal differentiation o f  the growth factor induced 

dopam inergic neuronal differentiation procedure. Nuclei were counterstained with DAPI 

(blue). Samples were analysed using an O lym pus FVIOOO laser scanning confocal 

m icroscope at 40 x objective. DAT indicates dopam ine transporter; TH , tyrosine 

hydroxylase. Scale bar; 50 |jm .
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3.5 Discussion

In order to achieve the aim o f  expressing EGFP from the DAT promoter in ESCs, the 

vector DAT-EGFP was first constructed in bacterial cells (Fig. 3.1). Generation o f  this 

vector involved a number o f  steps, including standard cloning techniques and 

recombineering (Figs 3.1, 3.2). EGFP-polyA was first digested from IRES-EGFP-polyA  

plasmid and ligated into the plasmid pL451. Following transformation and selection, 

plasmid DNA was isolated from 12 clones and subjected to digestion with EcoRI. Four 

clones were identified that yielded products o f  the predicted size to indicate the ligation 

reaction was successful (Fig. 3.4A). All remaining clones contained plasmid DNA. This 

may suggest that plasmid DNA was not successfully linearised, thus allowing cells to 

express the kan resistance gene and survive the selection process, or that the linearised 

plasmid was not adequately dephosphorylated with SAP, thus allowing the linearised 

plasmid to re-ligate and confer resistance to kan. Subsequent digestion o f plasmid DNA  

from the four positive clones indicated that they all had inserted the DNA fragment in the 

correct orientation and generated plasmid pL451-EGFP (Fig. 3.4B). This completed the 

first step in the construction o f DAT-EGFP

The EGFP targeting cassette was subsequently amplified from pL451-EGFP by long range 

PCR, using primers that contained a 5 ’ end homologous to flanking regions o f the exon 2 o f  

the D AT  gene and a 3 ’ end that primed the plasmid D N A  for replication (Fig. 3.5). After 

purification, this recombination fragment was electroporated into EL250 bacteria 

containing the BAC-DAT vector, which had been induced to express the prophage genes 

needed for recombination by culturing at 42°C, and numerous mutant clones survived 

following selection by chlor/kan resistance. This is in agreement with previous reports 

suggesting that high recombination efficiency can be obtained using homology sequences 

between 40 and 50 bp (Yu et al., 2000; Lee et al., 2001). Two control transformations were 

also performed to assess the efficiency o f  the recombination procedure. One control 

contained induced bacteria with H2O and the other contained uninduced bacteria with the 

targeting cassette. A small number o f colonies were detected with both control 

transformations. The presence o f colonies with induced bacteria in the absence o f  targeting 

cassette might suggest that some colonies are spontaneously resistant (Yu et al., 2000) to
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kan. The presence o f colonies with uninduced bacteria may indicate the targeting cassette 

was not completely purified from the template (pL451-EGFP) after gel electrophoresis, 

thus allowing survival under selective conditions.

W hole cell PCR was subsequently performed on selected colonies from induced bateria 

plus targeting cassette and identified one positive colony that amplified the correct sized 

product (Fig. 3.6). While this is lower than expected (Lee et al., 2001) the presence of 

colonies on control plates may indicate spontaneous resistance or residual plasmid DNA, as 

discussed above. However, as no PCR product was amplified from an uninduced bacterial 

colony (Fig. 3.6) it verified the specificity o f the recombination system as template DNA 

can not recombine into the BAC-DAT vector in the absence of prophage proteins. It has 

also previously been proposed that short regions o f homology, as used to recombine target 

DNA in this study, might have similar sequences in other regions o f the BAC (Liu et al., 

2003) and thus colonies may be generated that are antibiotic resistant due to recombination 

into other areas of the BAC vector but that would not amplify the correct PCR product due 

to the specificity o f primers used here for the DAT gene and EGFP. Higher recombination 

efficiency may have been achieved using longer homology arms (Liu et al., 2003). 

However, sequencing o f the purified DAT-EGFP vector verified the correct integration and 

sequence of the targeting cassette and thus was used for transfections.

Following nucleofection of purified DAT-EGFP into R1 ESCs and selection by G418 

resistance, 42 clones survived and were picked for further analysis (Fig. 3.7). While this 

figure is lower than that reported in a previous study o f mouse ESCs transfected with BAC 

DNA (115, 123, 281 resistant clones obtained using BAC vectors D lll-GFP, GFAP-GFP 

and Hes5-GFP, respectively), the experimental procedure differed from that in the present 

study (Tomishima et al., 2007). In particular, Tomishima et al. (2007) electroporated 100 

|jg  o f BAC DNA into 5.6x10^ ESCs. In the present study 10 pg o f DNA was nucleofected 

into 2x10^ ESCs. While it is difficult to compare ESCs across different species, 

nucleofection of 5x10^ human ESCs with the 5 |jg o f the same BAC vectors used by 

Tomishima et al. (2007) generated far fewer clones (15 with Hes5-GFP, 23 with D lll-G FP, 

28 with HB9-GFP) (Placantonakis et al., 2009). No other studies have been identified thus 

far using nucleofection to introduce BAC DNA into mouse ESCs.
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Further analysis o f  resistant clones by PCR o f  genom ic DN A  using prim ers selective for 

inserted DNA identified 7 positive clones (-1 7 %  positive clones/analysed clones; Fig. 3.7), 

suggesting that only a fraction o f clones may have been transfected with intact BAG DNA 

(Placantonakis et al., 2009). This is som ewhat lower than previously reported for human 

ESGs transfected with BAG DNA, in which -3 3 %  (9 positive clones/27 analysed clones) o f 

antibiotic resistant clones expressed detectable levels o f  the GFP  transgene, as determ ined 

by quantitative PGR o f genom ic DNA (Placantonakis et al., 2009). In the present study, as 

in the case using quantitative PGR (Placantonakis et al., 2009), variable levels o f  transgene 

were am plified by different clones and all clones were assum ed to be positive for inserted 

DNA. It should be noted, however, that the level o f PGR product generated by the positive 

control (D A T-EG FP vector) is not com parable to  that o f  the genom ic D N A  sam ples as, 

presum ably, am plification using purified vector DNA as tem plate will be m ore efficient 

than that using genom ic DNA preparations.

Expansions o f these positive clones created seven R1 ESG D A T-EG FP transgenic lines. 

Each cell line was then subjected to GFI dopam inergic neuronal differentiation using the 

protocol established by Lau et al. (2006) and described in section 2.7.1. Term inal neuronal 

differentiation o f  neural precursors is induced by w ithdraw al o f  grow th factors in this 

method and cells are typically analysed at day 10 o f differentiation for m arker expression. 

EGFP fluorescence was m onitored daily during the process o f differentiation for each cell 

line. However, no EGFP fluorescence was detected in live cells during this period, with 

representative im ages for each cell line at day 10 o f term inal neuronal differentiation 

provided in Fig. 3.8. As DAT protein can already be detected at day 5 o f  term inal 

differentiation in w ild-type cells (Fig. 3.9) and is m aintained until at least day 10 o f this 

stage (Fig. 3.14), it was expected that EGFP would have had sufficient time to fold and 

accum ulate during this period to allow fluorescence to be detected. The analysis o f  EGFP 

in live cells would have benefited from  the inclusion o f a positive control sam ple, such as 

by the analysis o f  fixed cells stained with an A lexa-488 secondary antibody, to ensure that 

the fluorescent m icroscope being used was successfully detecting EGFP fluorescence.

Samples representative o f  each transgenic cell line were then processed on day 10 o f 

term inal differentiation o f the GFI differentiation to assess the level o f EG FP and DAT
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protein by Western blotting (Fig. 3.9). DAT protein was detected in all samples by this 

method but EGFP protein was not observed (Fig 3.9). Cellular protein extracted from HeLa 

cells expressing EGFP under control o f the CMV promoter was used as a positive control 

in these blots to ensure the EGFP band for each clone was approximately the same size as 

in the control and to determine if the anti-GFP antibody was successfully detecting the 

protein. Even though the same amount of protein was loaded for each sample and the 

positive control, the level o f EGFP between the samples and control are not comparable as 

EGFP expressed from a CMV promoter likely does not correlate with that expressed from a 

cell specific, developmentally regulated promoter such as DAT.

The cellular localisation o f EGFP was also examined by immunocytochemistry in samples 

from each transgenic cell line at day 10 of terminal differentiation (Fig 3.11-3.13). The 

rational for this set of experiments was that only a small subset of cells may have expressed 

EGFP, being below the level detected by W estern blotting. However, while DAT was 

detected by every sample, no EGFP was observed (Figs 3.11, 3.12). This set of experiments 

would have been improved by the inclusion o f a positive control, such as undifferentiated 

R1 ESCs transiently transfected with the pmaxGFP plasmid, to ensure that the anti-GFP 

antibody and the confocal microscope was successfully detecting EGFP protein under the 

experimental conditions used. The anti-DAT antibody had previously been determined to 

effectively detect this protein in differentiated cells at this time point (Fig. 3.14). These 

cells also had a typically neuronal morphology and stained positive for the general neuronal 

marker Tujl (Fig. 3.13). In the study o f Tomishima et al. (2007) discussed above, the 

authors reported that that around 40% (10 expressing clones/24 total clones) o f drug 

resistant clones expressed GFP from two neural specific promoters after in vitro neural 

differentiation, thus providing evidence that GFP can be successfully expressed from 

promoters contained within BACs in mouse ESCs. Interestingly, in the study of 

Placantonakis et al. (2009) discussed above, only one of the 9 positive clones, determined 

by quantitative PCR o f genomic DNA, expressed GFP following neuronal differentiation 

and surprisingly only low levels o f the GFP transgene were detected in this clone following 

analysis o f genomic DNA. Thus this suggests that the use of large DNA vectors containing 

all the presumptive regulatory regions o f a gene is not always sufficient to drive transgene 

expression from developmentally regulated promoters.
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As there was a complete lack o f EGFP protein in all clones examined it is possible that an 

inherent problem existed with the vector such that no mRNA was transcribed. However, 

steps were taken during its design and construction to preserve regulatory elements which 

may control gene transcription from the DAT promoter. For example, as mentioned 

previously, it is thought that the 5 ’ UTR of the DAT gene has a key role in regulating its 

transcription (Donovan et al., 1995; Sacchetti et al., 1999; Bannon et a l ,  2001) and 

therefore DAT-EGFP was designed in such a way to conserve these regions. In addition, 

cloning into exon 2 of the D AT  gene contained within BACs has been shown to be an 

effective way to drive gene expression in transgenic mice (Turiault et al., 2007; Lu et al., 

2009; GENSAT). In fact, Turiault et al. (2007) inserted their gene o f interest in a similar 

manner as in this study, at the start codon of the DAT gene. However, in the present report 

the entire coding region of exon 2 was removed and although unlikely to have interfered 

with expression o f EGFP, as a fusion mRNA composed o f the 5 ’ UTR of DAT, the ORF o f 

EGFP and exogenous polyA signal, would have been transcribed in all cases, it cannot be 

discounted.

In addition, it is generally thought that expression o f transgenes from large BAC DNA 

vectors (-217.5 kb in this case) insulates the integrated transgene from the effects o f the 

surrounding chromatin structure and therefore transgene silencing (Zhang et al., 2004; 

Tomishima et al., 2007), which is o f importance in this study as the BAC DNA integrated 

randomly into the genome. This assumption is supported by the finding that insertion of 

genes in multiple locations in a BAC vector resulted in position-independent transgene 

expression following transfection into mammalian cell lines, with BACs adopting large- 

scale chromatin conformations independent of their chromosome integration site, including 

insertion within centromeric heterochromatin (Bian and Belmont, 2010). Thus this would 

suggest that the transgene may have been transcribed from the DAT promoter and it is 

possible that the DAT promoter itself is not sufficient to drive GFP expression at an 

adequate level to detect EGFP protein. This is supported by the results of a recent study in 

which EGFP expression was faint after multi-stage dopaminergic differentiation o f an ESC 

line with EGFP knocked into the DAT gene and not bright enough to select DA neurons by 

FACS (Zhou et al., 2009b). In addition, it has also been reported that BAC DNA only
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displayed one integration site in the genome following transfection into human ESCs, 

which was independent o f the endogenous locus, indicating that integration did not occur 

by homologous recombination (Placantonakis et a l, 2009). It has also been reported that a 

positive correlation exists between transgene copy number and fluorescence following 

transfection of BAC into mammalian cell lines (Bian and Belmont, 2010). Thus as the 

approach taken here to target EGFP to the DAT promoter contained within a BAC had not 

previously been attempted, it is possible that multiple fluorescent tags may need to be 

expressed from this promoter to allow EGFP protein to be detected following 

differentiation of ESCs to DA neurons.

Alternatively, it is possible that a difference between promoter activity and mRNA or 

protein stability resulted in lack o f transgene expression (Tomishima et al., 2007) in these 

transgenic cell lines, implying that a problem existed at the post-transcriptional level, which 

may be supported by detection o f DAT protein in all cell lines following differentiation 

(Figs 3.9, 3.12). This would have been clarified by analysis of mRNA from differentiated 

samples with EGFP specific promoter, to determine if transgene transcripts were present in 

differentiated cells. This was not performed as the desired application o f these transgenic 

cell lines was visualisation of cells during dopaminergic differentiation and prospective 

sorting o f post-mitotic neurons, and thus if levels were below that o f detection they would 

not have been usable.

mRNA stability is highly regulated and thought to involve the 3 ’ UTR of the mRNA 

molecule (for review, see Guhaniyogi and Brewer, 2001). As the transgene mRNA fusion 

did not contain this region, it is possible that this may have resulted in its instability and 

degradation. However, as the polyA tail has been reported to play a role in nuclear mRNA 

processing, export of the mRNA molecule to the cytoplasm, translation and cytoplasmic 

mRNA stability (for review, see Guhaniyogi and Brewer, 2001), and was included in the 

EGFP targeting cassette, it may be expected to afford some level o f stability and prevent its 

decay. In addition, the 5 ’ UTR facilitates translation (for review, see Pickering and Willis, 

2005) and may also confer stability to the mRNA molecule (for review, see Guhaniyogi 

and Brewer, 2001), and as the 5 ’ UTR of DAT is a part of the transgene mRNA fusion it 

may have assisted is these processes. This may be supported by the fact that previous
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studies have successfully expressed transgenes from the DAT promoter contained with 

BACs using similar methodology as the present study (Turiault et a l ,  2007; Lu et al., 2009; 

GENSAT).

As DAT is a multi-spanning transmembrane protein (for review, see Torres et al., 2003) it 

is targeted to the endoplasmic reticulum (ER) during translation by a signal sequence 

contained within the nascent protein (for review, see Lecomte et al., 2003). As the 

transcribed transgene does not include any o f the coding sequence o f DAT, translation 

presumably occurs in the cytoplasm without targeting to the ER. Therefore, it would seem 

unlikely that lack o f EGFP protein in differentiated transgenic cell lines is related to ER 

associated degradation (for review, see Vembar and Brodsky, 2008) and, as discussed 

above, may be supported by the detection o f transgenes expressed from the DAT promoter 

in previous studies (Turiault et al., 2007; Lu et al., 2009; GENSAT).

Prior to the formation of the chromophore responsible for GFP fluorescence, the translated 

polypeptide chain must fold to its near-native (3-barrel structure (for review, see Ormo et 

al., 1996; Reid and Flynn, 1997; Craggs, 2009). Under physiological conditions, protein 

misfolding and aggregation of GFP has been reported to occur (for review, see Tsien, 1998; 

Fukuda et al., 2000), with the chromophore thus not developing and green fluorescence not 

observed (Tsien, 1998; Fukuda et al., 2000; Craggs, 2009). Misfolded and damaged 

polypeptides are typically targeted for degradation by the proteasome (for review, see 

Goldberg, 2003), and hence may contribute to lack o f EGFP fluorescence in these 

differentiated cells. Thus it is possible, at least to some degree, that even though EGFP is a 

widely used fluorescent marker and a similar approach was used in this study as those 

previously published to express the transgene from the DAT promoter, EGFP mRNA or 

protein instability and degradation occurred in transgenic cell lines and resulted in absence 

of detectable EGFP protein after neuronal differentiation. However, it should be noted, that 

protein or mRNA instability may have been more likely to result in mosaic EGFP 

expression (Alami et al., 2000; Tomishima et al., 2007) rather than a total lack o f EGFP as 

observed here.
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This study and those reported previously targeting EGFP to the Pitx3, TH and DAT 

promoters (Yoshizaki et al., 2004; Zhao et al., 2004; Hedlund et a l ,  2007; Hedlund et al., 

2008; Zhou et al., 2009b) highlight the complexity o f using genetic reporters to label ESC 

derived DA neurons. Although it can be speculated that absence o f EGFP in this system 

may be due to insufficiency at the level o f the DAT promoter, and/or mRNA or protein 

instability and degradation, it is impossible to formulate a conclusive answer without 

further examination o f transgenic cell lines. However, due to time restrictions, alternative 

studies were performed to obtain enriched DA neurons from ESCs.
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Chapter 4

Derivation of dopaminergic neurons from Soxl-GFP
embryonic stem cells
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4.1 Introduction

DA neurons are o f particular interest as they have a fundamental role in many body 

functions and processes, dysfunction or degeneration of which have been implicated in 

psychiatric and neurological disorders (for review, see Greengard, 2001). ESCs may 

provide an unlimited source of DA neurons as they can be propagated indefinitely in 

culture in an undifferentiated state while retaining pluripotency (Thomson et al., 1998; 

Amit et al., 2000). Unfortunately, the analysis o f ESC-derived DA neurons is greatly 

impeded by the heterogeneous nature of ESC cultures even after directed differentiation, 

with the population of cells being composed of multiple cell types often of more than one 

germ layer (for review, see Stavridis and Smith, 2003; Pruszak et al., 2007). This obstacle 

may be partly or wholly overcome by introducing reporter cassettes, such as EGFP, into a 

locus with restricted expression in the desired cell type, effectively labelling the cell of 

interest (for review, see Stavridis and Smith, 2003).

The results of the preceding chapter and those from previous published reports discussed 

thus far (Yoshizaki et a l ,  2004; Zhao et al., 2004; Hedlund et al., 2007; Hedlund et al., 

2008; Zhou et a l ,  2009b) highlight the difficulties associated with labelling mature DA 

neurons with the aim o f generating enriched dopaminergic neuronal populations. For 

example, expression o f EGFP from a fragment of the TH promoter thought to be sufficient 

to drive transgene expression resulted in a mixed cell population after FAC sorting, 

containing both pluripotent stem cells and proliferative cells after transplantation into the 

rat brain (Hedlund et al., 2007). Selection o f EGFP positive and SSEAl negative cells in 

this report resulted in the purification o f only 1.4% of live cells (Hedlund et al., 2007), with 

TH-EGFP ESCs representing 2.6% of hve cells following differentiation in another study 

(Yoshizaki et al., 2004). Furthermore, high cell death has typically been observed following 

dissociation and sorting of mature DA neurons at later stages of the differentiation process 

(Yoshizaki et al., 2004; Hedlund et al., 2008). Thus purification o f labelled neural 

precursors (NPs) with the aim of obtaining enriched DA neurons from ESCs may be an 

attractive alternative as these cells have the potential for further in vitro amplification and 

differentiation after selection (Li et al., 1998).
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Two markers o f NPs are nestin and Soxl. Nestin is a type VI intermediate filament protein 

expressed in neural stem cells and is downregulated as differentiation proceeds (Lendahl et 

al., 1990). EGFP expressed from the nestin promoter has been shown to be an effective 

way to select NPs, with a highly purified neuronal and glial population generated after 

neural differentiation (Andressen et a l ,  2001). The dopaminergic differentiation potential 

o f these cells was not investigated in this study (Andressen et al., 2001). However, nestin is 

now recognised as a marker o f multi-lineage progenitor cells, being detected in cells of 

mesodermal, ectodermal and neuroectodermal fate (for review, see Wiese et al., 2004). In 

addition, as only a fragment o f the nestin promoter was used to drive transgene expression 

in the report by Andressen et al. (2001) and due to the aberrant expression pattern often 

seen with this type of expression system, such as that observed in the study o f Hedlund et 

al.(2007) using a fragment of the TH promoter, it is possible that this system may encounter 

difficulties.

Soxl is a Sry-related high mobility group-box transcription factor and the earliest known 

specific marker of the neuroectoderm in the mouse embryo (Wood and Episkopou, 1999). 

It is first expressed in the neural plate and subsequently maintained in neuroepithelial cells 

throughout the entire neuroaxis, but is downregulated during neuronal and glial 

differentiation (Pevny et al., 1998; Ying et al., 2003). In addition, a Soxl-G FP ESC 

reporter line (named 46C ESC line) has previously been generated by a knock-in approach 

to replace the ORE of the endogenous Soxl gene with the coding sequence for GEP (Ying 

et al., 2003). The fidelity of the Soxl-GEP reporter has been demonstrated in vivo and in 

vitro (Aubert et al., 2003; Ying et al., 2003). In addition, heterozygous Soxl-G EP mice are 

viable and healthy with no apparent phenotype (Aubert et al., 2003). Thus this 46C ESC 

reporter line may represent an ideal system for purifying NPs, which can be further 

differentiated to post-mitotic dopaminergic neurons and provide a novel system to 

investigate the function and regulation of these cells.

Previous reports which have investigated the ability to sort NPs based on Soxl-G FP 

expression and obtain an enriched dopaminergic population from these cells following 

further in vitro differentiation have resulted in conflicting results (Chung et al., 2006; 

Fukuda et al., 2006; Parmar and Li, 2007), possibly due to the use o f different in vitro
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differentiation procedures. While Chung et al. (2006) obtained an enriched neuronal 

population (Tujl+  cells) following differentiation of NPs using the multi-stage method of 

Lee et al. (2000), a low proportion of these neurons co-expressed TH (-6% ) (Chung et al.,

2006). However, Fukuda et al. (2006) reported around 22% of neurons were TH+ following 

sorting o f NPs and differentiation on PA6 stromal cells (Kawasaki et al., 2000). This study 

highlights the dopaminergic differentiation potential o f these Soxl-G FP ESCs and the 

possibility o f generating enriched DA neurons. However, the presence o f stromal cells after 

differentiation likely impedes in vitro studies o f DA neurons due to the undefined effects of 

these cells. The neuronal differentiation potential o f this 46C ESC line was initially 

reported by Ying and Smith (2003) and Ying et al. (2003) using a monolayer culture 

system. Further studies have identified that TH+ neurons can be generated at a frequency of 

16%, with this increasing to around 26% by the addition o f Shh and FGF8 (Parmar and Li,

2007). In addition, sorting o f these cells based on GFP expression resulted in 14% of 

neurons expressing TH (Parmar and Li, 2007). This study did not report purity of sorted 

cells (i.e. the percentage o f neurons) after differentiation.

