
 

1 

 

        

 

                        Chapter 1 

                                  Introduction       
  



 

2 

 

 

 

 

1.1. Common features of neurodegenerative disorders 

Neurodegenerative diseases are characterized by progressive neuronal loss in certain areas of the 

brain. The exact cause of neuronal death is still unknown. However, it is becoming clear that even 

though neurodegenerative disorders are triggered by various events, have different clinical symptoms 

and affect distinct regions of the brain, they share some common features. These include misfolding, 

aggregation and accumulation of proteins either within and/or outside the brain cells (Murphy, 2002; 

Soto, 2003), as well as ongoing chronic neuroinflammation processes (Akiyama et al., 2000a). 

The focus of the Introduction is to give an overview of how these processes contribute to the 

pathogenesis of Alzheimer’s disease (AD). 

 

1.2 Protein misfolding and neurodegenerative disorders 

A broad range of human pathologies, including neurodegenerative disease, arise from the failure of 

specific proteins to adopt or remain in their native functional conformational state. The protein folding 

process is dictated by the amino acid sequence (Anfinsen, 1973) and is supervised by chaperone 

proteins. Usually, altered polypeptide chains are eliminated via degradation machineries such as the 

ubiquitin-proteosome system. Nevertheless, in some circumstances altered proteins circumvent these 

controls and in sufficient quantities at least some misfolded proteins are prone to aggregation. This 

leads to their intracellular and/or extracellular accumulation (Booth et al., 1997). 

Misfolded polymers are rich in ß-sheet conformation whereas the native monomeric proteins are 

mainly composed of α-helical structures (Booth et al., 1997).  

Depending on the chemical characteristics of polypeptide protein chains, they can adopt multiple 

aggregated conformations such as oligomers, amorphous aggregates, amyloid fibrils, inclusion bodies 

and plaques which differ in their organization and chemical properties (Treusch et al., 2009) (Fig.1.1).  

Amyloid oligomers are structurally and morphologically diverse, raising the question of whether this 

diversity is pathologically significant and whether different types of oligomers may have different toxic 

activities. Prefibrillar oligomers are thought to be a toxic protein species and recent findings indicate 

that soluble oligomers may represent the primary pathological species in degenerative diseases 

(Sydow et al., 2010). However, the mechanisms by which misfolded proteins contribute to the 

progression of neurodegenerative diseases remains elusive.  
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Figure 1.1| Misfolded protein conformation  

Misfolded protein can form different protein assemblies, giving rise to oligomers, amorphous aggregates and 

amyloid fibrils. Oligomers are conformationally molten and can associate to form amorphous aggregates or 

convert to an amyloidogenic nucleus to initiate amyloid fibril formation. Amyloid fibrils have a highly organized 

structure due to repeating β-sheets structure and are insoluble.                           

                                                                                                             Taken from  (Treusch et al., 2009)(with permission) 
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1.3 A short history of the amyloid term 

Amyloid diseases are a group of degenerative disorders that includes amongst others Alzheimer’s 

disease (AD), Huntington’s disease (HD), Parkinson’s disease (PD) and Prion diseases. These pathologies 

are characterized by the presence of misfolded proteins which are referred to as amyloid (Fandrich, 

2007).  

What we call amyloid today has nothing to do with what it was originally meant to describe. The term 

amyloid means starch like. It derives from the Latin word amylum (meaning starch), and was first coined 

in 1838 by the German botanist Matthias Schleiden (Fandrich, 2007). In 1854 the term was used in a 

medical context by the German doctor Virchow, to describe what he thought were polysaccharide 

extracellular deposits stained with ioidine (Fandrich, 2007). Later studies showed that the deposits were 

rather a proteinaceous mass made of misfolded proteins. Some years later the examination of amyloid 

using electron microscopy and X-ray diffraction studies showed that the amyloids were protein fibrils 

with a high-content of ß-pleated sheets. Nevertheless, Virchow’s erroneous term has endured (Fandrich, 

2007).  

Nowadays, according to the Nomenclature Committee of the International Society of Amiloidosis, 

amyloid is a general term that refers to 1) a variety of extracellular deposit of unrelated insoluble 

proteins; 2) whose fibrillar structure arranged in ß-pleated sheet can be revealed by X-ray diffraction; 3) 

confers affinity for dyes such as Congo red; 4) and show green birefringence when viewed under 

polarized light (Fandrich, 2007; Westermark et al., 2005). So far, more than 25 non-related proteins have 

been shown to display the four characteristics described above that are necessary to classify a misfolded 

protein as “amyloid” (Westermark et al., 2005). Among them there is the Aß peptide of AD.  

 

 

1.4 Alzheimer’s Disease: the beginning 

The diseases that can cause dementia can be considered as old as mankind itself (Boller et al., 2007). 

However, the first official case of AD is made to coincide with the one presented by Alois Alzheimer on 

the 3rd Nov 1906 at the 37th Assembly of Southwest German psychiatrists, held in Tübingen, where he 

reported the case of Auguste D. (Alzheimer et al., 1995).  

Auguste D. was a 51-year-old woman who had been admitted to the state asylum in Frankfurt in 1901 

after experiencing cognitive and language deficits, auditory hallucinations, delusions, paranoia and 

aggressive behaviour, and was studied by Dr Alzheimer (1864–1915). After her death a brain autopsy 

revealed the presence of two neuropathological lesions. What Alzheimer referred to as “milary foci” are 

now known as neuritic or senile plaques which are made of β-amyloid peptides (Aß). The “dense bundle 

of fibrils” he described are now termed neurofibrillary tangles (NFTs) and are known to be composed of 

hyperphosphorylated tau proteins (τ). Both the structures are made of misfolded aggregated proteins 

and together represent the two distinctive hallmarks of AD (Master 1985; Iqbal 1986).  
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AD is an age-dependent form of dementia and it is characterized by neuronal degeneration and 

memory loss. Aß deposits are found in the brain parenchyma as well as in the walls of cerebral arteries 

and capillaries (cerebral amyloid angiopathy, CAA) (Weller et al., 2009). On the other hand, NFTs are 

intraneuronal accumulations of paired helical filaments (PHF) composed of abnormally 

hyperphosphorylated tau proteins. There is increasing evidence that Aß accumulates inside neurons as 

well (Gouras et al., 2000). 

In developed countries the outstanding improvements made in health and welfare have led to an 

increase in life expectancy. This has caused unprecedented economic challenges on the healthcare 

system which is in need of effective pharmacological treatments to provide support to the increasing 

number of patients suffering from AD. In 2010, in the United Kingdom (UK) 821,884 patients were 

diagnosed with dementia. This is costing to the UK economy £23 billion per year (Wood, 2010) and in 

Europe, more than 10 million people are expected to be affected by dementia by 2050.  

With this in mind it is curious that at the end of the talk Alzheimer gave, neither a question was asked 

nor comments were made (Maurer K, 2003), since the case presented by him was probably considered a 

rare disease (Boller et al., 2007). In 1910, Dr Kraepelin, Alzheimer’s colleague, coined the term 