Lau et al. (2006) have recently published a fast and efficient differentiation method 

(referred to in previous sections as growth factor induced (GFI) neuronal differentiation) 

which generates DA neurons from ESCs in a shorter time period than alternative 

differentiation procedures (Lee et al., 2000; Rolletschek et al., 2001) and thus is 

advantageous. This is achieved in a multi-stage procedure by the application o f signalling 

molecules at early stages of the differentiation process, and has been described in section 

2.7.1 (Fig. 2.1). In particular, culturing o f undifferentiated ESCs in suspension induces the 

formation of neural stem spheres (NSSs), with L-AA and the mitogens EGF and bFGF 

already applied at this stage (stage 2). Subsequent dissociation o f these colonies and 

culturing in serum free medium with L-AA, EGFP and the DA inducing morphogens Shh 

and FGF8 induces the proliferation and patterning o f NPs (stage 3), with terminal 

differentiation being induced by withdrawal of these growth factors (stage 4). Thus sorting 

of NPs based on GFP expression using the Soxl-G FP reporter ESC line and differentiation 

by this method may represent an efficient way to generate highly enriched dopaminergic 

neurons for further in vitro studies. Therefore, the overall aim o f this study was to 

investigate if an enriched population of DA neurons could be generated following sorting
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of Soxl-G FP NPs, re-plating and further differentiation by the GFI neuronal differentiation 

method.

In order to achieve this aim a number of investigations were initially performed. As the 

discussed studies demonstrate, variation exists in the neuronal and dopaminergic 

differentiation potential o f the same cell line under different methods. Thus to initially 

evaluate the neuronal and dopaminergic differentiation potential of the GFI method with 

46C Soxl-G FP ESCs, the neuronal population generated from these cells following this 

procedure was compared to that obtained by monolayer (ML) differentiation. As discussed 

these 46C ESCs were initially characterised by this method and can effectively generate 

DA neurons by this procedure (Ying et al., 2003; Parmar and Li, 2007). The ML 

differentiation method is described in section 2.7.2 (Fig. 2.1). Furthermore, as the GFI 

differentiation protocol is abbreviated in comparison to other published reports regarding 

DA differentiation (Lee et al., 2000; Rolletschek et al., 2001), it was of interest to analyse if 

a more mature neuronal phenotype could be obtained following extended terminal 

differentiation. The appearance of Soxl-G FP NPs was monitored by fluorescent 

microscopy and FACS to determine the optimal time point for sorting cells, and again was 

compared with cells differentiated by the ML procedure as control. Using this information, 

NPs were sorted and further differentiated to assess purity o f cultures and propensity to 

form DA neurons.

4.2 Methods

4.2.1 Analysis of GFP expression during neuronal differentiation of Soxl-GFP

ESCs

Soxl-GFP expression by this cell line was observed at each day o f differentiation using 

both ML and GFI differentiation procedures by live imaging o f GFP in cells and FACS to 

determine the optimal time point to sort cells. Cells were differentiated as described in 

Section 2.7 and analysed using an Olympus 1X81-long focal length fluorescent microscope 

with 10 X objective. Phase contrast and GFP fluorescent images were obtained using an F- 

View II digital camera. For FACS analysis, R1 and 46C Soxl-G FP ESCs at the same stage
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of differentiation were collected by trypsinisation, centrifuged and resuspended in 500 p i of 

ice-cold 2% FBS/IX  PBS. The ceils were triturated and passed through a 50 jam cell 

strainer to obtain a single cell suspension. Propidium iodide (PI; 1 |ag/ml) was then added 

to determine cell viability and the samples were immediately analysed using a Dako CyAn 

ADP flow cytometer. GPP and PI were excited using 488 nm laser and analysed using 

530/40 nm laser and 613/20 nm laser, respectively. Samples were first gated by forward- 

side scatter and then by within this population by GPP and PI. Non-GPP expressing R1 

cells at the same stage of differentiation were used as negative control for background 

fluorescence. Data were analysed using PlowJo software.

4.2.2 FACS based purification of Soxl-GFP neural precursors

NPs were sorted at day 5 o f the neural proliferation stage (stage 3) of the GPI 

differentiation procedure (section 2.7.1; Fig. 2.1). This day was selected as robust GFP 

expression was visualised at this time point but neurites were not yet present. Cells were 

prepared as described above and resuspended in ice-cold 4% FBS/IX  PBS. Positive and 

negative populations were sorted using Dako MoFlo Cell Sorter into sterile 15 ml Falcon 

tubes containing complete differentiation medium (section 2.7.1). Cells were first gated by 

forward-side scatter and within this population by GPP expression. Non-GPP expressing 

R1 cells at the same stage of differentiation were used as negative control for background 

fluorescence. At this stage cells were either used for RNA extraction for RT-PCR (section 

2.10) or re-plated onto poly-D-lysine (PDL)/laminin coated dishes (section 2.6.7) in 

differentiation medium at a density of 8x10“* cells/cm^ in 24-well plates.

4.2.3 Analysis of Soxl-GFP sorted samples after growth factor induced neuronal 

differentiation

The average number o f neurons in the Soxl-GFP-i- and Soxl-G PP- population was 

determined at day 10 o f terminal differentiation (stage 4) o f the GPI neuronal 

differentiation procedure. This was achieved by staining cells with an anti-neuronal class 

III (3-tubulin (Tujl clone) antibody and counterstaining nuclei with DAPI (section 2.13) and 

taking 10 randomly selected images per well using GPP and DAPI filters. Images were
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acquired using an O lym pus 1X81-long focal length fluorescent m icroscope set to 10 x 

objective with an F-View II digital camera. Im ages were processed in ImageJ, with the 

num ber o f DAPI-i- nuclei first being counted followed by T u jl+  cells.

4.3 Results

4.3.1 Comparison of neuronal populations derived from Soxl-GFP ESCs following 

growth factor induced and monolayer differentiation procedures

As 46C S ox l-G F P  ESCs had not previously undergone neural induction using the GFI 

method, NSSs derived from these cells were dissociated following suspension culture and 

plated at two densities, 5x10'^ ce lls /cm ' (Fig. 4.1 A) and Ix lO ”* cells/cm" (Fig. 4 . IB) on a 

range o f com m only used substrates to identify which resulted in the best attachm ent and 

supported neuronal differentiation. Cells attached well at both densities to all substrates 

tested when observed one day after plating (Fig. 4.1). Analysis o f  cells at day 10 o f 

differentiation revealed the appearance o f small round colonies which stained positive for 

the neuronal m arker Tujl (Fig. 4.1). Num erous single cells were also present that did not 

stain with T u jl. Neurites extending from T ujl colonies were most apparent at lower 

densities. In addition, by gross m orphological analysis all substrates were equivalent in 

supporting neuronal proliferation and differentiation.

As 46C S o x l-G F P  ESCs have typically been induced to undergo neuronal differentiation 

by M L culture conditions (Ying and Smith, 2003; Ying et al., 2003), a simple com parative 

study was perform ed to assess the neuronal population derived from these cells following 

differentiation by GFI and M L procedures. In particular, analysis was perform ed on day 10 

o f term inal differentiation (stage 4) o f  the GFI differentiation procedure and day 14 o f  the 

M L differentiation procedure (Fig. 2.1). T ujl positive colonies o f different sizes with 

extensive neurites were present after differentiation by both protocols (Fig. 4.2). These 

colonies were m ore abundant following GFI differentiation (GFI, 23.56 + 0.4 colonies; 

ML, 14.56 ±  0.78 colonies; p<0.01; Fig. 4.3). However, the diam eter o f  colonies obtained 

following M L differentiation were significantly larger than those derived from GFI 

differentiation (GFI, 188.93 ±  11.11 |im ; ML, 290.54 + 12.57 |jm ; p<0.01; Fig. 4.4).
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Figure 4.1: Neural stem spheres derived from Soxl-GFP ESCs attach to a range of 

extracellular matrices and differentiate to neurons by the growth factor induced 

neuronal differentiation procedure

Follow ing 4 days o f  suspension culture, NSSs were dissociated and plated in proliferation 

m edium  containing grow th factors at SxlO"* cells/cm ‘ (A) and IxlO'*’ c e lls /cn r (B) on poly- 

L-ornithine/fibronectin/lam inin (PLO /Fib/Lam ), gelatine/lam inin (Gel/Lam ), poly-D- 

lysine/lam inin (PDL/Lam ), poly-D -lysine/fibronectin (PDL/Fib), poly-L-ornithine/ laminin 

(PLO/Lam ) and poiy-L-ornithine/fibronectin (PLO/Fib), as indicated. Ceil attachm ent was 

assessed one day later, as observed in phase contrast im ages at day 1 o f  neural proliferation 

(Prolif D1 PH). Terminal differentiation was induced five days later by withdraw al o f 

growth factors from proliferation medium. Ten days later, sam ples were fixed and stained 

for T uji (red) and nuclei were counterstained with DAPI (blue), with phase contrast images 

also obtained at this time point (D iff DIO PH). Sam ples were analysed using an Olym pus 

1X81-long focal length fluorescent m icroscopy using phase contrast, DAPI and Cy3 filters. 

Images were obtained at 10 x objective with an F-View II digital cam era. Scale bar: 100 

p m .
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Figure 4.2: Tuji positive colonies of different sizes with neurite extensions are derived 

from Soxl-G FP ESCs following growth factor induced (GFI) and monolayer (ML) 

differentiation procedures

S oxl-G F P  ESCs were fixed and stained for Tuji expression (green) on day 10 o f terminal 

differentiation o f the GFI differentiation procedure (GFI) and day 14 o f the ML 

differentiation protocol (ML). Nuclei were counterstained with DAPI (blue). The GFI and 

M L row s illustrate three different sized T u ji positive colonies from  a single GFI or M L 

differentiation procedure, respectively. Sam ples were analysed using an O lym pus 1X81- 

long focal length fluorescent m icroscopy using DAPI and GFP filters and images were 

captured at 10 x objective with an F-View II digital cam era. Scale bar: 2(X) pm.
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Figure 4.3: Tujl positive colonies derived from Soxl-GFP ESCs are more abundant 

following growth factor induced (GFl) neuronal differentiation than following 

monolayer (ML) neuronal differentiation

S oxl-G F P  ESCs were fixed and stained for T ujl expression on day 10 o f terminal 

differentiation o f  the G Fl differentiation protocol (Day 10 G Fl) and day 14 o f  the ML 

differentiation protocol (Day 14 M L). Ten random ly selected images were taken per well 

and the num ber o f  T u jl positive colonies was counted. D ata shown represent the mean + 

SEM  o f experim ents perform ed in triplicates on three independent cell populations. 

**p<0.01; S tudent’s two-tailed t-test.
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Figure 4.4: The diameter of T ujl positive colonies derived from Soxl-G FP ESCs are 

smaller following growth factor induced (GFI) neuronal differentiation than following 

monolayer (ML) neuronal differentiation

Soxl-G FP ESCs were fixed and stained for Tujl expression on day 10 of terminal 

differentiation o f the GFI differentiation procedure (Day 10 GFI) and day 14 of the ML 

differentiation procedure (Day 14 ML). Ten randomly selected images were taken of Tujl 

positive colonies per well and the diameters were measured in ImageJ. Data shown 

represent the mean + SEM of experiments performed in triplicates on three independent 

cell populations. **p<0.01; Student’s two-tailed t-test.
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Furthermore, Tujl positive colonies derived from Sox 1-GPP ESCs extended longer 

neurites following GFI neuronal differentiation than following ML neuronal differentiation 

(GFI, 510.62 ±  35.23 pm; ML, 402.31 ±  10.26 jam; p<0.05; Fig. 4.5).

W estern blotting was performed to compare the neuronal subtypes derived from Soxl-G FP 

ESCs following differentiation by both methods in three independent cultures. The analysis 

was carried out in this manner as opposed to immunocytochemistry of cells as 

differentiation by these protocols typically resulted in the formation of three-dimensional 

clusters, as observed in Fig. 4.2, rendering numerical analysis o f different neuronal 

subtypes difficult, as mentioned previously (Lorincz, 2006; Hedlund et al., 2008). Analysis 

of cellular proteins after differentiation identified the presence o f Tujl in all samples 

following neuronal differentiation by both methods (Fig. 4.6). While expression o f the pre- 

synaptic neuronal marker synaptophysin was low, it was almost exclusively found after 

GFI differentiation (Fig. 4.6). Expression o f the astrocyte specific intermediate filament 

GFAP was completely absent in ML cultures and was detected at low levels in two of the 

GFI samples (Fig. 4.6).

Protein markers for the GABAergic (GAD), dopaminergic (N urrl, DAT, TH) and 

serotonergic (SERT) neuronal subtypes were present following differentiation by both 

procedures (Fig. 4.7). None of the samples examined detected the glutamatergic marker 

EAACl or the noradrenergic marker NAT (Fig. 4.7). GAD levels were inconsistent across 

cultures, with higher variability observed after ML differentiation and the protein being 

almost undetectable in two of these cultures (Fig. 4.7). SERT expression was also quite 

changeable, with more variability observed in GFI cultures (Fig. 4.7). The SERT antibody 

recognised only one band in mouse brain lysate but two bands in cell culture samples (Fig. 

4.7). As this antibody was highly specific, both bands are considered to be SERT protein. 

As discussed previously, N urrl is a transcription factor required for the induction o f the 

mDA phenotype (Zetterstrom et al., 1997; Castillo et al., 1998; Saucedo-Cardenas et al., 

1998; Wallen et al., 1999). Expression o f DAT and N urrl was relatively constant across 

cultures for both differentiation methods (Fig. 4.7). By semi-quantitative analysis o f blots, 

the levels o f both o f these proteins were higher after GFI differentiation (p<0.05 for both; 

Figs 4.8, 4.9).
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Figure 4.5: Tujl positive colonies derived from Soxl-G FP ESCs extend longer 

neurites following growth factor induced (GFI) neuronal differentiation than 

following monolayer (ML) neuronal differentiation

Soxl-G FP ESCs were fixed and stained for Tujl expression on day 10 of terminal 

differentiation of the GFI differentiation procedure (Day 10 GFI) and day 14 of the ML 

differentiation procedure (Day 14 ML). Five Tujl positive colonies were randomly selected 

per well and the length o f 10 randomly selected neurites per colony was measured using the 

NeuronJ application o f ImageJ. Data shown represent the mean neurite length + SEM of 

experiments performed in triplicates on three independent cell populations. *p<0.05; 

Student’s two-tailed t-test.
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Figure 4.6: Ceil popuiations consistently express the neuronal protein Tujl but 

expression of pre-synaptic protein synaptophysin and astrocytic protein GFAP is 

variable after neuronal differentiation of Soxl-GFP ESCs by growth factor induced 

(GFI) and monolayer (ML) protocols

Protein was extracted from Soxl-G FP ESCs on day 10 o f terminal differentiation o f the 

GFI differentiation protocol (GFI) and day 14 o f the ML differentiation protocol (ML) and 

20 |jg  (GFAP, T ujl) or 30 ng (synaptophysin) was run on 10% SDS-PAGE gels. Mouse 

brain lysate (MB) was run as positive control to identify the presence o f neuronal proteins. 

Membranes were probed with antibodies as indicated in the figure. GAPDH was analysed 

to verify equal loading and a representative blot is shown. GFI indicates growth factor 

induced neuronal differentiation; ML, monolayer neuronal differentiation; 1-3, three 

independent differentiation procedures; GFAP, glial fibrillary acidic protein, 50 kDa; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; synaptophysin, 38 kDa; 

T u jl, 50 kDa.
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Figure 4.7: Soxl-GFP ESCs express dopaminergic, GABAergic and serotonergic 

neuronal markers after neuronal differentiation by growth factor induced (GFI) and 

monolayer (ML) protocols

Protein was extracted from Soxl-G FP ESCs on day 10 o f terminal differentiation of the 

GFI differentiation protocol (GFI) and day 14 of the ML differentiation protocol (ML), as 

indicated, and 20 pg or 30 pg (N urrl) was run on 10% SDS-PAGE gels. Mouse brain 

lysate (MB) was run as positive control to identify the presence of neuronal proteins. 

M embranes were probed with antibodies against each neuronal subtype as indicated. 

GAPDH was analysed to verify equal loading and a representative blot is shown. 1-3 

indicates three independent differentiation procedures; TH, tyrosine hydroxylase, -66  kDa; 

DAT, dopamine transporter, -55  kDa; GAD, glutamic acid decarboxylase, 65 and 67 kDa; 

NAT, noradrenergic transporter, -8 0  kDa; GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase, 36 kDa; E A A C l, excitatory amino acid carrier 1, -69  kDa; SERT, 

serotonin transporter, -100  kDa; N urrl, 66 kDa.

MB GFI ML GFI ML GFI ML
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Figure 4.8: Levels of DAT protein in Soxl-G FP ESC derived neurons are higher 

following growth factor induced (GFI) neuronal differentiation than following 

monolayer (ML) neuronal differentiation

The DAT and GAPDH blots from Fig. 4.7 were processed in ImageJ to calculate the 

amount of DAT protein in each sample on day 10 of terminal differentiation of the GFI 

differentiation protocol (Day 10 GFI) and day 14 of the ML differentiation protocol (Day 

14 ML) relative to the amount of GAPDH protein, and are expressed as the relative 

intensity o f DAT. Data shown represent the mean + SEM of experiments performed in 

triplicates on three independent cell populations. *p<0.05; Student’s two-tailed t-test. DAT 

indicates dopamine transporter.
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Figure 4.9: Levels of N urrl protein in Soxl-G FP ESC derived neurons are higher 

following growth factor induced (GFI) neuronal differentiation than following 

monolayer (ML) neuronal differentiation

The Nurrl blot from Fig. 4.7 and its corresponding GAPDH blot (A) were processed in 

ImageJ to calculate the amount of N urrl protein in each sample on day 10 of terminal 

differentiation o f the GFI differentiation protocol (Day 10 GFI) and day 14 o f the ML 

differentiation protocol (Day 14 ML) relative to the amount of GAPDH protein, and are 

expressed as the relative intensity of Nurrl (B). Data shown represent the mean + SEM of 

experiments performed in triplicates on three independent cell populations. *p<0.05; 

Student’s two-tailed t-test. MB indicates mouse brain lysate; 1-3, three independent 

differentiation procedures; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; 

N urrl, -6 6  kDa.
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The level o f TH protein was relatively constant across cultures but was quite low and no 

statistically significant difference was detected between the different protocols (Figs 4.7, 

4.10). Furthermore, TH+ cells were detected by immunofluorescence following neuronal 

induction by both protocols, with cells also expressing the neuronal protein Tujl and 

having a distinctive neuronal morphology (Figs 4.11, 4.12).

4.3.2 Comparison of neuronal populations derived from Soxl-GFP ESCs on day 

10 and day 16 of the terminal differentiation stage of the growth factor induced 

differentiation procedure

As Soxl-G FP ESCs differentiated effectively to neurons using the GFI method, including 

expressing DA markers, it was o f interest to assess if increased terminal differentiation 

(stage 4) using this procedure resulted in a more mature neuronal phenotype. Tujl positive 

colonies were detected at day 16 o f terminal differentiation and appeared morphologically 

similar to those at day 10 o f terminal differentiation (Fig. 4.13). However, Tujl staining o f 

neurites was not as prominent at later time points, with colonies occasionally detected that 

did not have processes (Fig. 4.13). This was rarely observed at day 10. In addition, while no 

difference was detected in the number of Tujl positive colonies between time points (Day 

10, 23.16 ±  1.42 colonies; Day 16, 21.83 + 1.01 colonies; Fig. 4.14), increased 

differentiation time resulted in the diameter of colonies being significantly larger (Day 10, 

158.98 ±  9.15 pm; Day 16, 250.75 ±  8.88 jam; p<0.01; Fig 4.15).

Western blot analysis of cellular proteins revealed the presence o f neuronal markers T u jl, 

NeuN and synaptophysin, and the astrocytic marker GFAP 10 and 16 days after the 

initiation o f terminal differentiation (Fig. 4.16). Variation between three repeats at the two 

time points o f the differentiation procedures did not appear high. Semi-quantitative 

densitometry revealed a significant decrease in Tujl protein levels with increased terminal 

differentiation (p<0.05; Fig. 4.17). However, the protein levels o f the more mature neuronal 

marker NeuN at day 16 of terminal differentiation was not significantly different than day 

10 (Fig. 4.18). Furthermore, although the level o f the pre-synaptic protein synaptophysin 

was typically low, it appeared to be higher at day 10 of terminal differentiation (Fig. 4.16).
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Figure 4.10: Levels of TH protein in Soxl-G FP ESC derived neurons are similar 

following growth factor induced (GFI) and monolayer (ML) neuronal differentiation 

procedures

The TH and GAPDH blots from Fig. 4.7 were processed in Im ageJ to calculate the amount 

o f TH protein in each sam ple on day 10 o f term inal differentiation o f the GFI 

differentiation protocol (Day 10 GFI) and day 14 o f the M L differentiation protocol (Day 

14 ML) relative to the amount o f GAPDH protein, and are expressed as the relative 

intensity o f  TH. Data shown represent the mean + SEM  o f  experim ents perform ed in 

triplicates on three independent cell populations. TH indicates tyrosine hydroxylase.
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Figure 4.11: Visualisation of tyrosine hydroxylase positive neurons derived from 

Soxl-GFP ESCs following growth factor induced (GFI) neuronal differentiation

S ox l-G F P  ESCs were fixed and stained for T ujl (green) and TH (red) expression on day 

10 o f terminal differentiation o f  the grow th factor induced (GFI) neuronal differentiation 

procedure, as indicated. Nuclei were counterstained with DAPI (blue). Samples were 

analysed with an O lym pus 1X81-long focal length fluorescent m icroscopy using DAPI, 

Cy3 and G FP filters and im ages were captured at 10 x. The boxed area in each im age on 

the left represents the enlarged im age on the right hand side obtained at 40 x objective. TH 

indicates tyrosine hydroxylase. Scale bar: 200 |jm  (10 x); 50 pm  (40 x).
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Figure 4.12: Visualisation of tyrosine hydroxylase positive neurons derived from 

Soxl-G FP ESCs following monolayer (ML) neuronal differentiation

S oxl-G F P  ESCs were fixed and stained for T ujl (green) and TH (red) expression on day 

14 o f  monolayer (ML) neuronal differentiation, as indicated. Nuclei were counterstained 

with DAPI (blue). Samples were analysed with an O lym pus 1X81-long focal length 

fluorescent m icroscopy using DAPL Cy3 and GFP filters and images were captured at 10 x. 

The boxed area in each image on the left represents the enlarged image on the right hand 

side obtained at 40 x objective. TH indicates tyrosine hydroxylase. Scale bar: 200 ^m  (10 

x); 50 pm  (40 x).

127



Figure 4.13: Tujl positive colonies derived from Soxl-GFP ESCs appear 

morphologically similar on day 10 and day 16 of the terminal differentiation stage of 

growth factor induced (GFI) differentiation but neurite extensions are less prominent 

at day 16

S oxl-G F P  ESCs were fixed and stained for Tujl expression (green) on day 10 and day 16 

o f the term inal differentiation stage o f GFI neuronal differentiation, as indicated. Nuclei 

were counterstained with DAPI (blue). Sam ples were analysed using an Olym pus 1X81- 

long focal length fluorescent m icroscopy using DAPI and GFP filters and images were 

captured at 10 x objective with an F-View II digital camera. Scale bar; 200 pm.
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Figure 4.14: Increased terminal differentiation time has no effect on the number of 

T u jl positive colonies derived from Soxl-G FP ESCs following growth factor induced 

(GFI) differentiation

Soxl-G FP ESCs were fixed and stained for Tujl expression on day 10 and day 16 o f the 

terminal differentiation stage of the GFI differentiation procedure, as indicated. Ten 

randomly selected images were taken per well and the number of Tujl positive colonies 

was counted. Data shown represent the mean + SEM of experiments performed in 

duplicates on three cell populations.

129



300

^  250

S5 200 -

■■B 150

Day 10 Day 16

Figure 4.15: The diameter of T ujl positive colonies derived from Soxl-G FP ESCs 

following growth factor induced (GFI) neuronal differentiation are larger at day 16 of 

terminal differentiation than at day 10

Soxl-G FP ESCs were fixed and stained for Tujl expression on day 10 and day 16 o f the 

terminal differentiation stage of the GFI neuronal differentiation procedure, as indicated. 

Ten randomly selected images were taken of Tujl positive colonies per well and the 

diameters were measured in ImageJ. Data shown represent the mean + SEM of experiments 

performed in duplicates on three cell populations. **p<0.01; Student’s two-tailed t-test.

130



1 2 3

Neuronal Tuj1 

NeuN

Synaptophysin 

Astrocyte GFAP 

GAPDH

Figure 4.16; Soxl-GFP ESCs express neuronal and astrocytic markers on day 10 and 

day 16 of the terminal differentiation stage of the growth factor induced (GFI) 

neuronal differentiation procedure

Protein was extracted from Soxl-G FP ESCs on day 10 (DIO) and day 16 (D16) of the 

terminal differentiation stage of the GFI neuronal differentiation procedure and 20 )ag 

(GFAP, T ujl) or 30 |ag (NeuN, synaptophysin) was run on 10% SDS-PAGE gels. Mouse 

brain lysate (MB) was run as positive control to identify the presence of neuronal proteins. 

Membranes were probed with antibodies as indicated. GAPDH was analysed to verify 

equal loading and a representative blot is shown. GFAP indicates glial fibrillary acidic 

protein, 50 kDa; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; NeuN, 

neuronal nuclei, -4 6  kDa; synaptophysin, 38 kDa; T u jl, 50 kDa; 1-3, three independent 

differentiation procedures.

MB D10 D16 D10 D16 D10 D16
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Figure 4.17: Levels of Tujl protein in Soxl-GFP ESC derived neurons are higher on 

day 10 than day 16 of the terminal differentiation stage of the growth factor induced 

(GFI) neuronal differentiation procedure

The Tujl and GAPDH blots from Fig. 4.16 were processed in ImageJ to calculate the 

amount of Tujl protein in each sample at day 10 and day 16 of terminal differentiation 

relative to the amount o f GAPDH protein, and are expressed as the relative intensity of 

T ujl. Data shown represent the mean + SEM of experiments performed in triplicates on 

three independent cell populations. *p<0.05; Student’s two-tailed t-test.
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Figure 4.18: Levels of NeuN protein in Soxl-GFP ESC derived neurons are similar on 

day 10 and day 16 of the terminal differentiation stage of the growth factor induced 

(GFI) neuronal differentiation procedure

The NeuN blot from Fig. 4.16 and its corresponding GAPDH blot (A) were processed in 

ImageJ to calculate the amount of NeuN protein in each sample at day 10 (DIO) and day 16 

(D16) of terminal differentiation relative to the amount of GAPDH protein, and are 

expressed as the relative intensity o f NeuN (B). Data shown represent the mean + SEM of 

experiments performed in triplicates on three independent cell populations. MB indicates 

mouse brain lysate; 1-3, three independent differentiation procedures; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; NeuN, neuronal nuclei, -4 6  kDa.
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Increased terminal differentiation resulted in a significant increase in the protein level o f 

the astrocytic marker GFAP (p<0.001; Fig. 4.19). This finding was mirrored by cellular 

staining for GFAP expression, with abundant astrocytes present at day 16 but only sparse 

staining at day 10 (Fig. 4.20).

Markers for the same neuronal subtypes were detected at day 10 and 16 o f terminal 

differentiation, namely for the GABAergic (GAD), serotonergic (SERT) and dopaminergic 

(DAT, N urrl, TH) systems (Fig. 4.21). Markers of the noradrenergic (NAT) and 

glutamatergic (EA A Cl) systems were not present (Fig. 4.21). Protein levels of the 

dopaminergic markers DAT and N urrl were significantly reduced at day 16 o f terminal 

differentiation when compared to the levels at day 10 (p<0.01 for both; Figs 4.22, 4.23). 

TH protein expression was variable across independent differentiation procedures at both 

time points and no difference was detected in protein levels at day 10 and day 16 by semi- 

quantitative densitometry (Figs 4.21, 4.24). Protein levels o f both isoforms o f GAD, 

GAD65 and GAD67, were also significantly diminished at day 16 o f terminal 

differentiation (GAD65, p<0.05, GAD67, p<0.01, Fig. 4.25). No difference was detected in 

the level of SERT protein between day 10 and day 16 of terminal differentiation, with 

expression being relatively constant in all samples analysed (Fig. 4.26). Thus, as increased 

culture time had a negative effect on the neuronal population, day 10 o f terminal 

differentiation was chosen as the end point for all subsequent experiments.

4.3.3 Comparison of Soxl-GFP expression during growth factor induced and 

monolayer differentiation procedures

In order to facilitate sorting o f Soxl-G FP NPs, GFP fluorescence was analysed in Soxl- 

GFP ESCs during the process o f neuronal differentiation by fluorescent microscopy and 

FACS. Cells were analysed simultaneously during both ML and GFI differentiation, using 

cells from ML cultures as a control to assess activation o f the Soxl gene. No Soxl-G FP 

fluorescence was detected in NSSs during suspension culture of GFI differentiation (stage 

2, Fig. 2.1; Fig. 4.27). Soxl-G FP expression was first visualised at day 4 of the neural 

proliferation stage o f GFI differentiation (stage 3; Fig. 4.27) and at day 4 during ML 

differentiation (Fig. 4.28).
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Figure 4.19: Levels of GFAP protein in Soxl-GFP ESC derived cultures are higher on 

day 16 than day 10 of the terminal differentiation stage of the growth factor induced 

(GFI) neuronal differentiation procedure

The GFAP blot from Fig. 4.16 and its corresponding GAPDH  blot (A) were processed in 

ImageJ to calculate the amount o f GFAP protein in each sample on day 10 (DIO) and day 

16 (D16) o f terminal differentiation relative to the am ount o f  GAPDH protein, and are 

expressed as the relative intensity o f GFA P (B). D ata shown represent the mean + SEM  of 

experim ents perform ed in triplicates on three independent cell populations. ***p<0.001; 

S tudent’s two-tailed t-test. MB indicates m ouse brain lysate; 1-3, three independent 

differentiation procedures; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; 

GFAP, glial fibrillary acidic protein, 50 kDa.
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Figure 4.20: Astrocytes derived from Soxl-GFP ESCs are more abundant on day 16 

than day 10 of the terminal differentiation stage of the growth factor induced (GFI) 

differentiation procedure

Soxl-G F P  ESCs were fixed and stained for G FA P expression (red) on day 10 or 16 o f 

terminal differentiation o f  the GFI differentiation procedure, as indicated. Nuclei were 

counterstained with DAPI (blue). Samples were analysed using an O lym pus 1X81-long 

focal length fluorescent m icroscopy using DAPI and Cy3 filters and im ages were captured 

at 10 X objective with an F-View II digital cam era. GFAP indicates glial fibrillary acidic 

protein. Scale bar: 200 pm.
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Figure 4.21: Soxl-GFP ESCs derived neurons express dopaminergic, GABAergic and 

serotonergic neuronal markers on day 10 and day 16 of the terminal differentiation 

stage of the growth factor induced neuronal differentiation procedure

Protein was extracted from Soxl-G FP ESCs on day 10 (DIO) and day 16 (D16) of the 

terminal differentiation stage of the GFI neuronal differentiation procedure and 20 )ag or 30 

|jg  (N urrl) was run on 10% SDS-PAGE gels. Mouse brain lysate (MB) was run as positive 

control to identify the presence of neuronal proteins. Membranes were probed with 

antibodies against each neuronal subtype as indicated. GAPDH was analysed to verify 

equal loading and a representative blot is shown. TH indicates tyrosine hydroxylase, -66  

kDa; DAT, dopamine transporter, -55 kDa; GAPDH, glyeraldehyde-3-phosphate 

dehydrogenase, 36 kDa; GAD, glutamic acid decarboxylase, 65 and 67 kDa; NAT, 

noradrenergic transporter, -8 0  kDa; EA A Cl, excitatory amino acid carrier 1, -69  kDa; 

SERT, serotonin transporter, -100  kDa; N urrl, 66 kDa; 1-3, three independent 

differentiation procedures.
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Figure 4.22: Levels of DAT protein in Soxl-GFP ESC derived neurons are higher on 

day 10 than day 16 of the terminal differentiation stage of the growth factor induced 

(GFI) neuronal differentiation procedure

The DAT and GAPDH blots from Fig. 4.21 were processed in ImageJ to calculate the 

amount o f DAT protein in each sample on day 10 and day 16 o f terminal differentiation 

relative to the amount o f GAPDH protein, and are expressed as the relative intensity of 

DAT. Data shown represent the mean + SEM o f experiments performed in triplicates on 

three independent cell populations. **p<0.01; Student’s two-tailed t-test. DAT indicates 

dopamine transporter.
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Figure 4.23: Levels of Nurrl protein in Soxl-GFP ESC derived neurons are higher on 

day 10 than day 16 of the terminal differentiation stage of the growth factor induced 

neuronal diiTerentiation procedure

The N urrl blot from Fig. 4.21 and its corresponding GAPDH blot (A) were processed in 

ImageJ to calculate the amount o f N urrl protein in each sample on day 10 (DIO) and day 

16 (D16) of terminal differentiation relative to the amount o f GAPDH protein, and are 

expressed as the relative intensity o f Nurrl (B). Data shown represent the mean + SEM of 

experiments performed in triplicates on three independent cell populations. **p<0.01, 

Student’s two-tailed t-test. MB indicates mouse brain lysate; 1-3, three independent 

differentiation procedures; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; 

N urrl, -6 6  kDa.
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Figure 4.24: No difference exists in the levels of TH protein in Soxl-GFP ESC derived 

neurons on day 10 and day 16 of the terminal differentiation stage of the growth 

factor induced (GFI) neuronal differentiation procedure

The TH blot from Fig. 4.21 and its corresponding GAPDH blot (A) were processed in 

ImageJ to calculate the amount of TH protein in each sample on day 10 (DIO) and day 16 

(D16) of terminal differentiation relative to the amount o f GAPDH protein, and are 

expressed as the relative intensity of TH (B). Data shown represent the mean + SEM of 

experiments performed in triplicates on three independent cell populations. MB indicates 

mouse brain lysate; 1-3, three independent differentiation procedures; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; TH, tyrosine hydroxylase, -6 6  kDa.
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Figure 4.25: Levels of GAD65 and GAD67 in Soxl-GFP ESC derived neurons are 

higher on day 10 than day 16 of the terminal differentiation stage of the growth factor 

induced neuronal differentiation procedure

The GAD blot from Fig. 4.21 and its corresponding GAPDH blot (A) were processed in 

ImageJ to calculate the amount of GAD65 and GAD67 protein in each sample on day 10 

(DIO) and day 16 (D16) of terminal differentiation relative to the amount o f GAPDH 

protein, and are expressed as the relative intensity of GAD65 (B) and GAD67 (C). Data 

shown represent the mean + SEM of experiments performed in triplicates on three 

independent cell populations. *p<0.05, **p<0.01; Student’s two-tailed t-test. MB indicates 

mouse brain lysate; 1-3, three independent differentiation procedures; GAD65, glutamic 

acid decarboxylase, 65 kDa; GAD67, glutamic acid decarboxylase, 67 kDa; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase, 36 kDa.
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Figure 4.26: No difference exists in the levels of SERT protein in Soxl-GFP ESC 

derived neurons on day 10 and day 16 of the terminal differentiation stage of the 

growth factor induced (GFI) neuronal differentiation procedure

The SERT blot from Fig. 4.21 and its corresponding GAPDH blot (A) were processed in 

ImageJ to calculate the amount o f SERT protein in each sample at day 10 (DIO) and day 16 

(D16) o f terminal differentiation relative to the amount of GAPDH protein, and are 

expressed as the relative intensity o f SERT (B). Data shown represent the mean + SEM of 

experiments performed in triplicates on three independent cell populations. MB indicates 

mouse brain lysate; 1-3, three independent differentiation procedures; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; SERT, serotonin transporter, -100  

kDa.
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Figure 4.27: Soxl-G FP fluorescence is first visualised 

on day 4 of the neural proliferation stage of growth 

factor induced (GFI) neuronal differentiation

U ndifferentiated 46C ESCs were resuspended in NSS 

m edium  and cultured as NSSs for four days (stage 2). 

NSSs were then dissociated and cells were plated in neural 

proliferation m edium  (stage 3). Five days later, this was 

replaced with differentiation medium  and analysis 

continued for 10 days (stage 4). S ox l-G F P  fluorescence 

was analysed on each day o f  the differentiation procedure 

using an O lym pus 1X81-long focal length fluorescent 

m icroscopy with phase contrast and GFP filters. 

R epresentative images are shown for each day, with G FP 

(green) and phase contrast (PH) as indicated. Images were 

captured at 10 x objective with an F-View II digital 

camera. NSS indicates neural stem  sphere; GFP, green 

fluorescent protein; D, day. Scale bar: 100 |jm .

D10
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Figure 4.28: Soxl-GFP fluorescence is first visualised on day 4 of monolayer (ML) 

differentiation and continues throughout the entire differentiation process

U ndifferentiated S ox l-G F P  ESCs were plated as m onolayers on gelatine coated dishes in 

ESC medium. The following day m edium  was replaced with N2B27 m edium  to induce 

differentiation. A nalysis o f  S ox l-G F P  fluorescence began the next day using an O lym pus 

1X81-long focal length fluorescent m icroscopy with phase contrast and GFP filters and is 

indicated as day 1. Representative images are shown for each day, with GFP (green) and 

phase contrast (PH) as indicated. Im ages were captured at 10 x objective. G FP indicates 

green fluorescent protein; D, day. Scale bar: 100 |jm .
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In both instances expression was observed in cellular aggregates, indicating these cells 

were undergoing neural induction. In addition, S ox l-G F P  expression was seen throughout 

the entire differentiation process in these cell clusters, indicating the continued presence o f 

proliferating NPs (Figs 4.27, 4.28).

Analysis o f  the percentage o f S ox l-G F P+  cells during neuronal differentiation by FACS 

mirrored the results obtained by fluorescent m icroscopy (Figs 4.29, 4.30). The percentage 

o f Sox1-G FP+ cells began to increase on day 3 o f the neural proliferation stage during GFI 

differentiation (Fig. 4.29A) and day 3 o f  M L differentiation (Fig. 4.30A), with 16.43 +

1.43% of cells expressing S ox l-G F P  in the GFI cultures by day 4 o f  this stage (Fig. 4.29A) 

and 25.56 + 2.68%  S oxl-G F P+  cells observed in M L differentiation by day 4 (Fig. 4.30A). 

GFP steadily increased in both cultures, with the highest levels observed on day 2 o f 

term inal differentiation for GFI differentiation (42.49 + 1.75% S oxl-G F P+  cells; Fig. 

4.29A) and day 8 for M L differentiation (49.13 + 1.31% Soxl-G FP+ cells; Fig. 4.30A). 

After these tim e points the percentage o f G FP+ cells decreased as cells differentiated to 

neurons and glia. Representative flow cytom etry profiles from day 2 o f terminal 

differentiation o f GFI differentiation and day 7 o f  M L differentiation are indicated in Figs 

4.29B and 4.30B, respectively, including plots o f control R1 ESCs at the same stage o f 

differentiation, which were analysed at each time point to set background fluore.scence.

4.3.4 Isolation and analysis of Soxl-GFP expressing neural precursors at the neural 

proliferation stage of growth factor induced neuronal differentiation

All the experim ents thus far indicated that S ox l-G F P  ESCs could be effectively 

differentiated to DA neurons using the GFI protocol. In addition, a sim ilar pattern o f S o x l- 

GFP expression was observed under this procedure as with the com m only used M L 

method. Therefore, NPs were sorted 5 days after plating NSSs (day 5 o f neural 

proliferation, stage 3). W hile the percentage o f Soxl-GFP-i- cells did not peak until day 2 o f  

term inal differentiation, longer time in culture typically resulted in the appearance o f 

neurites (Fig. 4.27). Previous studies using m ature DA markers such as TH  and Pitx3 have 

indicated that dissociation o f cells with neurites can result in high cell death (Yoshizaki et 

al., 2004; Hedlund et al„ 2008).
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Figure 4.29: Kinetic analysis of Soxl-GFP expression during growth factor induced 

(GFI) neuronal differentiation

(A) FACS analysis began one day after neural proliferation (stage 3) was initiated (day 1) 

and continued for the next 12 days, representing 5 days o f  neural proliferation (stage 3) and 

7 days o f  terminal differentiation (stage 4). Experim ental details are provided in section 

4.2.1. The percentage o f S ox l-G F P  fluorescent cells was analysed from three independent 

experim ents using FlowJo software and represent the mean + SEM. (B) Flow cytom etry 

profile from  day 2 o f  term inal differentiation (7 days post-plating), showing GFP 

fluorescence in viable S ox l-G F P  ESCs in the bottom  right hand quadrant. Non-GFP 

expressing R l ESCs at the same stage o f differentiation were used as negative control for 

background fluorescence, with cells lacking G FP fluorescence observed in left quadrants, 

the top quadrants indicating non-viable (PI-I-) cells and the bottom  viable cells (PI-). GFP 

indicates green fluorescent protein; PI, propidium  iodide.
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Figure 4.30: Kinetic analysis of Soxl-G FP expression during monolayer (ML) 

neuronal differentiation

(A) FACS analysis began one day after N2B27 m edium  was applied to S ox l-G F P  ESCs 

plated in m onolayers and is indicated as day 1 and the analysis continued for the next 12 

days. Experim ental details are provided in section 4.2.1. The percentage o f S ox l-G F P  

fluorescent cells was analysed from three independent experim ents using Flow Jo software 

and represent the mean -t- SEM. (B) Flow cytom etry profile from day 7 o f  M L 

differentiation, showing GFP fluorescence in viable S ox l-G F P  ESCs in the bottom  right 

hand quadrant. Non-GFP expressing R1 ESCs at the same stage o f differentiation were 

used as negative control for background fluorescence, with cells lacking G FP fluorescence 

observed in left quadrants, the top quadrants indicating non-viable (Pl-t-) cells and the 

bottom  quadrants viable cells (PI-). GFP indicates green fluorescent protein; PL propidium  

iodide.
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S oxl-G F P +  and S oxl-G F P- were separated by FACS, with representative flow cytom etry 

plots in Fig. 4.31 A. Re-analysis o f  sorted samples confirm ed that the FACS procedure 

resulted in a highly purified S ox l-G F P+  population (Fig. 4 .3 IB).

RT-PCR analysis o f  m RNA from  both populations im m ediately after sorting verified that 

the S ox l-G F P+  population had been effectively purified. m RNA encoding 

neuroectoderm al m arkers Soxl and nestin were enriched in the S ox l-G F P +  population, 

while those encoding pluripotent stem cell m arkers Oct4 and Nanog were enriched in the 

S ox l-G F P- population (Fig. 4.32A). Fluorescent m icroscopy analysis o f  these sam ples 

im m ediately after sorting also indicated that GFP expression was only present in the GFP+ 

population but not the GFP- population (Fig. 4.32B).

4.3.5 Analysis of Soxl-GFP sorted samples following growth factor induced neuronal 

difTerentiation

FACS purified Soxl-GFP-i- NPs developed a neuronal m orphology following plating o f 

sorted cells and culturing in medium  without growth factors to induce terminal 

differentiation (Fig. 4.33). Single cells were visible during this stage that extended neurites 

(Fig. 4.33). In contrast, S oxl-G F P- cells cultured in parallel did not exhibit an overt 

neuronal m orphology at any time point exam ined (Fig 4.33). Analysis o f  sorted sam ples at 

day 10 o f term inal differentiation (stage 4) o f GFI differentiation with the neuronal m arker 

Tuj] also revealed striking differences betw een these tw o populations (Fig. 4.34). W hile 

abundant neurons were detected in the Soxl-GFP-f- sample, only sparse staining was 

apparent in the S ox l-G F P- sample (Fig. 4.34A). This was verified by cell count analysis for 

T u jl, with 65 ±  9.9%  o f cells staining positive for this m arker in the Soxl-GFP-i- population 

while only 1.56 + 0.42%  o f cells stained positive in the S ox l-G F P- population (Fig. 4.34B). 

These results further established that S ox l-G F P  expression could be effectively used to 

obtain a highly enriched neuronal population after FACS sorting.

Astrocytes were rarely detected in the S ox l-G F P +  cultures at day 10 o f  term inal 

differentiation, as indicated by sparse staining with the astrocytic m arker G FA P (Fig. 4.35). 

No co-localisation o f  GFAP and the neuronal m arker Tujl were observed in these samples.
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Figure 4.31: Isolation of Soxl-GFP expressing neural precursor by FACS at the 

neural proliferation stage of growth factor induced (GFI) neuronal differentiation

(A) S ox l-G F P  ESCs were differentiated to day 5 o f the neural proliferation stage (stage 3) 

o f GFI neuronal differentiation and resuspended in ice-cold 4% F B S /IX  PBS. GFP+ and 

GFP- populations were subsequently purified using a FACS cell sorter, with cells being 

first gated by forward-side scatter and within this population by G FP expression, as 

indicated. Non-GFP expressing R1 ESCs at the same stage o f differentiation were used as 

negative control for background fluorescence. (B) GFP-t- and GFP- sam ples were stained 

with PI and re-analysed after sorting to confirm  purity and viability o f  samples. In the 

Soxl-GFP-i- sample, viable GFP-i- cells are present in the bottom  right quadrant. GFP 

indicates green fluorescent protein; PI, propidium iodide.
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Figure 4.32: Soxl-GFP+ neural precursors can be effectively purified by FACS at the 

neural proliferation stage of growth factor induced neuronal differentiation

(A) Total RNA was isolated from Soxl-G FP+ (GFP+) and Soxl-G FP- (GFP-) cells 

immediately after sorting and used to synthesis cDNA. This was subsequently used to 

identify the neuroectodermal markers Soxl and nestin and pluripotent stem cell markers 

Oct4 and Nanog using gene specific primers. The house keeping gene GAPDH was 

included to verify equality between samples. Samples were then analysed by agarose gel 

electrophoresis. GAPDH indicates glyceraldehyde-3-phosphate dehydrogenase, 454 bp; 

Oct4, 312 bp; Nanog: 363 bp; Soxl: 593 bp; Nestin: 327 bp. (B) Soxl-GFP-i- and Soxl- 

GFP- cells were plated immediately after sorting and live cells were analysed for GFP 

fluorescence (green), as indicated. Images were acquired using an Olympus 1X81-long 

focal length fluorescent microscope at 10 x objective with an F-View II digital camera. 

GFP indicates green fluorescent protein; PH, phase contrast. Scale bar: 200 pm.
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Figure 4.33: FACS purified Soxl-GFP+ neural precursors develop a neuronal 

morphology during terminal differentiation

FACS purified S ox l-G F P +  and S oxl-G F P- sam ples were plated im m ediately after sorting 

in grow th factor free medium to induce terminal differentiation. S ox l-G F P+  neural 

precursors developed a neuronal m orphology during this stage, with neurite extensions 

clearly visible. In contrast, Soxl-G FP- cells did not exhibit a typical neuronal m orphology 

at any tim e point. Phase contrast images were obtained using an O lym pus 1X81-long focal 

length fluorescent microscope at 10 x objective with an F-View II digital camera. Scale bar: 

200 |am.
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Figure 4.34: FACS purified Soxl-GFP neural precursors generate a highly enriched 

neuronal population following terminal differentiation of growth factor induced (GFI) 

neuronal differentiation

(A) Soxl-G FP+ and Soxl-GFP- cells were fixed on day 10 of terminal differentiation and 

stained for expression o f the neuronal marker Tujl (green), as indicated. Nuclei were 

counterstained with DAPI (blue). Samples were analysed with an Olympus 1X81-long focal 

length fluorescent microscopy using DAPI and GFP filters and images were captured at 10 

X objective with an F-View II digital camera. Scale bar: 200 |im. (B) The number o f Tujl-i- 

and DAPI+ cells from Soxl-GFP-t- and Soxl-G FP- cells were counted in ten random fields 

per sample and the proportion o f neurons was calculated by dividing the number o f Tujl-i- 

cells by DAPI-i- cells. Data shown represent the mean -i- SEM of experiments performed in 

triplicates on three cell populations. **p<0.01; Student’s two-tailed t-test.
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Figure 4.35: FACS purified Soxl-GFP+ neuronal precursors generate few astrocytes 

following growth factor induced neuronal differentiation

S ox l-G F P +  cells were fixed at day 10 o f terminal differentiation o f the grow th factor 

induced differentiation procedure and stained for expression o f  astrocytic m arker GFAP 

(red) and neuronal m arker Tujl (green), as indicated. Nuclei were counterstained with 

DAPI (blue). Sam ples were analysed with an Olym pus 1X81-long focal length fluorescent 

m icroscopy using DAPI, Cy3 and GFP filters and im ages were captured at 10 x and 40 x 

objective with an F-View II digital camera. The boxed area in each image on the left 

represents the enlarged image on the right hand side obtained at 40 x objective. GFAP 

indicates glial fibrillary acidic protein. Scale bar: 200 pm  (10 x); 50 pm  (40 x).
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Furtherm ore, purified S ox l-G F P +  cells were found to express the DA m arker TH at day 10 

o f  term inal differentiation, with TH + cells having a typical neuronal m orphology and co 

expressing Tujl (Fig. 4.36). Both TH  and T ujl staining was observed in the som a and 

neurites. However, by gross m orphological analysis TH + neurons were more abundant in 

unsorted cultures than S oxl-G F P+  sorted sam ples following term inal neuronal 

differentiation (Fig. 4.37). This result was m irrored by W estern blotting data, in which TH 

protein was absent in S ox l-G F P +  sorted neuronal cultures from 3 independent sorting 

procedures but present in unsorted samples at day 10 o f terminal differentiation (Fig. 4.38). 

It should be noted that while TH protein was only detected in two o f three unsorted 

sam ples, it appears that GAPDH was not equivalent in all unsorted samples. In particular, 

the level o f G APDH was seem s lower in sam ple 1 in which TH protein was not detected. 

Thus it is possible that as TH protein expression is low in sample 2 and sam ple 3, analysis 

o f  more protein from  sample 1 may detect TH protein. As would be expected, Tujl protein 

was readily detected in all FACS purified S ox l-G F P +  sam ples and unsorted Soxl-G FP  

sam ples at day 10 o f  term inal differentiation (Fig. 4.38).

In contrast to the absence o f TH protein in Soxl-GFP-i- sorted samples following 10 days of 

term inal differentiation, DAT protein was detected from cultures derived from 3 

independent differentiation procedures (Fig. 4.39A). Furtherm ore, no difference was 

observed in the level o f  D A T protein between unsorted sam ples and S ox l-G F P +  sorted 

sam ples at this tim e point (Fig. 4.39B).
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Figure 4.36: Neurons derived from FACS purified Soxl-GFP+ neural precursors 

express the dopaminergic marker tyrosine hydroxylase following growth factor 

induced (GFI) neuronal differentiation

S ox l-G F P +  cells were fixed at day 10 o f the term inal differentiation stage o f GFI 

differentiation and stained for expression o f  TH  (red) and T ujl (green), as indicated. Nuclei 

were counterstained with DAPI (blue). Sam ples were analysed with an O lym pus 1X81-long 

focal length fluorescent microscopy using DAPI, Cy3 and GFP filters and images were 

captured at 40 x objective with an F-View II digital camera. Scale bar: 50 |jm . TH indicates 

tyrosine hydroxylase.
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Figure 4.37: By morphologica] analysis tyrosine hydroxylase positive neurons are 

more abundant in unsorted Soxl-GFP ESCs than in FAC purified Soxl-GFP+ neural 

precursors following growth factor induced neuronal differentiation

Unsorted S ox l-G F P+  ESCs and FACS purified S ox l-G F P +  neural precursors were fixed at 

day 10 o f term inal differentiation o f  the grow th factor induced neuronal differentiation 

procedure and stained for co-expression o f TH (red) and T u jl (green), as indicated. Nuclei 

were counterstained with DAPI (blue). Sam ples were analysed with an O lym pus 1X81-long 

focal length fluorescent m icroscopy using DAPI, Cy3 and G FP filters and im ages were 

captured at 10 x objective with an F-View II digital cam era. TH  indicates tyrosine 

hydroxylase. Scale bar: 200 pm.
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Figure 4.38: The level of TH protein is higher in neurons derived from unsorted Soxl- 

GFP ESCs compared to FACS purified Soxl-GFP+ neural precursors at day 10 of 

terminal differentiation

Protein was extracted from  unsorted S ox l-G F P  cells and FACS purified S ox l-G F P +  cells 

on day 10 o f term inal differentiation o f the growth factor induced neuronal differentiation 

procedure. 20 |jg  o f  each sam ple was run on a 10% SD S-PA G E gel. M ouse brain lysate 

(M B) was run as positive control. M em branes were probed with antibodies as indicated in 

the figure. GAPDH was analysed to verify equal loading and a representative blot is shown. 

TH indicates tyrosine hydroxylase, -6 6  kDa; GAPDH, glyceraIdehyde-3-phosphate 

dehydrogenase, 36 kDa; T u jl, 50 kDa; 1-3, three independent differentiation procedures.
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Figure 4.39: No difference was detected in the levels of DAT protein in neurons 

derived from unsorted Soxl-GFP ESCs and FACS purified Soxl-GFP+ neural 

precursors at day 10 of terminal differentiation of growth factor induced (GFI) 

differentiation

(A) Protein was extracted from unsorted Soxl-G FP ESCs and FACS purified Soxl-G FP+ 

neural precursors on day 10 o f terminal differentiation o f GFI neuronal differentiation. 20 

|ug of each sample was run on a 10% SDS-PAGE gel. Mouse brain lysate (MB) was run as 

positive control. Membranes were probed for DAT and GAPDH expression with anti-DAT 

and anti-GAPDH antibodies, as indicated. DAT indicates dopamine transporter, -55  kDa; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; 1-3, three independent 

differentiation procedures. (B) Blots were processed in ImageJ to calculate the amount of 

DAT protein in each sample relative to the amount of GAPDH, and are expressed as 

relative intensity o f DAT.
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4.4 Discussion

Extracellular matrix proteins, such as laminin, fibronectin and collagen, provide key 

extracellular cues in the development o f the nervous system (Letourneau et al., 1994). 

These proteins have also been reported to support in vitro neuronal differentiation of ESCs 

(Li et al., 1998; Lee et al., 2000; Ying and Smith, 2003; Goetz et al., 2006; Lau et al., 

2006). Thus as 46C Soxl-G FP ESCs had not previously been differentiated by the GFI 

method, a simple assay was performed to assess the attachment and neuronal differentiation 

of dissociated NSSs plated on commonly used substrates, including laminin, fibronectin, 

PDL, PLO, gelatin and combinations thereof (Fig. 4.1). Cells were also plated at two 

densities (5x10"  ̂ cells/cm^, 1x10^ cells/cm"), as plating density has been reported to be an 

important factor in neuronal differentiation of ESCs (Ying and Smith, 2003; Lorincz, 

2006), with low cell densities often resulting in poor cell survival, while high cell densities 

may promote differentiation to non-neuronal lineages (Ying and Smith, 2003; Lorincz, 

2006). Gross morphological analysis of cells one day after plating by light microscopy 

demonstrated that all substrates promoted cell attachment at both densities analysed (Fig. 

4.1). Further neuronal differentiation resulted in the generation o f small spherical Tujl 

positive colonies at both cell densities and on all substrates examined (Fig. 4.1). Numerous 

single cells which did not stain with Tujl were also apparent in all cultures. Neurite 

extensions were more prominent at lower densities, possibly due to fewer cells in these 

cultures. Thus it was determined that all substrates supported attachment and 

differentiation.

Previous studies have suggested that variation can exist in the neuronal differentiation 

potential o f the same ESC line using different differentiation methods (Zhao et al., 2004; 

Chung et al., 2006; Fukuda et al., 2006; Hedlund et al., 2007; Parmar and Li, 2007; 

Hedlund et al., 2008). Thus prior to use of 46C Soxl-G FP ESCs for sorting by the GFI 

method, a comparative study was performed to assess if the GFI method supported robust 

neuronal differentiation, as has been reported for this cell line following ML differentiation 

(Ying and Smith, 2003; Ying et a l, 2003). Tujl positive colonies were readily derived from 

Soxl-G FP ESCs by both methods, with colonies of various sizes being generated and 

extending networks of neurites (Fig. 4.2). Analysis o f these colonies revealed that they
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were more numerous following GFI differentiation (Fig. 4.3) and that the mean diameter 

was larger following ML differentiation (Fig. 4.4). As terminal neuronal differentiation was 

initiated in the GFI method by withdrawal of growth factors, it is possible that this 

decreased prohferation o f NPs within colonies, hmiting their size. This is supported by the 

finding that at day 12 o f ML differentiation and day 7 o f terminal differentiation o f GFI 

differentiation, which was the final time point at which Soxl-G FP expression was analysed 

by FACS, 32.36 + 1.4% of cells expressed GFP in ML differentiated cultures (Fig. 4.30) 

while only 17.5 + 1.6% of cells expressed GFP in GFI differentiated cultures (Fig. 4.29).

Examination of neurite length revealed that those extending from Tujl colonies in GFI 

cultures were longer than those formed in the ML cultures (Fig. 4.5). This may be due, in 

part, to the fact that cells were cultured on different substrates, with PDL/laminin used in 

the GFI differentiation method and gelatine in the ML differentiation method, which is not 

the optimal substratum for neuronal differentiation (Ying and Smith, 2003). Gelatine was 

used to support attachment of ESCs for ML differentiation as it has previously been 

reported that other substrates, such as laminin and fibronectin, can promote differentiation 

to non-neural lineages (Ying et a l, 2003). This result may be clarified by re-plating Soxl- 

GFP cells on laminin coated dishes during the process o f ML differentiation (Ying et al., 

2003) to determine if it is the specific substrate used or differentiation method applied that 

affects neurite length. Thus, while morphological differences were detected in the neuronal 

populations generated by these protocols, the GFI method induced robust neuronal 

differentiation of Soxl-G FP ESCs.

It was also o f interest to examine the neuronal subtypes generated from both protocols and 

to identify if differences existed after differentiation. As demonstrated in Fig. 4.2, neuronal 

differentiation by both procedures results in the formation o f three-dimensional colonies 

with individual cells being difficult to discern (Lorincz, 2006; Hedlund et al., 2008), thus 

making immunocytochemical analysis challenging. Therefore analysis was performed by 

Western blotting. In accordance with immunocytochemistry results (Fig. 4.2), Tujl protein 

expression was readily detected following differentiation o f Soxl-G FP ESCs by both 

methods in three independent procedures (Fig. 4.6). While high levels of the pre-synaptic 

protein synaptophysin were detected in mouse brain lysate (positive control), only low
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levels were present in in vitro generated neuronal cultures, with expression being almost 

exclusively restricted to cells differentiated by the GFI protocol (Fig. 4.6). As 

synaptophysin is a major intrinsic membrane protein o f  synaptic vesicles that is widely 

expressed in presynaptic nerve terminals in the brain (Marqueze-Pouey et al., 1991; Fykse 

et al., 1993) and has been correlated with synapse formation and maturation (Knaus et al., 

1986), it suggests that ML differentiation may not support these processes, while they may 

be supported by GFI differentiation. Alternatively, it is possible that synapses have not yet 

developed by day 14 of ML differentiation when samples were harvested or that a small 

subset of neurons expresses synaptophysin and it is below the level o f detection by Western 

blotting. This is intriguing as it has previously been reported that post-mitotic neurons can 

aheady be identified four days after the initiation o f the ML differentiation (Ying et al., 

2003). However, it has recently been published that ML differentiation does not support the 

development of fully mature and functional neuronal networks from mouse ESCs, even 

after long-term culturing (Illes et al., 2009). In contrast, the same study found that 

differentiation o f mouse ESCs in neural aggregates supported these processes, and the 

authors suggested that heterogeneous cell populations within aggregates provide factors 

which support the generation o f functional neuronal networks (Illes et al., 2009). Therefore, 

neurons derived from Soxl-G FP ESCs following GFI differentiation may more closely 

recapitulate the properties o f functionally mature neurons, which is of significance when 

these properties are required by in vitro differentiated neurons.

GFAP was only detected in GFI cultures, with this level being low and detected twice (Fig. 

4.6). This suggests that differentiation by these methods may not promote gliogenesis or 

that astrocytes have not formed by the time point at which cells were collected. As GFAP is 

a marker o f differentiated astrocytes, it may be of interest to analyse cultures for the 

presence o f an earlier astrocytic marker such as CD44, which is expressed by astrocyte 

precursor cells (Liu et al., 2004). Interestingly, Ying et al. (2003) reported that ML 

differentiation does, in fact, support the development of astrocytes, with these cells being 

apparent already 10 days after initiation o f the differentiation process. Thus it is possible 

that only few astrocytes are present in differentiated cultures, as suggested by cellular 

staining of cells at day 10 o f terminal differentiation of the GFI method (Fig. 4.20), which 

may have been below the level o f detection by W estern blotting.
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Further analysis of cellular proteins revealed that the same neuronal subtypes were present 

in Soxl-G FP ESCs neuronal cultures differentiated by GFI and ML methods, with markers 

of the dopaminergic (DAT, TH, N urrl), GABAergic (GAD) and serotonergic (SERT) 

systems being detected (Fig. 4.7). However, it should be noted that variability existed in the 

expression o f specific markers in independent samples from both differentiation 

procedures. No protein expression was detected for glutamatergic or noradrenergic neurons, 

as determined by their transporter proteins EA ACl and NAT, respectively, indicating that 

these neuronal subtypes were absent or represented only a small fraction o f the total cell 

population after differentiation, which was below the level o f detection by Western 

blotting. A definitive assessment o f their presence or absence in differentiated cultures may 

be provided by performing immunocytochemistry. The presence of GABAergic neurons in 

the differentiated population is in agreement with previous reports regarding ML 

differentiation o f this ESC line (Ying and Smith, 2003; Ying et al., 2003).

The presence o f dopaminergic neurons is also in agreement with previous reports (Lau et 

al., 2006; Parmar and Li, 2007) and markers were expressed relatively consistently across 

cultures. Interestingly, semi-quantitative analysis revealed that significantly higher levels of 

DAT and Nurrl protein were present in cultures differentiated by the GFI method (Figs 4.8, 

Fig. 4.9). This result is not unexpected as the application of the Shh, FGF8 and L-AA has 

been reported to support the generation o f DA neurons from ESCs (Lee et al., 2000; Lau et 

al., 2006). However, there was no difference in the level of TH protein between 

differentiation procedures (Fig. 4.10). Furthermore, TH expressing neurons were readily 

detected by immunocytochemistry following differentiation by both protocols (Figs 4.11, 

4.12). As discussed previously, N urrl is a transcription factor required for the induction of 

the mDA phenotype in the developing embryo, with Null^' mutants failing to express TH 

and DAT (Zetterstrom et al., 1997; Castillo et al., 1998; Saucedo-Cardenas et al., 1998; 

Wallen et al., 1999). Therefore, the increased level o f Nurrl protein following GFI 

differentiation without an apparent increase in TH protein is somewhat surprising (Figs 4.9, 

4.10). However, recent research indicates that Nurrl may be particularly required for DAT 

expression (Kadkhodaei et al., 2009). Kadkhodaei et al. (2009) found that inactivation of 

N urrl in late embryonic development in mice resulted in a progressive decline in mDA 

markers, including TH, VMAT2 and AADC. In contrast, DAT was completely absent in
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mDA neurons soon after ablation (Kadkhodaei et al., 2009). Furthermore, N urrl has been 

found to enhance transcription of the D AT  gene (Sacchetti et al., 1999; Sacchetti et al., 

2001). In addition, while it has been reported that ML differentiation supports the 

generation o f TH positive neurons without the application o f Shh and FGF8, the percentage 

o f TH positive neurons increased from 16 to 26% on their addition (Parmar and Li, 2007). 

Thus it is possible that these growth factors enhance the acquisition o f a dopaminergic 

phenotype and increase the expression of DAT and N urrl.

Serotonergic neurons were also present in these cultures, as indicated by detection o f the 

transport protein SERT (Fig. 4.6). This is expected as Shh and FGF8 are inductive signals 

for ventral mDA neurons and rostral hindbrain serotonin neurons during embryonic 

development (Ye et al., 1998), and Lee et al. (2000) reported that around 10% of neurons 

derived from ESCs following application of these factors expressed serotonin. Furthermore, 

it has also been recently reported that up to 25% of neurons generated by ML 

differentiation are serotonergic (Friling et al., 2009).

Therefore, this comparative analysis of differentiation methods suggested that Soxl-G FP 

ESCs could be effectively differentiated to neurons using the GFI procedure, and that these 

neurons expressed DA markers. As this method is abbreviated in comparison to other 

published reports regarding DA differentiation of mouse ESCs (Lee et al., 2000; 

Rolletschek et al., 2001), it was of interest to analyse if a more mature neuronal phenotype 

could be obtained following extended neuronal differentiation, such as expression o f 

synaptophysin (Wernig et al., 2002). Therefore cells were maintained at the terminal 

differentiation stage (stage 4) for an extra 6 days, thus being in differentiation medium for a 

total o f 16 days. Tujl positive colonies were detected at this time point and appeared 

morphologically similar to colonies at day 10 (Fig. 4.13). However, neurites were not as 

prominent at later time points, suggesting that additional factors may be required to support 

their maintenance. In addition, while no difference was detected in the number o f colonies 

between the two time points (Fig. 4.14), those present on day 16 were found to be larger in 

size (Fig. 4.15). As discussed above, NPs are still present in colonies at day 10 o f 

differentiation, as assessed by GFP expression (Fig. 4.27), and thus may account for this 

observation. In agreement with immunocytochemical analysis of cells, Tujl protein levels
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were found to be reduced at day 16 when compared to day 10 (Figs 4.16, 4.17). However, 

protein levels o f the more mature marker NeuN, which labels neuronal nuclei, did not 

change with increased differentiation (Figs 4.16, 4.18), suggesting that while Tujl positive 

neurite extension may have been reduced at day 16 of terminal differentiation, the number 

of neurons at both time points was similar. Expression of synaptophysin was almost 

undetectable at day 16 o f terminal differentiation (Fig. 4.16). This is surprising as 

expression o f this protein has previously been reported to increase at later stages of 

neuronal differentiation o f ESCs (Wernig et al., 2002) and may be related to the general 

decrease in neurite extensions at day 16 (Fig. 4.13).

Extended terminal differentiation significantly increased protein expression of the astrocyte 

specific intermediate filament GFAP (Fig. 4.19). Immunocytochemical analysis o f cells 

mirrored this finding, with abundant GFAP staining at day 16 of differentiation (Fig. 4.20). 

This result is not unexpected as neurogenesis precedes gliogenesis in the developing 

nervous system and astrocytes have previously been reported to arise at later time points 

during in vitro neuronal differentiation of ESCs (Rolletschek et al., 2001; Barberi et al., 

2003). Markers of GABAergic (GAD), serotonergic (SERT) and dopaminergic (TH, DAT, 

N urrl) neurons were detected at both time points of differentiation (Fig. 4.21). However, 

markers of glutamatergic and noradrenergic neurons were not detected in any cultures (Fig. 

4.21). As discussed above, this may suggest that these neuronal subtypes are absent or 

represent only a small fraction of the total cell population after differentiation, which was 

below the level o f detection by Western blotting, and their presence in differentiated 

cultures may be conclusively determined by performing immunocytochemistry.

Increased terminal differentiation time had a negative effect on dopaminergic and 

GABAergic neurons, with protein expression o f DAT, N urrl and GAD being significantly 

reduced at day 16 o f differentiation (Figs 4.22, 4.23, 4.25). Interestingly, SERT was 

expressed relatively consistently at both time points across cultures, with no difference in 

protein levels being detected (Fig. 4.26). This suggests that increased time in the terminal 

differentiation stage o f GFI neuronal differentiation may selectively affect particularly 

neuronal subtypes, namely dopaminergic and GABAergic, while serotonergic neurons are 

relatively spared. This is somewhat surprising as a previous published report suggested that
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all three neuronal subtypes may be maintained for at least 16 days after the withdrawal of 

growth factors in the absence o f any additional trophic factors (Rolletschek et al., 2001). 

Thus as increased terminal differentiation time had a general negative affect of the neuronal 

population, day 10 was selected as the end point for subsequent experiments.

All the studies thus far indicated that DA neurons could be effectively generated from this 

Soxl-G FP ESC line using the fast and efficient protocol o f Lau et al. (2006), and were in 

accordance with previous published reports (Chung et al., 2006; Fukuda et al., 2006; 

Parmar and Li, 2007). In order to determine the optimal time point for sorting NPs, Soxl- 

GFP expression was analysed daily during suspension cultures of NSSs (stage 2), neural 

proliferation (stage 3) and terminal differentiation (stage 4). Soxl-G FP expression was first 

detected by fluorescent microscopy on day 4 during the neural proliferation stage of GFI 

differentiation (Fig. 4.27), and day 3 o f this stage by FACS analysis (Fig. 4.29). 

Interestingly, Soxl-G FP expression was also initially detected at these time points during 

ML differentiation (Figs 4.28, 4.30). This suggests that NPs are first generated at a similar 

time using independent methods to differentiate ESCs to neurons. In agreement with 

previous reports (Ying et al., 2003; Chung et al., 2006), Soxl-G FP expression decreased as 

differentiation proceeded (Figs 4.29, 4.30) due to down-regulation of Sox]  (Ying et al., 

2003). However, even at later stages of differentiation Soxl-G FP expression was detected 

in both GFI (Figs 4.27, 4.29) and ML (Figs 4.28, 4.30) differentiated cultures, indicating 

the continued presence of NPs, which was also reported by Ying et al. (2003). As GFP is a 

relatively stable protein, its expression may also continue in cells which have already 

down-regulated SoxJ, as previously reported (Barraud et a l, 2005). From this data day 5 of 

the neural proliferation stage of GFI differentiation was determined as the optimal time 

point to sort cells as robust Soxl-G FP expression was observed at this time point (Figs 

4.27, 4.29) but neurites had not yet developed (Fig. 4.29). This is o f particular significance 

as more mature neurons have been reported to be vulnerable to dissociation and FACS 

(Yoshizaki et al., 2004; Hedlund et al., 2008).

In agreement with previous reports (Chung et al., 2006; Fukuda et al., 2006), NPs could be 

effectively sorted to purity by FACS using Soxl-G FP expression (Figs 4.31, 4.32). While 

undifferentiated stem cell markers (Oct4 and Nanog) were enriched in the Soxl-GFP-
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population after sorting, neuroectodermal markers (Soxl and nestin) were enriched in the 

Soxl-G FP+ population (Fig. 4.32A). Further in vitro terminal differentiation of these Soxl- 

GFP+ and Soxl-G FP- cells supported this finding, with 65 + 9.9% and 1.56 + 0.42% Tujl + 

neurons per total cells generated in each population, respectively (Fig. 4.34). Thus these 

results established that Soxl-G FP expression could be effectively used to purify NPs at day 

5 of the neural proUferation stage of GFI differentiation and that terminal differentiation o f 

Soxl-G FP+ samples generated a highly enriched neuronal population.

Comparison of the Soxl-G FP+ population generated by this method and those from 

previous studies (Chung et al., 2006; Fukuda et al., 2006) indicates it is at least as effective 

in obtaining an enriched neuronal population. The percentage of T u jl+  cells generated in 

this study (65 + 9.9%) is higher than that reported by Chung et al. (2006), in which 44.29 + 

7.93% of cells expressed T u jl, and lower than that reported by Fukuda et al. (2006), in 

which -95%  of cells expressed T ujl. However, Chung et al. (2006) differentiated Soxl- 

GFP ESCs using the multi-stage protocol by Lee et al. (2000), with Fukuda et al. (2006) 

differentiating Soxl-G FP ESCs on PA6 stromal cells (Kawasaki et al., 2000), and thus 

more closely resembles the method used in this study. Furthermore, plating of Soxl-GFP-i- 

NPs on these stromal cells may hinder in vitro studies following terminal neuronal 

differentiation due to the largely undetermined affect of this cell layer. A difference was 

observed in relation to the generation o f astrocytes in the present study and that of Chung et 

al. (2006). While only sparse GFAP staining was observed in the sorted Soxl-GFP-i- 

population in this report after terminal differentiation (Fig. 4.35), Chung et al. (2006) 

reported that astrocytes comprised 22.94 + 2.07% of total cells after differentiation of 

Soxl-GFP-i- cells. Immunocytochemical analysis of unsorted Soxl-G FP samples after GFI 

differentiation indicates that this method does not support the generation o f astrocytes until 

later stages o f terminal differentiation (Fig. 4.20), and while cells were also analysed ten 

days after withdrawal of growth factors in the report of Chung et al. (2006), the overall 

increase in culturing time using the method of Lee et al. (2000) may have allowed for the 

generation o f glial cells.

In accordance with previous studies, TH-i- neurons were detected in Soxl-GFP-i- sorted 

samples by immunocytochemistry following terminal neuronal differentiation (Fig. 4.36)
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(Chung et al., 2006; Fukuda et a l, 2006; Parmar and Li, 2007). However, by gross 

morphological analysis TH+ neurons appeared more abundant in unsorted samples at day 

10 of differentiation than Soxl-G FP+ sorted samples (Fig. 4.37). TH protein was also 

absent from independent Soxl-G FP+ sorted cultures following terminal differentiation as 

determined by Western blotting (Fig. 4.38). In contrast, TH protein was detected in 

unsorted neuronal cultures at the same time point of differentiation (Fig. 4.38). This 

difference in TH expression between sorted and unsorted neuronal cultures after terminal 

differentiation is in agreement with results published by Chung et al (2006), with higher 

expression of TH observed in unsorted samples. As stated previously, Chung et al. (2006) 

used a multi-stage differentiation procedure to obtain DA neurons for sorted and unsorted 

Soxl-G FP ESCs (Lee et al., 2000) which was similar to the differentiation procedure used 

in the present study. On the contrary, Parmar and Li (2007) reported that the proportion of 

TH+ neurons was indistinguishable in sorted and unsorted samples (14 + 2% versus 16 + 

3%) following ML neuronal differentiation. In addition, the proportion o f TH+ neurons has 

also been reported to be comparable in sorted and unsorted samples following 

differentiation on PA6 stromal cells (Fukuda et al. (2006); sorted Soxl-G FP+ sample 22 + 

6% TH+ neurons, unsorted sample 25 + 5% TH+ neurons).

Interestingly, while it has been reported that Soxl is expressed at early stages o f neural 

development in all progenitor cells (Pevny et al., 1998), Barraud et al. (2005) have found, 

using the same Soxl-G FP reporter in transgenic mice, that Soxl-G FP fluorescence and 

endogenous Soxl protein were conspicuously absent from the ventral aspects o f the 

midbrain and rostral hindbrain at mid-embryogenesis during neural development. 

Furthermore, in the ventral midbrain, Soxl-G FP fluorescence and endogenous Soxl protein 

were completely absent from the area that contains the precursors for dopaminergic neurons 

(Barraud et al., 2005). The authors suggested that Soxl-G FP expression cannot be used to 

identify and isolate neural stem cells from all areas o f the developing CNS and an 

alternative reporter is likely required for identification and isolation o f corresponding 

ventral midbrain precursors (Barraud et al., 2005). Thus in light of these finding, it is 

possible that application of growth factors at early stages of the differentiation process in 

the present study resulted in a subset of cells, namely DA precursors, not expressing Soxl-
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GFP at the time point of sorting, resulting in higher expression of TH in unsorted samples 

following terminal differentiation (Figs 4.37, 4.38).

This hypothesis is corroborated by previously published data (Chung et a l ,  2006). In 

particular, it has been reported that TH+ neurons represented 19.44 + 6.02% of the Soxl- 

GFP- neuronal population after sorting and terminal differentiation, and that this was 

significantly higher than TH+ neurons in the Soxl-G FP+ population. Furthermore, Soxl- 

GFP- samples were found to release DA upon depolarisation (Chung et a l ,  2006). It was 

also observed that mixing Soxl-G FP+ and Sox 1-GFP- samples after sorting and 

differentiating the cells together did not have an additive effect in terms of dopaminergic 

differentiation (Chung et al., 2006). Thus the authors concluded from these results that 

some NPs that can generate DA neurons are not expressing Soxl and thus, are Soxl-G FP-, 

rather than there being DA-inducing, factor releasing cells in the Soxl-G FP- population 

(Chung et al., 2006).

In contrast to the absence o f TH protein in Soxl-GFP-t- sorted samples by Western blotting 

following terminal differentiation (Fig. 4.38), DAT protein was observed in these samples 

(Fig. 4.39). Furthermore, no difference was detected in DAT protein levels between 

unsorted and sorted samples (Fig. 4.39). As DAT is expressed exclusively in DA neurons in 

the brain (Augood et al., 1993; Turiault et al., 2007), it suggests that differences may exist 

in the expression o f DA neuronal markers by Soxl-GFP-i- sorted neurons. This is of 

importance as TH is the most widely used marker of DA neurons following in vitro 

differentiation of ESCs and suggests that different protein markers may not be equivalent in 

detection of DA neurons. These findings also advocate the use o f more than one marker for 

definitive assessment of the presence o f DA neurons in in vitro neuronal cultures. Further 

studies are required to assess the number of TH-i- and DAT-t- neurons in Soxl-G FP+ 

samples following GFI neuronal differentiation. The presence of other markers o f the DA 

system is in agreement with previous studies, in which DAT and AADC were detected in 

Soxl-GFP-h samples following neuronal differentiation (Chung et a l ,  2006).

In conclusion, the results presented in this chapter demonstrate that the GFI differentiation 

method supports robust neuronal differentiation o f the Soxl-G FP ESC line, which is
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accompanied by expression o f dopaminergic markers and the pre-synaptic protein 

synaptophysin. Furthermore, Soxl-G FP+ NPs can be effectively FACS sorted during the 

process of GFI differentiation, which generate enriched neuronal populations following 

terminal differentiation. However, TH expression was more abundant in unsorted neuronal 

cultures than Soxl-G FP+ sorted samples at day 10 of terminal differentiation, and with 

results from previous studies (Chung et a l ,  2006; Fukuda et al., 2006; Parmar and Li, 

2007), may suggest that the use of Soxl-G FP expression to sort NPs and generate an 

enriched dopaminergic population may be influenced by the neuronal differentiation 

method used.
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Chapter 5

Comparison of neural populations derived from embryonic and 

induced pluripotent stem cells
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5.1 Introduction

The generation of iPSCs from somatic cells has opened remarkable avenues for basic 

research and regenerative medicine (for review, see Takahashi and Yamanaka, 2006; 

Yamanaka, 2009). This is of particular relevance to diseases of the central nervous system, 

the underlying disease mechanisms of which are largely unknown and due in part to the 

limited access to human nerve cells (for reviews, see Kim, 2010; Wichterle and 

Przedborski, 2010). Thus the generation of disease specific iPSCs and differentiation to the 

relevant neuronal subtype may elucidate mechanisms of disease pathogenesis, allowing the 

creation o f more faithful disease models which may facilitate the development of 

efficacious therapies (for reviews, see Yamanaka, 2009; Kim, 2010; Wichterle and 

Przedborski, 2010).

While much research is focused on the methodology related to the generation of iPSCs, for 

the promise o f iPSCs to be realised, it is necessary to ask if and how effectively they may 

be differentiated to functional cells o f various lineages (Hu et al., 2010). This question can 

be answered by direct comparison with ESCs, as iPSCs should, by definition, behave like 

ESCs in their self-renewal and lineage differentiation (Hu et al., 2010). Undifferentiated 

mouse ESCs have several characteristic features, including relatively short generation time 

of -12-15 hours with a short G| cell cycle phase (Rohwedel et al., 1996; for review, see 

Wobus and Boheler, 2005), expression of undifferentiated pluripotent stem cell surface 

markers, such as SSEAl (Solter and Knowles, 1978), and undifferentiated pluripotent stem 

cell transcription factors, such as Oct4 and Nanog (Niwa et al., 2000; Chambers et al., 

2003; Mitsui et al., 2003). Thus iPSCs should display similar characteristics (Takahashi and 

Yamanaka, 2006). ESCs are also characterised by pluripotency, meaning that they can 

generate the three germ layers, mesoderm, ectoderm and endoderm, in both in vitro and in 

vivo assays. This is often assessed in vitro by the spontaneous formation o f embryoid 

bodies (EBs) in suspension culture, with EBs being suggested as an in vitro model of 

mouse embryogenesis (Leahy et al., 1999; for review, see Desbaillets et al., 2000). 

Pluripotency may also be investigates by in vivo assays such as teratoma formation upon 

injection o f ESCs or iPSCs into immunodeficient mice, tetraploid complementation and 

formation o f chimeric mice (for review, see Stadtfeld and Hochedlinger, 2010).
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It is also essential to carefully evaluate the ability o f iPSCs to undergo differentiation to 

specific lineages and characterise the properties of differentiated cells (Zhang et al., 2009; 

Hu et al., 2010). It has recently been reported that while human iPSCs followed the same 

temporal course during neural specification as human ESCs, iPSCs exhibited lower and 

more variable neuroepithelial and neuronal differentiation efficiencies (Hu et al., 2010). 

However, a more extensive study was subsequently published which concluded that iPSCs 

gave rise to functional motor neurons with efficiencies similar to that of ESCs (Boulting et 

al., 2011). Importantly, both reports suggested that the method used to generate iPSC 

clones did not negatively affect the neural differentiation propensity o f these cells (Hu et 

al., 2010; Boulting et al., 2011). Recent evidence indicates that differences may exist in the 

reprogramming process between human and mouse cells (Maherali et al., 2007; Stadtfeld 

and Hochedlinger, 2010; Tchieu et al., 2010). Thus as human iPSCs and ESCs are derived 

from an outbred population, it may be of interest to analyse the neural differentiation 

efficiency of mouse iPSCs in comparison to mouse ESCs. As mouse iPSCs can be easily 

compared to ESCs derived from the same mouse strain it may control background 

variability and allow differences between the cell types to be identified. Therefore the aim 

o f this study was to analyse and compare the formation o f neural stem spheres (NSSs) by 

iPSCs and ESCs from the mouse strain in suspension culture (Lau et al., 2006), so as to 

determine if iPSCs exhibited similar neural differentiation efficiency as ESCs. This was 

also evaluated by the formation o f neurons using a procedure in which differentiation is 

induced by culturing cells as monolayers in chemically defined medium in the absence of 

LIE, in which autocrine signalling is required for neural conversion (Ying and Smith, 2003; 

Ying et al., 2003). The iPSC clone used was initially validated by analysis o f key 

pluripotent stem cell markers and formation of EBs in suspension culture, in comparison to 

ESCs.

5.2 Methods

5.2.1 Cell proliferation and popuiation doubling time

V6.5 mouse ESCs and V6.5 mouse iPSCs were obtained as a kind gift from Dr Stephen 

Sullivan. iPSCs were derived from MEEs by retroviral transfection with c-Myc, Oct-4,
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Sox-2 and Klf-4. To determine the growth characteristics and population doubling time of 

undifferentiated ESCs and iPSCs, 1.92x10^ cells (passage number 24) were plated per well 

of a 6-well plate in duplicate (initial cell density of 2x10"' cells/cm"). Cell counts were 

performed 24, 48 and 72 hours after plating and cell viability was determined using the 

Trypan blue exclusion assay as described in Section 2.7.5, with unstained cells being used 

for analysis. The population doubling rate was determined after 48 hours to ensure 

exponential growth was maintained. This was calculated by first performing a natural 

logarithmic transformation of viable cell number at 0, 24 and 48 hours, to establish a linear 

relationship between variables. These values were subsequently used as the response 

variable in simple linear regression analysis, with the time in hours as the predictor 

variable. The slope o f the regression equation was used to calculate population doubling 

time with the following formula:

Doubling time (Hours) = In 2/slope

5.2.2 Embryoid body and neural stem sphere assay

Undifferentiated ESCs and iPSCs (passage number 24) were trypsinised and resuspended at 

a density o f 3x10^ cells/ml in 10 ml embryoid body (EB) medium (KO-DMEM, 10% (v/v) 

ESC qualified EBS, IX pen/strep, 2 mM L-glutamine, IX NEAA, 0.1 mM P-MeOH) or 

NSS medium (KO-DMEM supplemented with 10% (v/v) ESC qualified EBS, IX NEAA, 

IX pen/strep, 2 mM L-glutamine with 20 ng/ml EGE, 20 ng/ml bEGE added freshly prior to 

use; Lau et al. (2006)) and plated in non-adherent bacteriological dishes to form EBs and 

NSSs in suspension culture, respectively. Culturing was performed in the absence of LIE to 

induce differentiation. Colonies were analysed at the same time point each day over the 

next four days and 20 randomly selected images per dish were obtained using an Olympus 

1X81-long focal length fluorescent microscope set to 10 x objective with an F-View II 

digital camera. Colonies were counted in each image and the diameter of 50 randomly 

selected colonies was measured using ImageJ. To maintain consistency, colonies were only 

counted and measured if they were round and had well-defined borders.
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Differences between the number and diameter of EBs derived from ESCs and iPSCs, and 

the number and diameter of NSSs derived from ESCs and iPSCs, were analysed using two- 

way repeated measure ANOVA. In both cases the cell type and day were the independent 

variables. When a statistical significance relationship was found between the day and cell 

type, a Student’s unpaired two-tailed t-test was performed for ESCs and iPSCs on day 1, 

day 2, day 3 and day 4. When statistical significance was found for the day, this was further 

investigated for ESCs and iPSCs separately using one-way repeated measure ANOVA with 

pairwise comparison and post-hoc Bonferroni significant test. Significance was set to 0.05 

for all tests.

5.3 Results 

5.3.1 Undifferentiated iPSCs express characteristic features of pluripotent stem 

cells and show no difference to ESCs

Undifferentiated iPSCs expressed the cell surface antigen SSE A l, with morphology similar 

to that of undifferentiated ESCs (Fig. 5.1). In addition, Oct4 and Nanog gene expression 

was detected in both cell types (Fig. 5.2). ESCs and iPSCs displayed similar growth 

characteristics when plated at low density, with no significant difference in cell number 

being observed at 24 (ESCs, 0.68 ±  0.06x10^ cells; iPSCs, 0.58 ±  0.08x10® cells), 48 (ESC, 

1.87 ±  0.06x10® cells; iPSCs, 1.6 ±  0.22x10® cells) or 72 (ESCs, 3.46 ±  0.29x10® cells; 

iPSCs, 3.26 + 0.29x10® cells) hours post-plating (Fig. 5.3). Similarly, ESCs and iPSCs 

exhibited comparable population doubhng times of 14.7 hours and 15.7 hours, respectively.

5.3.2 iPSCs form embryoid bodies in suspension culture and show overall 

similarities to ESCs

The ability of stem cells to form EBs is a common test o f pluripotency and was examined 

in undifferentiated iPSCs by growth in non-adherent bacteriological dishes in the absence 

of LIE. Under this system, iPSCs formed three-dimensional colonies that increased in size 

and were morphologically comparable to ESC derived EBs over a 4 day culture period 

(Fig. 5.4).
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ESC iPSC

Figure 5.1: Undifferentiated ESCs and iPSCs express the pluripotent stem cell surface 

marker SSEAl

Undifferentiated ESCs and iPSCs were fixed and stained for expression o f  SSEA l (red), as 

indicated. Nuclei were counterstained with DAPI (blue). Sam ples were analysed using an 

Olympus 1X81-long focal length fluorescent m icroscopy using DAPI and Cy3 filters and 

images were obtained at 10 x objective with an F-View II digital camera. SSEA l indicates 

stage specific em bryonic antigen 1; ESC, em bryonic stem  cells; iPSC, induced pluripotent 

stem cells. Scale bar: 200 pm.
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Figure 5.2: Undifferentiated ESCs and iPSCs express the pluripotent stem cell 

transcription factors Oct4 and Nanog

Total RNA  was isolated from  undifferentiated ESCs and iPSCs and used to synthesis 

cDNA. O ne-tw entieth o f  the reaction (1 |al) was subsequently used to identify pluripotent 

transcription factors Oct4 and Nanog using gene specific prim ers, as indicated. The house 

keeping gene G A PD H  was included to verify equality between samples. Sam ples were 

analysed by agarose gel electrophoresis. ESC indicates em bryonic stem cells; iPSC, 

induced pluripotent stem cells; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 454 

bp; Oct4, 312 bp; Nanog, 363 bp.
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24 48 72
Hours post-plating

Figure 5.3: Undifferentiated ESCs and iPSCs exhibit similar growth characteristics

U ndifferentiated ESCs and iPSCs were plated in duplicate at a density o f  2x10"^ cells/cm ‘ in 

6-well plates (1 .92x10”' cells/well) and analysed 24, 48 and 72 hours later by cell counts. 

Cell viability was determ ined using Trypan blue exclusion assay and only unstained cells 

were included in the analysis. D ata represents the mean + SEM  o f experim ents perform ed 

on four cell populations.
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Figure 5.4: ESCs and iPSCs form morphologically similar embryoid bodies following 

growth in suspension cultures

Undifferentiated ESCs and iPSCs were resuspended in EB medium in the absence of LIF 

and induced to form EBs in suspension culture. Phase contrast images were obtained 1, 2, 3 

and 4 days post plating, as indicated, using an Olympus 1X81-long focal length fluorescent 

microscope at 10 x objective with an F-View II digital camera. ESC indicates embryonic 

stem cells; iPSC, induced pluripotent stem cells. Scale bar: 200 jam.
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The number of EBs formed by both cell types showed a time dependent decrease and was 

similar (Figs 5.5). However, significant differences were detected in the number of ESC- 

and iPSC-derived EBs on day 1 o f culturing, with more iPSC derived EBs being observed 

(ESCs, 299.4 ±  22.15 EBs; iPSCs, 396.4 ±  35.47 EBs; p<0.05; Fig. 5.5A). Using the same 

data to analyse each cell type individually, ESC-derived EBs were more abundant on day 1 

(299.4 + 22.15 EBs) when compared with day 4 (109.2 + 22.54 EBs; p<0.01), day 2 (289.8 

+ 27.06 EBs) compared with day 4 (p<0.05), and day 3 (190.4 + 31.63 EBs) compared with 

day 4 (p<0.05; Fig. 5.5B). Interestingly, iPSCs derived EBs were also more numerous on 

day 1 (396.4 + 35.47 EBs) compared with day 3 (191 + 35.76 EBs; p<0.001) and 4 (145.8 

± 16.79 EBs; p<0.01; Fig. 5.5C).

The diameter of floating colonies were also examined on each successive day o f the assay 

and found to increase significantly with time (Figs 5.6). Whilst the diameter of EBs 

appeared remarkably similar on day 1 of culturing for both cell type, ESC derived EBs 

subsequently appeared larger, with those formed on day 4 being significantly bigger than 

EBs formed from iPSCs (ESCs, 142.85 + 3.4 pm; iPSCs, 123.68 + 3.88 jam; p<0.01; Fig. 

5.6A). Using the same data to analyse each cell type separately, both ESC and iPSC 

derived-EBs showed a stepwise increase in diameter that was remarkably similar, with 

significantly larger colonies being observed for both cell types on each day (Fig. 5.6B, C).

Analysis o f EBs derived from ESCs and iPSCs across three independent cultures revealed 

expression o f pluripotent stem cell and germ layer genes (Fig. 5.7). Four days after plating 

EBs, expression of the neuroectodermal marker nestin and the mesodermal marker BMP4 

was detected in all samples derived from ESCs and iPSCs. However, the endodermal 

marker AFP was only detected in one culture derived from ESCs, with it being absent in 

other cultures. Furthermore, the pluripotent stem cell markers Oct4 and Nanog were still 

present at the gene level at this stage and were detected in EBs derived from both ESCs and 

iPSCs. GAPDH was also analysed to verify equal loading between samples.
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Figure 5.5: EBs derived from iPSCs are more numerous than those derived from 

ESCs on day 1 of 4 day culture period, while the number derived from each cell type 

decreases with increased culturing time

Undifferentiated ESCs and iPSCs were resuspended in EB medium in the absence o f LIE 

and induced to form EBs in suspension culture. 20 randomly selected images were taken on 

each day over the next 4 days and the number of colonies present was counted in ImageJ. 

(A) Comparison o f EB number between ESCs and iPSCs. Using the same data the number 

of EBs derived from ESCs (B) and iPSCs (C) were analysed separately. Data represents the 

mean + SEM of experiments performed on 5 independent cell populations. *p<0.05, 

**p<0.01, ***p<0.001. (A) One-way repeated measure ANOVA; (B), (C) Student’s t-test.
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Figure 5.6: The diameter of ESC derived EBs are larger than those derived from 

iPSCs on day 4 of 4 day culture period, while the diameter of EBs derived from each 

cell type increases significantly in a step-wise fashion with time

Undifferentiated ESCs and iPSCs were resuspended in EB medium in the absence of LIF 

and induced to form EBs in suspension culture. Images were obtained o f 50 randomly 

selected colonies each day over the next 4 days and diameters were measured using ImageJ. 

(A) Comparison o f EB diameter between ESCs and iPSCs. Using the same data diameter of 

EBs derived from ESCs (B) and iPSCs (C) were analysed separately. Data represents mean 

+ SEM of experiments performed on 5 independent cell populations. *p<0.05, **p<0.01, 

***p<0.001. (A) One-way repeated measure ANOVA; (B), (C) Student’s t-test.
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Pluripotent Oct4

Pluripotent Nanog 
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Figure 5.7: Embryoid bodies derived from ESCs and iPSCs express pluripotent stem 

cell and germ layer genes after 4 days in suspension culture

Total RNA was extracted from three independent cultures of EBs (1-3, as indicated) 

derived from ESCs and iPSCs 4 days after plating, and used to synthesis cDNA. One- 

twentieth o f the reaction (1 pi) was subsequently used to investigate the presence of 

mesoderm (BMP4), neuroectoderm (nestin), endoderm (AFP) and pluripotent stem cell 

(Oct4, Nanog) mRNA. GAPDH was included to verify equality between samples. Samples 

were subsequently analysed by agarose gel electrophoresis. EB indicates embryoid body; 

ESC, embryonic stem cells; iPSC, induced pluripotent stem cells; BMP4, morphogenic 

protein 4, 398 bp; AFP, alpha fetoprotein, 252 bp, GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase, 454 bp; Oct4, 312 bp; Nanog, 363 bp; Nestin, 327 bp.
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5.3.3 iPSCs form neural stem spheres in suspension culture with a similar 

efficiency as ESCs

As neural differentiation is of particular importance, the ability of iPSCs to form NSSs was 

examined by growth in suspension culture in the presence o f EGF and bFGF, with LIP 

being removed at this stage to induce differentiation. Undifferentiated iPSCs plated in non

adherent bacteriological dishes formed three dimensional colonies that increased in size and 

were morphologically similar to those formed by ESCs over a 4 day culture period (Fig. 

5.8). The number of NSSs decreased for both cell types in a stepwise manner with 

increasing time (Figs 5.9). Comparison o f the number of NSSs derived from iPSCs and 

ESCs revealed significantly fewer ESC derived NSSs on day 2 of culturing (ESCs, 211.8 + 

15.63 NSSs; iPSCs, 326 ±  42.34 NSSs; p<0.05; Fig. 5.9A).

Using the same data, examination of each cell type separately revealed that there was 

significantly less NSSs derived from ESCs on day 4 (102 + 24.73 NSSs) when compared 

with the number on day 2 (211.8 + 15.63 NSSs; p<0.05; Fig. 5.9B). Similarly, there was 

significantly less NSSs derived from iPSCs on day 4 (177.7 + 22.18 NSSs; p<0.05) when 

compared to the number on day 1 (341.7 + 30.24 NSSs; Fig. 5.9C).

In contrast to decreasing NSSs number with time in culture, the diameter of colonies was 

found to incrementally get larger on each day for both cell types (Figs 5.10). Although the 

diameter o f NSSs was similar on day one o f culturing for ESCs and iPSCs, differences in 

size where thereafter observed, with ESC derived NSSs becoming significantly larger on 

day 3 (ESCs, 113.18 ±  2.13 |am; iPSCs, 95 ±  3.02 pm; p<0.01) and day 4 (ESCs, 129.51 ± 

3.05 pm; iPSCs, 106.39 + 2.76 pm; p<0.001; Fig. 5.10A). Analysis o f NSSs derived from 

ESCs and iPSCs individually using the same data revealed that the diameter of NSSs 

became significantly larger with each successive day in culture and this increase was 

remarkably similar for both cell types (Figs 5.10B, C).

Examination o f NSSs derived from ESCs and iPSCs revealed a similar pattern of 

expression o f neuroectodermal marker nestin on day 4 of culturing in three independent 

cultures (Fig. 5.11).
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Figure 5.8: ESCs and iPSCs form morphologically similar neural stem spheres 

following growth in suspension cultures

Undifferentiated ESCs and iPSCs were resuspended in NSS medium in the absence o f LIF 

and induced to form NSSs in suspension culture. Phase contrast images were obtained 1, 2, 

3 and 4 days post-plating, as indicated, using an Olympus 1X81-long focal length 

fluorescent microscope at 10 x objective with an F-View II digital camera. ESC indicates 

embryonic stem cells; iPSC, induced pluripotent stem cells. Scale bar: 200 |am.
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Figure 5.9: NSSs derived from iPSC are more numerous than those derived from 

ESCs on day 2 of 4 day culture period, while the number derived from each cell type 

decreases with increased culturing time

Undifferentiated ESCs and iPSCs were resuspended in NSS medium in the absence of LIF 

and induced to form NSSs in suspension culture. Twenty randomly selected images were 

taken over the next 4 days and the number o f NSSs present was counted in ImageJ. (A) 

Comparison of NSS number between ESCs and iPSCs. Using the same data the number of 

NSSs derived from ESCs (B) and iPSCs (C) were analysed separately. Data represents the 

mean + SEM of experiments performed on 5 independent cell populations. *p<0.05. (A) 

One-way repeated measure ANOVA; (B), (C) Student’s t-test.
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Figure 5.10: The diameter of ESC derived NSSs is larger than those derived from 

iPSCs on day 3 and 4 of 4 day culture period, while the diameter of colonies derived 

from each cell type become significantly larger with increased culturing

Undifferentiated ESCs and iPSCs were resuspended in NSS medium in the absence of LIF 

and induced to form NSSs in suspension culture. Images were obtained o f 50 randomly 

selected NSSs over the next 4 days and diameters were measured using ImageJ. (A) 

Comparison o f the diameter of NSSs derived from ESCs and iPSCs. Using the same data 

the diameter of NSSs derived from ESCs (B) and iPSCs (C) were analysed separately. Data 

represents mean + SEM of experiments performed on 5 independent cell populations 

**p<0.01, ***p<0.001. (A) One-way repeated measure ANOVA; (B), (C) Student’s t-test.
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NSSs derived irom both cell types also expressed the neuronal protein T u jl, with this being 

present in 3 independent cultures from ESCs and iPSCs (Fig. 5.12A). Semi-quantitative 

densitometry revealed no difference in Tujl protein levels between cell types (Fig. 5.12B).

To further assess the neural differentiation capacity o f NSSs derived from iPSCs, NSSs 

were induced to form neurons using the growth factor induced neural differentiation 

procedure described in section 2.7.1 (Lau et a l ,  2006). In particular, NSSs were dissociated 

after 4 days in culture and plated in neural proliferation medium (containing growth factors 

EGF, FGF8, Shh) on a range o f commonly used extracellular matrix proteins at two cell 

densities (5x10"^ cells/cm^, 1x10^ cells/cm^). These proteins included gelatine, laminin, 

fibronectin, poly-D-lysine (PDL), poly-L-ornithine (PLO), and combinations thereof (Fig. 

5.13, section 2.6.7). Cells were found to attach well to all substrates examined 1 day after 

plating at both densities for iPSCs and ESCs and neural precursors were expanded for 5 

days (Fig. 5.13). Differentiation was subsequently initiated by withdrawal of growth factors 

from culture medium. Ten days later, samples were fixed and probed for the neuronal 

marker Tujl (Fig. 5.13). By gross morphological analysis, Tujl positive colonies were 

formed by both ESCs (Fig. 5.13A, C) and iPSCs (Fig. 5.13B, D) on all substrates analysed 

at the two cells densities, with neurite extensions typically being more prominent at the 

lower cell density.

5.3.4 iPSCs form neurons with a similar efficiency as ESCs following neural 

differentiation in monolayer cultures

In order to investigate if iPSCs differentiated to neurons with a similar efficiency as ESCs, 

cells were plated at low density as a monolayer on gelatine coated plastic in chemically 

defined N2B27 medium in the absence of LIF (Section 2.7.2) (Ying and Smith, 2003; Ying 

et a l, 2003). It has been reported that autocrine signalling is required for neural conversion 

in this system (Ying et al., 2003). Therefore it could be determined if the intrinsic 

mechanisms governing differentiation were similar in both cell types. In addition, this 

protocol facilitates the visualisation of the process o f neural differentiation, which is 

circumvented when multicellular aggregates such as EBs and NSSs or co-culture with other 

cell types is used (Ying et al., 2003).
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Figure 5.11: ESC and iPSC derived neural stem spheres express neuroectodermal 

marker nestin after four days in culture

Total RNA was extracted from three independent cultures of NSSs (1-3, as indicated) at 

day four of the culture period and used to synthesis cDNA. One-twentieth o f the reaction (1 

|j 1) was subsequently used to investigate the presence of the nestin mRNA. GAPDH was 

included to verify equality between samples. Samples were analysed agarose gel 

electrophoresis. ESC indicated embryonic stem cells; iPSC, induced pluripotent stem cells; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 454 bp; Nestin, 327 bp.

188



(A)

ESC iPSC ESC iPSC ESC iPSC MB

Tuj1

G A PD H

(B)

0.2

iPSCESC

Figure 5.12: ESC and iPSC derived neural stem spheres express similar levels of the 

neuronal protein Tujl after 4 days of suspension culture

Protein was extracted from ESC and iPSC derived NSS on day 4 o f culture and 30 jig from 

3 independent cultures (1-3, as indicated) were run on a 12% SDS PAGE gel. Mouse brain 

lysate (MB) was run as positive control to identify the presence o f Tujl protein. (A) 

Membranes were probed sequentially with anti-Tujl and anti-GAPDH antibodies. (B) 

Digital images were subsequently processed in ImageJ to calculate the amount of Tujl 

protein in each sample relative to GAPDH protein. Data represents the mean + SEM of 

experiments performed on 3 independent cell populations. ESC indicates embryonic stem 

cells; iPSC, induced pluripotent stem cells; GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase, 36 kDa; T u jl, 50 kDa.
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Figure 5.13: ESC and iPSC derived neural stem spheres differentiate to neurons on a 

range of commonly used extracellular matrix proteins

Following 4 days of suspension culture, NSSs derived from ESCs and iPSCs were 

dissociated and plated at 5x10"  ̂ cells/cm^ ((A) ESC , (B) iPSC) and 1x10^ cells/cm^ ((C) 

ESC, (D) iPSC) on gelatine/laminin (Gel/Lam), poly-D-lysine/laminin (PDL/Lam), poly-D- 

lysine/fibronection (PDL/Fib), poly-L-ornithine/laminin (PLO/Lam), poly-L- 

ornithine/fibronectin (PLO/Fib), poly-L-ornititine/fibronectin/laminin (PLO/Fib/Lam), as 

indicated, in neural proliferation medium containing growth factors. Cell attachment was 

assessed one day later, as observed in phase contrast images for each substrate (Prolif Day 

1). Terminal differentiation was induced 5 days later by removal o f growth factors from 

proliferation medium. Samples were fixed and stained for Tujl (red) expression after 10 

days and nuclei were counterstained with DAPI (blue). Phase contrast images were also 

obtained at this time point (Diff DIO PH). Samples were analysed using Olympus 1X81- 

long focal length fluorescent microscopy using phase contrast, DAPI and Cy3 filters. 

Images were obtained at 10 x objective with an F-View II digital camera. Scale bar: 100 

|am.
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Daily m icroscopy analysis o f  ESCs and iPSCs during the process o f  differentiation 

revealed that they differentiated as colonies which were m orphologically sim ilar and 

typically increased in size with culture tim e (Fig. 5.14). For both cell types, the time point 

o f  neurite extension typically varied betw een independent culture procedures and often 

occurred around 10 days after the initiation o f differentiation. In addition, this 

differentiation m ethod appeared to support the long-term  survival o f  both ESCs and iPSCs, 

with colonies extending neurites still present 24 days after differentiation was initiated (Fig. 

5.14). Day 16 o f  differentiation was chosen as the tim e point to perform  all subsequent 

analysis.

Staining o f  cultures at day 16 o f differentiation revealed the presence o f num erous Tujl 

positive colonies that appeared to be m orphologically sim ilar in both cell types (Fig. 5.15). 

In particular, Tujl colonies o f  varied size were typically detected that displayed extensive 

neurite branching (Fig. 5.15). Indeed, analysis o f  Tujl colony num ber and diam eter 

revealed no significant difference betw een ESCs and iPSCs (ESCs, 9.78 ±  0.78 colonies; 

iPSCs, 8 ± 0 .5 8  colonies; Fig. 5.16; ESCs, 344.79 ±  13.08 pm ; iPSCs, 366.24 ±  27.95 |jm ; 

Fig. 5.17). Tujl colonies from both ESCs and iPSCs were also found to extend very long 

neurites after differentiation which again appeared sim ilar for both ESCs and iPSCs by 

gross m orphological analysis (Fig. 5.18). In fact, no difference was detected in the mean 

neurite length between ESCs and iPSCs (Fig. 5.19).

Analysis o f  cellular proteins at day 16 o f  differentiation showed a sim ilar pattern o f 

expression in both cell types (Fig. 5.20). However, high variability existed across different 

cultures. This is evidenced by inconsistent expression o f  T u jl protein ft'om independent 

differentiation procedures. Synaptophysin protein was detected at low levels in one ESC 

preparation only, with iPSCs not expressing this pre-synaptic protein m arker after any 

differentiation procedures. DA T protein was detected in all sam ples but expression levels 

were variable.
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Fig. 5.14: ESCs and iPSCs appear morphologically similar during the process of 

monolayer neuronal differentiation, with colonies becoming larger and extending 

neurites with increased culturing time

ESCs and iPSCs were plated at a density o f  1.5x10'* cells/cm “ on plastic in em bryonic stem 

cell medium. The follow ing day. medium was changed to N2B27 medium and thereafter 

changed every tw o days. The m orphology o f  cells was analysed with an O lym pus 1X81- 

long focal length fluorescent m icroscopy at phase contrast on the indicated days. Im ages 

were obtained at 10 x objective with an F-View II digital cam era at indicated time points. 

ESC indicates em bryonic stem cells; iPSC, induced pluripotent stem cells. Scale bar: 200 

|jm .
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Figure 5.15: ESCs and iPSCs form Tujl positive colonies of different sizes with 

extensive branching after 16 days of monolayer neuronal differentiation

Cells were fixed and stained for T ujl (green) expression at day 16 o f  m onolayer neuronal 

differentiation. Nuclei were counterstained with DAPI (blue). Representative images o f 

ESCs (A, B, C) and iPSCs (D, E, F) from a single culture are shown illustrating Tujl 

colonies o f different sizes. Sam ples were analysed using O lym pus 1X81-long focal length 

fluorescent m icroscopy using DAPI and GFP filters and images were captured at 10 x 

objective with an F-View II digital cam era. Scale bar: 200 ^m .
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Figure 5.16: A similar number of T ujl positive colonies are derived from ESCs and 

iPSCs after 16 days of monolayer neuronal differentiation

ESCs and iPSCs were fixed and stained for T u jl expression at day 16 o f m onolayer 

neuronal differentiation. Ten random ly selected im ages were taken per well and the num ber 

o f T u jl positive colonies was counted. Data shown represent the m ean + SEM  o f 

experim ents perform ed in triplicates on three cell populations.
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Figure 5.17: The diameter of T ujl positive colonies derived from ESCs and iPSCs is 

similar size following 16 days of monolayer neuronal differentiation

ESCs and iPSCs were fixed and stained for Tujl expression at day 16 of monolayer 

neuronal differentiation. Ten randomly selected images were taken o f Tujl positive 

colonies per well for each cell type and the diameter of these colonies was measured in 

ImageJ. Data shown represent the mean + SEM of experiments performed in triplicates on 

three cell populations.
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Figure 5.18: Tujl positive colonies derived from ESCs and iPSCs project extensive 

neurites after 16 days of monolayer neuronal differentiation

ESCs (A, B) and iPSCs (C, D) were fixed and stained for T ujl (green) expression at day 16 

o f monolayer neuronal differentiation. Nuclei were counterstained with DAPI (DAPI). 

Samples were analysed using O lym pus 1X81-long focal length fluorescent microscopy 

using DAPI and GFP filters and im ages were captured at 4  x objective with an F-View II 

digital cam era. Scale bar: 500 |jm .
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Figure 5.19: No difference exists between neurite length of ESC and iPSC derived 

Tujl positive colonies following 16 days of monolayer neuronal differentiation

ESCs and iPSCs were fixed and stained for T u jl expression on day 16 o f  monolayer 

neuronal differentiation. Five T ujl positive colonies were random ly selected per well and 

the length o f  10 random ly selected neurites per colony was m easured using the NeuronJ 

application o f  ImageJ. Data shown represent the mean neurite length + SEM  of 

experim ents perform ed in duplicates on three populations.
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Figure 5.21: High variability exists in the expression levels of neuronal proteins 

derived from ESCs and iPSCs following 16 days of monolayer neuronal 

differentiation

Protein was extracted from ESCs and iPSCs 16 days after the induction o f monolayer 

differentiation in three independent cultures (1-3, as indicated) and 20 |ag was run on 10% 

SDS-PAGE gels. Mouse brain lysate (MB) was run as positive control to identify the 

presence of neuronal proteins. Membranes were probed with antibodies for each neuronal 

subtype, as indicated. GAPDH was analysed to verify equal loading and a representative 

blot is shown. ESC indicates embryonic stem cells; iPSC, induced pluripotent stem cells; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase, 36 kDa; T u jl, 50 kDa; 

synaptophysin, 38 kDa; GFAP, glial fibrillary acidic protein, 50 kDa; TH, tyrosine 

hydroxylase, -6 6  kDa; DAT, dopamine transporter, -55  kDa; GAD, glutamic acid 

decarboxylase, 65 and 67 kDa; NAT, noradrenergic transporter, -80  kDa; EA A Cl, 

excitatory amino acid transporter, -69  kDa; SERT, serotonin transporter, -100  kDa.
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DAT was also detected by immunocytochemistry in differentiated populations for both cell 

types, with neurites and cell soma typically stained in ESCs and iPSCs (Fig. 5.21). TH was 

detected in one ESC sample and one iPSC sample. TH was also analysed at the cellular 

level by immunocytochemistry and a similar pattern of staining was observed for both cell 

types (Fig. 5.23). Protein markers typical o f the GABAergic (GAD), serotonergic (SERT), 

glutamatergic (EAA Cl) and noradrenergic (NAT) systems were absent. The band detected 

with the SERT antibody is lower than the mouse brain positive control and as this antibody 

was highly specific it is presumed to be a cleavage product. GFAP protein was also missing 

from both cell types, indicating the absence of astrocytes in these differentiated 

populations.
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ESC iPSC

DAT/

DAPI

Figure 5.21: Visualisation of dopamine transporter positive cells derived from ESCs 

and iPSCs follovi'ing 16 days of monolayer neuronal differentiation

ESCs and iPSCs were fixed and stained for DAT (red) expression on day 16 o f  m onolayer 

neuronal differentiation, as indicated. Nuclei were counterstained with DAPI (blue). Images 

were acquired with an O lym pus FVIOOO laser scanning confocal m icroscope set to 

UPlanSAPO 40 x oil objective. ESC indicates em bryonic stem cells; iPSC, induced 

pluripotent stem cells; DAT, dopam ine transporter. Scale bar: 50 pm.
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ESC iPSC

TH/

DAPI

Figure 5.22: Visualisation of tyrosine hydroxylase positive cells derived from ESCs 

and iPSCs following 16 days of monolayer neuronal differentiation

ESCs and iPSCs were fixed and stained for TH (green) expression on day 16 o f  monolayer 

neuronal differentiation, as indicated. Nuclei were counterstained with DAPI (blue). Images 

were acquired with an O lym pus FVIOOO laser scanning confocal m icroscope set to 

UPlanSA PO  40 x oil objective. ESC indicates em bryonic stem  cells; iPSC, induced 

pluripotent stem cells; TH, tyrosine hydroxylase. Scale bar: 50 pm.
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5.4 Discussion

It is of the utmost importance to vahdate iPSC clones prior to use in experimentation 

(Takahashi and Yamanaka, 2006). Therefore the iPSC clone selected for investigation in 

this chapter was first examined for the expression o f key markers of undifferentiated 

pluripotent stem cells, and no differences were detected when compared with ESCs. In 

particular, iPSCs expressed the undifferentiated pluripotent stem cell surface antigen 

SSEAl and appeared morphologically similar to ESCs (Fig. 5.1). iPSCs also expressed the 

pluripotent transcription factors Oct4 and Nanog, with levels comparable to ESCs (Fig. 

5.2). The presence of Nanog is of particular importance as Oct4 was one of the four 

reprogramming genes used to derive iPSCs from fibroblasts and thus shows that 

endogenous pluripotent stem cell genes have been activated. iPSCs also displayed similar 

growth characteristics as ESCs, with population doubling rate of 15.7 hours and 14.7 hours, 

respectively (Fig. 5.3). This also roughly corresponds with the typically generation time for 

ESCs of ~ 12-15 hours (Rohwedel et al., 1996).

The pluripotency of the iPSC clone was tested by formation of EBs in suspension in the 

absence of LIE (Takahashi and Yamanaka, 2006). EBs derived from iPSCs were 

morphologically similar to those derived from ESCs, forming three-dimensional cellular 

aggregates that remained suspended in culture medium over the 4 day culture period (Fig. 

5.4). In agreement with previous reports regarding growth o f EBs in static culture (Khoo et 

al., 2005; Cameron et al., 2006), EBs decreased in number and increased in size in a step

wise fashion with time for both cell types (Figs 5.5, 5.6). EBs derived from iPSCs was 

found to be more numerous than those derived from ESC on day 1 of the culture period 

(Fig. 5.5A). Furthermore, the diameter of EBs derived from iPSCs was smaller than those 

derived from ESC on day 4 (Fig. 5.6A). Thus, while the overall morphology of EBs derived 

from iPSCs was similar to ESCs, time dependent differences in EB number and size 

existed. Differentiation o f EBs has previously been shown to be characterised by a 

progressive maturation that mirrors molecular events during normal embryonic 

development, with the stages equivalent to embryogenesis between implantation and the 

beginning o f gastrulation (E4.5-6.5 in mouse embryo) occurring within the first two days of 

EB differentiation (Leahy et al., 1999). Between days 3 and 5, EBs contain cell lineages
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found in embryos during gastrulation at E6.5 to 7.0, and after day 6 in culture, EBs are 

equivalent to early organogenesis-stage embryos (E7.5) (Leahy et al., 1999). Similarities 

were observed in expression of germ layer and pluripotent stem cell markers between ESCs 

and iPSCs, as determined by RT-PCR (Fig. 5.7). EBs derived from both cell types 

expressed the pluripotent stem cells makers Oct4 and Nanog over three independent 

cultures, which has previously been reported to be expressed in EBs derived from ESCs 

(Mogi et al., 2009). This indicates that not all cells in the floating colonies had initiated 

differentiation at the time point of the assay. Nestin was analysed as a marker for 

neuroectoderm (Kawaguchi et al., 2001) and have also been detected in ESC and iPSC 

derived EBs in all cultures analysed, as previously described for ESC derived EBs (Mogi et 

al., 2009). BMP4 is recognised as a marker of early mesodermal differentiation (Winnier et 

al., 1995; Aubert et al., 2003) and was present in all EBs derived from ESCs and iPSCs, in 

agreement with previous analysis o f EBs formed from ESCs (Choi et al., 2010). Low levels 

of the endodermal marker AFP (Kwon et al., 2006) were detected in one EB culture derived 

from ESCs but not the other two cultures. Furthermore it was not detected in EBs derived 

from iPSCs. Expression o f AFP has previously been reported to be detected in EBs at day 5 

of suspension culture and increase thereafter (Abe et al., 1996), and this may explain the 

results observed here. Further insight may be garnered by analysis o f an earlier endodermal 

marker, such as Foxa2, which has been detected in ESC derived EBs at this stage (Mogi et 

al., 2009). In conclusion, EBs derived from iPSCs are highly comparable to those derived 

from ESCs based on morphology and gene expression analysis.

The neural differentiation efficiency o f iPSCs was analysed by the formation of NSSs in 

floating culture in the presence o f EGF and bFGF, as described by Lau et al. (2006). 

Colonies derived from iPSCs were morphologically similar to those derived from ESCs and 

were found to decrease in number and to increase in size with increased culture time (Figs 

5.8-5.10), as preciously reported (Lau et al., 2006). Of particular note, NSSs derived from 

iPSCs were found to be more numerous than those derived from ESCs on day 2 (Fig. 

5.9A), while the diameter of NSSs derived from ESCs were larger than those derived from 

iPSCs on day 3 and 4 (Fig. 5. lOA).
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A nalysis o f  neuroectoderm al m arker nestin in N SSs at day 4 o f differentiation by RT-PCR 

revealed sim ilarities betw een both cell types, with it being detected in three cultures from 

ESCs and iPSCs (Fig. 5.11). The neuronal m arker T ujl was also detected at this stage in 

N SSs derived from both  ESCs and iPSCs (Fig. 5.12). In addition, no difference in T u jl 

protein levels were detected  betw een sam ples (Fig. 5.12). It has been reported that T ujl 

expression is initiated either during or im m ediately after term inal m itosis o f newly born 

neurons (Lee et al., 1990) and therefore suggests that post-m itotic neurons are aheady 

form ed at this early stage during the differentiation process.

Extracellular matrix proteins, such as lam inin, fibronectin and collagen, provide key 

extracellular cues ui the developm ent o f  the nervous system  (Letourneau et al., 1994). 

These proteins have also been reported to support in vitro neuronal differentiation o f ESCs 

(Li et al., 1998; Lee et al., 2000; Ying and Smith, 2003; G oetz et al., 2006; Lau et al., 

2006). Therefore, a sim ple assay was perform ed to assess the attachm ent and neuronal 

differentiation efficiency o f  dissociated NSSs derived from  both ESCs and iPSCs on a 

range o f com m only used substrates (Fig. 5.13). These included laminin, fibronectin, PLO, 

PDL, gelatine and com binations thereof. In addition, ceils were plated at two densities 

(5x10“* cells/cm^, 1x10^ cells/cm “) as plating density has been reported to be an im portant 

factor in neuronal differentiation o f ESCs (Ying and Smith, 2003; Lorincz, 2006), with low 

cell densities often resulting in poor cell survival, while high cell densities may prom ote 

differentiation to non-neuronal lineages (Ying and Smith, 2003; Lorincz, 2006). Gross 

m orphological analysis o f  cells one day after plating by light m icroscopy dem onstrated that 

all substrates prom oted cell attachm ent at both densities for ESCs (Fig. 5.13A, C) and 

iPSCs (Fig. 5.13B, D). Further neuronal differentiation resulted in the generation o f sm all 

spherical T u jl positive colonies at both cell densities and on all substrates exam ined (Fig. 

5.13). By gross m orphological analysis it was determ ined that these colonies appeared 

sim ilar for ESCs and iPSCs, with neurite extensions typically being more prom inent at 

lower densities, possibly due to  fewer cells in these cultures. Thus, from  these experim ents 

it was concluded that iPSCs could differentiate to a neurons with a sim ilar efficiency as 

ESCs.
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The neural differentiation efficiency o f iPSCs was also investigated by the formation of 

neurons using a monolayer differentiation procedure. In this method neural conversion is 

induced by culturing cells in monolayers in chemically defined medium in the absence of 

extrinsic growth factors (Ying et a l ,  2003). It has been reported that autocrine FGF 

signalling is required for this process (Ying et al., 2003), with inhibition o f FGF signalling 

preventing neural specification by ESCs upon LIF withdrawal. Thus it can be assessed if 

the intrinsic regulatory mechanisms governing differentiation are similar in both cell types. 

Differentiation in this manner also facilitates the visualisation of the process o f neural 

conversion, which is circumvented when multicellular aggregates such as EBs and NSSs or 

co-culture with other cell types is used (Ying et al., 2003). ESCs and iPSCs differentiated 

as colonies using this method, which typically increased in size with time in culture and 

appeared morphologically similar (Fig. 5.14). The time point at which neurites extended 

from colonies typically varied between different culture procedures. This is not unexpected 

as it has previously been noted that not all cells behave identically in cultures, with neural 

conversion being an asynchronous and stochastic process (Ying et al., 2003)

As stated, cells differentiated primarily as colonies and therefore Tujl staining was 

performed to analyse if similarities, or differences, existed between the neuronal 

populations derived from both cell types. Interestingly, Tujl positive colonies of different 

sizes were observed in differentiated populations from ESCs and iPSCs, which were 

morphologically comparable (Fig. 5.15). Indeed, no differences were found between cells 

in relation to the number or diameter of Tujl colonies across differentiation procedures 

(Figs 5.16, 5.17). Furthermore, extensive neurites projected from Tujl colonies derived 

from ESCs and iPSCs, which often formed branched structures (Fig. 5.18). Analysis of the 

mean length of randomly selected neurites across differentiation procedures did not detect 

any differences between the cell types (Fig. 5.19).

Analysis o f the neuronal subtypes generated after differentiation also revealed similarities 

between ESCs and iPSCs (Fig. 5.20). However, high variability existed across cultures, 

with inconsistent expression o f the neuronal protein Tujl in both ESCs and iPSCs. As the 

number of Tujl positive colonies remained relatively constant across cultures for both cell 

types (Fig. 5.16), it is possible that even using this differentiation procedure which has been
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reported to robustly generate neurons (Ying et al., 2003) that cells also differentiated to 

alternative lineages and thus the proportion of neuronal proteins in the total cellular protein 

lysate may be variable. Indeed, the generation of heterogeneous cell population after 

differentiation of ESCs has been widely reported (Stavridis and Smith, 2003; Pruszak et al., 

2007) and, as discussed in previously chapters, is a significant hurdle to overcome in the 

use of ESCs.

Surprisingly the GABAergic marker GAD were absent from neurons derived from both 

ESCs and iPSCs at day 16 o f monolayer differentiation (Fig. 5.20), even though this 

neuronal subtype has been reported to be readily generated by this differentiation procedure 

(Ying et al., 2003). In addition, no GFAP protein was detected in any samples (Fig. 5.20), 

suggesting that this method does not support the robust development of astrocytes from 

pluripotent stem cells, at least by day 16 analysed here. This finding is in agreement with 

results in chapter 4, in which GFAP protein was not detected in any samples of 46C ESCs 

following monolayer differentiation (Fig. 4.6). Importantly, as GFAP was absent from 

differentiated populations of both cell types it suggests that iPSCs may still have the 

potential to generate astrocytes but alternative culturing conditions are required to induce 

their formation, such as increased differentiation time or application o f specific growth 

factors (Brustle et al., 1999; Barberi et al., 2003).

Protein expression of the DA markers TH and DAT was also found to be inconsistent 

across cultures, but DAT protein was detected, at least at low levels, in each independent 

sample for both cell types (Fig. 5.20). TH protein was also detected in one neuronal culture 

derived from iPSCs and two derived from ESCs (Fig. 5.20). The generation of DA neurons 

by this differentiation procedure is in agreement with previous reports suggesting that this 

neuronal subtype can form in the absence of extrinsic growth factors (Parmar and Li, 2007; 

Friling et al., 2009). In addition, TH and DAT were detected at the cellular level at day 16 

of differentiation for both ESCs and iPSCs (Figs 5.21, 5.22). Wernig et al. (2008) have also 

recently shown that TH+ neurons can be derived from numerous mouse iPSC clones 

(generated by retroviral transfection with Oct4, c-Myc, Klf4 and Sox2) following neuronal 

differentiation and treatment with high concentration of SHH and FGF8, with these TH+
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cells also expressing markers typical o f midbrain DA neurons such as Pitx3 and N urrl. 

However, no comparison was made to ESCs in this study.

The pre-synaptic vesicular protein synaptophysin was absent in all but one ESC sample, 

with expression very low in this sample, and all iPSC samples (Fig. 5.21). As 

synaptophysin is missing in both ESCs and iPSCs, it indicates that a deficiency is not 

inherent to iPSC derived neurons. Furthermore, this absence o f synaptophysin expression is 

in agreement with the results of chapter 4 in which synaptophysin was not detected in 

samples differentiated by this method (Fig. 4.6). As synaptophysin is a major intrinsic 

membrane protein o f synaptic vesicles that is widely expressed in presynaptic nerve 

terminals in the brain (Marqueze-Pouey et al., 1991; Fykse et a l, 1993) and has been 

correlated with synapse formation and maturation (Knaus et al., 1986), it absence suggests 

that monolayer neuronal differentiation may not support these processes, or that they have 

not yet developed by day 16 of differentiation when samples were harvested. However, as 

both iPSCs and ESCs differentiated to Tujl positive colonies that extended long branching 

neurites (Fig. 5.18), it indicates that the extracellular guidance cues and intracellular 

signalling events regulating neurite outgrowth (for reviews, see Dickson, 2002; Henley and 

Poo, 2004; Hansen et al., 2008) are present in these cultures but the intrinsic signals or 

extracellular factors governing synapse formation (for review, see Waites et al., 2005) are 

not. Alternatively, it is possible that a small subset of cells have developed mature nerve 

terminals and synaptophysin protein levels are too low in total cellular protein to be 

detected. This may be clarified by performing immunocytochemistry to analyse expression 

of this protein at the cellular level.

It is important to note that recent studies suggest that iPSCs have the potential to form 

functionally mature neurons (Wernig et al., 2008; Hu et al., 2010). Wernig et al. (2008) 

reported that implantation of neural cells derived from three iPSC clones into the brain of 

mouse embryos in utero displayed electrophysiological properties of mature functional 

neurons when analysed in the adult brain. However, no functional analysis o f in vitro 

differentiated neurons was performed by W ernig et al. (2008). Hu et al. (2010) have also 

reported that human iPSC-derived neurons extend long Tujl process that express the 

presynaptic protein synapsin and become electrophysiologically active after extended
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culturing (Hu et a l ,  2010). Thus as iPSCs formed extensive Tujl-positive neurites in this 

study (Fig. 5.18), it is possible that increased differentiation time or culturing with 

astrocytes, which are thought to play a role in synaptogenesis (for reviews, see Eroglu and 

Barres, 2010; Pfrieger, 2010) and have been shown to significantly accelerate the onset of 

synaptic activity in human ESC-derived neurons (Johnson et al., 2007), may result in the 

formation or maturation of synapses in iPSC derived neurons.

In conclusion, the experiments performed here suggest that the neural differentiation 

capacity o f iPSCs is comparable to that of ESCs, based on the formation o f NSSs and 

neurons, and expression o f neuroectodermal and neuronal markers. This is in agreement 

with data regarding the cardiomyocyte differentiation potential o f mouse iPSCs, which was 

found to be comparable to mouse ESCs (Narazaki et a l, 2008; Schenke-Layland et al., 

2008). However, as only one iPSC clone was analysed in this study and only a small 

number o f clones were evaluated in the reports of Narazaki et al. (2008) and Schenke- 

Layland et al. (2008), further studies are required to rigorously assess if this is a general 

phenomenon of mouse iPSCs.
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Chapter 6 

General discussion
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6.1 Discussion

DA neurons have several fundamental functions in the brain, dysfunction or degeneration 

of which are implicated in a myriad of neurological and psychiatric disorders, including 

PD, schizophrenia and ADHD (for review, see Greengard, 2001). ESCs may provide an 

unlimited source of DA neurons as they can be propagated indefinitely in culture in an 

undifferentiated state while retaining pluripotency (Evans and Kaufman, 1981; Thomson et 

al., 1998) and protocols have been established to direct differentiation of mouse (Kawasaki 

et al., 2000; Lee et al., 2000; Rolletschek et al., 2001; Lau et a l ,  2006) and human (Perrier 

et al., 2004; Zeng et al., 2004; Sonntag et al., 2007; Cooper et a!., 2010) ESCs to this 

neuronal subtype. However, due to the developmental potency o f ESCs it is not possible to 

synchronise the birth and development o f cell populations to the extent seen in normal 

development, and consequently cells at different stages of maturation and o f non-neural 

lineages are present in such cultures, causing cellular heterogeneity and often variability 

across differentiation procedures (for review, see Stavridis and Smith, 2003; Hedlund et al., 

2007; Pruszak et al., 2007). This greatly impedes the experimental and clinical utility of 

such cells, which would benefit greatly from a large homogenous cell population (for 

review, see Stavridis and Smith, 2003; Pruszak et al., 2007). This obstacle may be partly or 

wholly overcome by introducing a reporter cassette, such as EGEP, into a locus with 

restricted expression in a specific cell type, effectively labelling the cell o f interest 

(Stavridis and Smith, 2003; Murry and Keller, 2008). Alternatively, it may be possible to 

label cells with surface markers expressed on the desired cell population (Pruszak et al., 

2007). This would allow the selection of a particular cell type from a mixed cell population 

by FACS, enabling the study o f a pure cell population which would otherwise be 

impossible (Pruszak et al., 2007; Hedlund et a l, 2008; Placantonakis et a l, 2009). In the 

case o f labelling cells with EGFP, differentiation could also be followed in vitro in real 

time in live cells, greatly enhancing our ability to study gene regulation and lineage choice 

during development (Tomishima et a l, 2007).

However, the results reported here (Chapters 3 and 4) and those from published studies 

discussed thus far (Chung et a l ,  2006; Hedlund et a l ,  2007; Hedlund et a l ,  2008; Zhou et 

a l ,  2009b) emphasis the difficulty with using fluorescent reporter gene expression systems 

to label dopaminergic neurons and obtain enriched dopaminergic neuronal populations after
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purification. Expression o f EGFP from promoters specific to post-mitotic DA neurons 

clearly has the benefit o f  labelling the cell type of interest. Nevertheless, this approach in 

itself has encountered problems (Fukuda et a l ,  2006; Hedlund et a l, 2007). For example, 

use of a TH promoter fragment thought to be sufficient to drive transgene expression in DA 

neurons resulted in labelling o f immature cell populations (Hedlund et al., 2007). 

Therefore, it was anticipated that the use of a BAG to drive EGFP expression from the 

DAT promoter in mouse ESCs would allow specific and faithful transgene expression in 

DA neurons following differentiation, overcoming the limitations associated with the use of 

short promoter elements, such as mosaic transgene expression (Hedlund et al., 2007), and 

knock-in strategies, which are labour-intensive and may disrupt normal cellular function 

(Tomishima et al., 2007). However, following careful design and construction o f such a 

vector (Figs 3.1, 3.2, 3.4-3.6), and transfection and selection o f ESCs (Fig. 3.7), this 

reporter system did not successfully label DA neurons (Figs 3.8-3.12). This highlights the 

technical difficulties associated with constructing such targeting vectors. Nevertheless, this 

approach may still have merit as GFP expressed from neural specific promoters contained 

within BACs have been reported to faithfully label both mouse and human ESCs during the 

process o f neural differentiation (Tomishima et al., 2007; Placantonakis et al., 2009). 

Furthermore, motor neurons derived from such human ESCs (expressing GFP from motor 

neuron specific HB9 promoter) could be enriched from a mixed cell population and further 

differentiated and analysed (Placantonakis et al., 2009).

In light of the difficulty in obtaining DAT-EGFP neurons from ESCs, an alternative 

approach using Sox 1-GFP ESCs was implemented to obtain an enriched DA neuronal 

population. Soxl is the earliest known specific marker of the neuroectoderm in the mouse 

embryo (Wood and Episkopou, 1999), being first expressed in the neural plate and 

subsequently maintained in neuroepithelial cells throughout the entire neuroaxis (Pevny et 

al., 1998; Ying et al., 2003). In addition, as its expression is downregulated during neuronal 

and glial differentiation, it provides an ideal marker for neural precursors (NPs) (Pevny et 

al., 1998; Ying et al., 2003). Selection o f ESCs at early stages o f neural differentiation by 

targeting GFP to neural specific promoters, such as Soxl, is an attractive option, as it 

allows NPs to be further amplified and differentiated in vitro (Ying et al., 2003). Thus, this 

may over-come problems associated with the use of more mature markers to label DA

212



neurons, such as high cell death after dissociation o f post-m itotic neurons (Fukuda et al., 

2006; Hedlund et al., 2008) and DA neurons representing only a small proportion o f the 

differentiated cell population (Hedlund et al., 2008). H ow ever, the results from  C hapter 4 

suggest that even the use o f the S o x l-G F P  reporter to label and purify NPs is not w ithout 

lim itations. Considering the findings o f  this study and those in the literature using the S o x l- 

GFP reporter system  (Chung et a l ,  2006; Fukuda et al., 2006; Parm ar and Li, 2007), it 

w ould seem that the specific d ifferentiation m ethod used to direct Soxl-GFP-i- NPs to a 

dopam inergic fate influences the generation o f DA (TH-i-) neurons.

In the present study, ESCs were differentiated to DA neurons using the protocol published 

by Lau et al. (2006; referred to as grow th factor induced differentiation m ethod throughout 

this thesis), w hich generates DA neurons in a shorter time period than alternative 

differentiation procedures (Lee et a l ,  2000; R olletschek et a l ,  2001) and thus is 

advantageous. This is achieved in a four stage process (Fig. 2.1). Stage 1 involves 

expansion o f undifferentiated ESCs in the presence o f LIF. N eural stem  spheres (NSSs) are 

then generated from  these ESCs in suspension culture in the presence o f EGF, bFG F and L- 

ascorbic acid (L-A A ) for 4 days (stage 2). Stage 3 is initiated by dissociation and plating o f  

these spheres, with NPs being induced to proliferate in m edium  containing Shh, FGF8, 

EG F and L-AA. After 5 days, term inal differentiation o f precursors occurs by w ithdraw al 

o f grow th factors from  culture m edium, but still in the presence o f  L-A A, and continues for 

10 days (stage 4). A highly enriched neuronal population was obtained following sorting o f 

Soxl-GFP-i- NPs at day 5 o f stage 3 and further differentiation (65 + 9 .9 %  Tujl-i- neurons; 

Fig. 4.34). Furtherm ore, while TH expression was m ore abundant in unsorted neuronal 

cultures than S ox l-G F P +  NPs following term inal differentiation (Figs 4.37, 4.38), the level 

of DAT protein was indistinguishable betw een Soxl-GFP-i- sorted and unsorted sam ples 

(Fig. 3.39). Thus additional studies are required to further clarify the ability o f  Soxl-GFP-i- 

NPs to generate enriched DA neuronal populations.

Chung et al. (2006) also reported higher expression o f  TH in unsorted neuronal cultures 

than SoxI-GFP-i- NPs following term inal differentiation. Furtherm ore, while the sorted 

S ox l-G F P +  neuronal population contained -6 .5  + 1% TH-i- neurons after differentiation by 

the m ulti-stage m ethod o f Lee et al. (2000), TH+ neurons were m ore abundant in the S o x l-
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GFP- population (19.4 + 6% TH+ neurons) (Chung et al., 2006). This method is 

comparable to the one used in the present study, with DA neurons being formed by a five 

stage process. In the protocol by Lee et al. (2000), undifferentiated ESCs are first expanded 

in the presence of LIF (stage 1), with embryo id bodies (EBs) generated from these ESCs by 

growth in suspension for 4 days (stage 2). NPs are then selected by plating of EBs and 

culturing in neural specific medium for 10 days (stage 3). NPs are subsequently expanded 

in the presence o f bFGF, Shh and FGF8 for 6 days (stage 4), and terminal differentiation 

(stage 5) is induced by withdrawal o f growth factors and addition to L-AA to growth 

medium, with this stage continuing for 10 days (Lee et al., 2000). In the report by Chung et 

al. (2006), NPs were sorted at day 2 of stage 4.

Interestingly, differentiation of sorted Soxl-G FP+ NPs on PA6 stromal cells has been 

reported to generate 22 + 6% TH+ neurons, with this figure comparable to unsorted 

neuronal cultures (25 + 6% TH+ neurons) (Fukuda et al., 2006). This differentiation 

procedure involves culturing ESCs on a layer o f PA6 stromal cells for 14 days (Kawasaki 

et al., 2000). By differentiating Soxl-G FP ESCs using a monolayer system, Parmar and Li 

(2007) reported that the sorted Soxl-G FP+ NP population contained 14 + 2% TH+ neurons 

at the end of the differentiation process (Parmar and Li, 2007). Again this percentage was 

indistinguishable from unsorted neuronal cultures (16 + 3% TH+ neurons) (Parmar and Li, 

2007). In this method, undifferentiated ESCs are plated onto gelatine coated dishes and 

cultured in chemically defined N2B27 medium in the absence of extrinsic factors for 14 

days (Ying and Smith, 2003; Ying et al., 2003). Therefore, it would seem from these 

reports that the Soxl-G FP ESC reporter line may not by widely applicable to the generation 

of enriched TH+ neurons from selected Soxl-G FP+ NPs, with this enrichment possibly 

influenced by the neuronal differentiation procedure used.

An alternative approach which has been investigated to increase the number and/or 

specificity o f DA neurons derived from ESCs has been genetic manipulation o f these cells 

to express transcription factors implicated in the in vivo development of mDA neurons, as 

discussed previously, and including N urrI, Pitx3 and L m xla (Chung et al., 2002; Chung et 

al., 2005; Andersson et al., 2006b; Hedlund et al., 2007; Friling et al., 2009). N urrl has 

been shown to have a critical role in the differentiation and survival of mDA neurons at
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later stages of embryonic developmental (Zetterstrom et al., 1997; Castillo et al., 1998; 

Saucedo-Cardenas et al., 1998; Wallen et al., 1999; Kadkhodaei et a l, 2009). Reports 

suggest that over-expression o f Nurrl in mouse ESCs can induce a four-to-five fold 

increase in the percentage o f TH+ neurons, in comparison to wild-type cells after treatment 

with Shh and FGF8, with this also being associated with an increase in the expression of 

midbrain specific transcription factors such as Enl and Pitx3, and DA phenotypic markers 

such as DAT and AADC (Chung et al., 2002; Kim et a l ,  2002). Interestingly, over

expression o f the transcription factor Pitx3, which is thought to be specifically required for 

differentiation of mDA neurons in the SNpc (Hwang et a l, 2003; Nunes et a l, 2003; van 

den M unckhof et a l ,  2003; Smidt et a l, 2004; Maxwell et a l ,  2005), increased expression 

of markers specific for the SNpc such as aldehyde dehydrogenase 2 and the G protein-gated 

inwardly rectifying channel Girk2, without increasing the total number o f TH-i- neurons 

(Chung et a l ,  2005). Furthermore, co-expression of Nurrl and Pitx3 synergistically 

promoted terminal differentiation to the mDA phenotype in both mouse and human ESC 

cultures, with evidence suggesting that these factors cooperatively activate transcription of 

mDA neuron specific genes (Martinat et a l, 2006).

L m xla is a transcription factor induced early during neural development, possibly by Shh 

and/or W ntl, which appears to have a role in establishment of mDA progenitor domain and 

specification o f mDA neuronal fate in these precursors (Andersson et a l, 2006b; Chung et 

a l, 2009). It has recently been reported that expression of this transcription factor in neural 

progenitors derived from mouse ESCs effectively promoted the generation o f functional 

mDA neurons, with 75-95% of all neurons expressing TH, and almost complete over-lap 

between TH-t- neurons and other mDA markers, including Pitx3, N urrl, E n l/2  and Lm xlb 

(Friling et a l ,  2009). In fact, recent studies suggest that L m xla directly binds Pitx3 and 

N urrl promoter elements and regulates their expression (Chung et a l ,  2009). Furthermore, 

over-expression o f L m xla had a similar effect on human ESCs (Friling et a l ,  2009). 

However, while these strategies can increase the proportion of neurons which express 

dopaminergic markers, differentiated ESC cultures always contain a heterogeneous cell 

population, as indicated in Chapter 4, and thus, depending on the application of these cells, 

selection techniques may still be required (Hedlund et a l, 2007).
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It has also recently been published that co-culture of ESCs with astrocytes can increase the 

number of DA neurons derived from ESCs in the differentiated neuronal population (Roy et 

a l ,  2006). In particular, Roy et al. (2006) reported that immortalised human midbrain 

astrocytes specifically potentiated DA neuron induction and maintenance from human 

ESCs, significantly increasing the proportion o f TH+ neurons and the proportion of TH+ 

neurons that co-expressed markers o f the SNpc such as Girk2. Interestingly, while human 

cortical astrocytes enhanced neuronal maturation and survival in differentiated cultures to a 

similar extent as midbrain astrocytes, they had no effect on the proportion of TH+ neurons, 

suggesting that competency o f astrocytes to induce DA neurons is region specific (Roy et 

al., 2006). These striking results suggest that further work on the dependency of 

differentiating ESCs on glial cells is required. However, it should be noted that even though 

co-culture with astrocytes greatly enhanced the percentage o f DA neurons in the 

differentiated population in this study, these cultures were still typically heterogeneous and 

the authors suggested the need for isolating terminally differentiated phenotypes, or their 

fate restricted progenitors, prior to further application (Roy et al., 2006). The experiments 

in chapter 4 addressed this need, and although TH+ neurons were generated from Soxl- 

GFP ESCs following sorting o f Soxl-G FP NPs, the cultures still contained a heterogeneous 

neuronal population, highlighting that further work is required to obtain highly enriched 

dopaminergic neurons from ESCs.

Astrocytes are now, in fact, recognised as having a fundamental role in proper neuronal 

development and are particularly implicated in synapse formation and maturation (for 

review, see Eroglu and Barres, 2010). Indeed, the close structural and functional association 

o f astrocytic processes with the synapse has given rise to the concept of the ‘tripartite 

synapse’, in which synapses are defined as being composed of the presynaptic and 

postsynaptic specialisation o f the neurons and the glial process that ensheaths them (for 

reviews, see Araque et a l, 1999; Eroglu and Barres, 2010). It has been demonstrated that 

not only are synapses generated concurrently with glial cells in vivo but that isolated CNS 

neurons cultured in vitro show little spontaneous synaptic activity and form few synapses in 

the absence o f astrocytes (for review, see Pfrieger and Barres, 1997; Ullian et al., 2001; 

Eroglu and Barres, 2010). However, this deficit is overcome by co-culture with either an 

astrocytic monolayer or astrocyte-conditioned medium (for review, see Pfrieger and Barres,
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1997; Ullian et al., 2001; Eroglu and Barres, 2010). It is now thought that astrocytes secrete 

factors that act pre- and postsynaptically to induce the proper formation and activity of 

synapses (Mauch et al., 2001; Christopherson et al., 2005; for review, see Eroglu and 

Barres, 2010). In addition, evidence also suggests that astrocytes regulate synapse 

formation by contact mediated mechanisms (Barker et al., 2008). Importantly, astrocytes 

have also been shown to be necessary for inducing synapse formation by human ESC 

derived neurons (Johnson et al., 2007), suggesting that applications requiring functional 

neurons in vitro may necessitate co-culture o f ESCs with these cells.

As previously discussed, the generation of iPSCs from somatic cells has opened remarkable 

avenues for basic research and regenerative medicine (Takahashi and Yarnanaka, 2006; 

Yamanaka, 2009). The application of iPSCs is of particular relevance to neurodegenerative 

and psychiatric disorders (for reviews, see Kim, 2010; W ichterle and Przedborski, 2010), 

subsets of which may be caused by dysfunction o f the DA system (for review, see 

Greengard, 2001). In both cases the underlying pathogenic mechanisms are largely 

unknown, with cellular models o f these disorders being extremely limited and rational 

treatments are lacking in most cases (for reviews, see Kim, 2010; Wichterle and 

Przedborski, 2010). This is of particular relevance to neurodegenerative diseases, with 

current medications having only a symptomatic effect and unable to halt or retard the 

degenerative process (for review, see Wichterle and Przedborski, 2010). Thus the 

derivation of disease specific iPSCs from individuals suffering from these disorders and the 

directed differentiation to the neuronal subtype implicated in the disease may elucidate 

mechanisms o f disease pathogenesis, allowing the creation of more faithful disease models 

which may facilitate the development of efficacious therapies (for reviews, see Yamanaka, 

2009; Kim, 2010; Wichterle and Przedborski, 2010). It should be noted, however, that no 

disease-related phenotypes have been reported for sporadic late-onset diseases, such as PD, 

suggesting that these phenotypes may only manifest themselves after challenging neural 

cells with stressors and that an additional level of complexity may be involved in effective 

disease modelling (Soldner et al., 2009; Hargus et al., 2010; Wichterle and Przedborski, 

2010).
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Clearly, for the potential of iPSCs to be realised, it is necessary to ask if and how 

effectively they may be differentiated to functional neurons, which can be answered by 

direct comparison to ESCs (Hu et a l, 2010). Using a monolayer procedure in which 

differentiation is induced by culturing cells at low density in chemically defined medium 

(Ying and Smith, 2003; Ying et al., 2003), it was observed that mouse iPSCs differentiated 

to neurons with efficiency comparable to that of ESCs (Eigs 5.15-5.17), including the 

generation o f DA neurons (Figs 5.22, 5.23). This is of importance as autocrine signalling is 

required for neural conversion in this system (Ying et al., 2003) and thus suggests that 

intrinsic mechanisms governing differentiation are similar in both iPSCs and ESCs. 

However, variability was observed in both cell types in relation to neuronal subtype marker 

expression (Eig. 5.21). Eurthermore, NSSs derived from iPSCs were found to be 

comparable to those derived from ESCs based on morphology (Figs 5.8-5.11), 

neuroectodermal (Fig. 5.11) and neuronal marker expression (Eig. 5.12).

Two studies recently published regarding the neural differentiation capacity of human 

iPSCs resulted in different conclusions (Hu et al., 2010; Boulting et al., 2011). While Hu et 

al. (2010) reported that human iPSCs followed the same temporal course during neural 

specification as human ESCs, iPSCs exhibited lower and more variable neuroepithelial and 

neuronal differentiation efficiencies (Hu et al., 2010). However, Boulting et al (2011) 

reported that iPSCs gave rise to functional motor neurons with a range o f efficiencies 

similar to that o f ESCs. This study is o f significance as more iPSC and ESC lines were 

compared (Boulting et al., 2011). Thus it is possible that the analysis o f more mouse iPSCs 

clones would identify differences in comparison to ESCs. Conversely it is possible that 

differences exist between mouse and human iPSCs. Indeed, differences have recently 

emerged between the cell types in relation to reprogrammed female fibroblasts (Maherali et 

al., 2007; Tchieu et al., 2010). Mouse iPSCs derived from female fibroblasts effectively 

reactivated the inactive X chromosome after reprogramming and subsequent differentiation 

resulted in random X chromosome inactivation, as observed in mouse ESCs (Maherali et 

al., 2007). In contrast, human iPSCs derived from female fibroblasts failed to reactivate the 

silenced X chromosome and kept the same X chromosome inactivated in differentiated 

cells (Tchieu et al., 2010). As mouse iPSCs can be easily compared to genetically matched 

ESCs, which may reduce background differences between cells, and can undergo stringent
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tests of pluripotency, analysis o f the differentiated progeny o f mouse cells may facilitate 

the further identification of similarities, or differences, between these cell types.

6.2 Future work

After the studies performed in Chapter 3 to target EGFP to the DAT promoter were 

completed, GENS AT reported the creation of transgenic mice faithfully expressing EGFP 

from the DAT promoter (GENSAT, 2010). Due to the difficulties in labelling mature DA 

neurons (Chapter 3; Hedlund et al., 2007) and obtaining enriched populations o f DA 

neurons (Chapter 4; Chung et al., 2006), this may still be an attractive area of investigation. 

However, while the BAC vectors generated by GENSAT do not include a selection gene 

required to create an ESC line stably expressing EGFP, previous studies indicate that the 

vector backbone can be readily retrofitted with such a cassette (Tomishima et al., 2007; 

Placantonakis et al., 2009). Furthermore, using neural specific promoters these studies 

successfully labelled mouse and human ESC-derived neural progeny during the process of 

neural induction (Tomishima et al., 2007; Placantonakis et al., 2009). In addition, motor 

neurons derived from human ESCs were also effectively tagged and sorted, thus generating 

a purified motor neuron population which was further differentiated and analysed in vitro 

(Placantonakis et al., 2009). These studies highlight the feasibility and tremendous 

application of this technique.

As discussed previously, co-culture of human ESCs with midbrain astrocytes potentiated 

the induction and maintenance of DA neurons (Roy et al., 2006). Thus it may be of interest 

to analyse if midbrain astrocytes similarly effect mouse ESCs during the process of 

differentiation, and if the competency o f midbrain astrocytes to induce DA neurons is 

regionally specific, as in the human system (Roy et al., 2006), with the target of obtaining 

enriched DA neuronal populations. In addition, it is now widely recognised that astrocytes 

are required for proper synapse formation and maturation (Eroglu and Barres, 2010), with 

astrocytes also inducing synapse formation in neurons derived from human ESCs (Johnson 

et al., 2007; Wu et al., 2007). Thus the question may arise as to whether regional specificity 

exists in the ability of astrocytes to induce synapse formation in ESC derived DA neurons. 

This analysis in itself would be greatly enhanced by the use of a reporter system to label
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mature postmitotic DA neurons, such as DAT-EGFP, thus allowing these cells to be rapidly 

localised and visualised. The ease o f handling mouse ESCs and the short neuronal 

differentiation time o f these cells (in comparison to human ESCs) make them an attractive 

choice.

The results presented here suggest that mouse iPSCs generate neurons with a similar 

efficiency as mouse ESCs. However, as only one clone was analysed it is important to 

extend this work to investigate if the results are clone specific. In addition, as DA neurons 

are o f particular interest it is important to analyse if iPSCs can reproducibly differentiate to 

this neuronal subtype, and if they exhibit an efficiency that is comparable to that of ESCs. 

While an end point o f neuronal differentiation was investigated here, it is clearly o f 

relevance to examine if iPSCs display characteristic neural/neuronal markers during the 

process of differentiation and if the sequence and timing o f these markers is similar in 

ESCs, as suggested by recent work (Hu et al., 2010). In particular, markers of dopaminergic 

differentiation should be examined including ADH2, Lm xla, Pitx3 and N u n i (as discussed 

previously).

Due to the enormous potential o f iPSCs, it should also be investigated if these cells can 

generate mature functional DA neurons, with evidence that functional motor neurons can 

be derived from human iPSCs (Hu et al., 2010; Boulting et al., 2011), and if this requires 

culturing with astrocytes, as discussed above. Furthermore, as co-culturing of human ESCs 

with midbrain astrocytes biased the DA neurons generated to a nigral fate (Roy et al., 

2006), it may be o f interest to analyse if this effect is replicated when iPSCs are 

differentiated by a similar manner. This will have particular relevance in relation to disease 

specific PD iPSCs, as this subset of DA neurons is particularly vulnerable during the 

disease process, and thus far no disease related phenotype has been identified in DA 

neurons derived from these cells (Soldner et al., 2009; Cooper et al., 2010; Hargus et al., 

2010). While ultimately studies must be performed with human ESCs and iPSCs, the easy 

o f handling mouse cells and the ability to easily genetically match mouse ESCs and iPSCs, 

make these cells an attractive option to determine if differences exist between the cell 

types.
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Finally, even if iPSCs can reproducibly differentiate to DA neurons with a sim ilar 

efficiency as ESCs, the problem  o f  heterogeneous cell populations post-differentiation will 

still persist. Therefore, it is likely, depending on the final application, that differentiated DA 

neurons, or their fate restricted progenitors, will need to be sorted from  the mixed cell 

population to facilitate reproducibility  across differentiation procedure. Thus markers 

which have been identified that allow DA neurons derived from  ESCs to be successfully 

labelled and isolated will m ost likely be translated to iPSCs derived DA neurons, 

highlighting the im portance o f the w ork o f  this thesis.
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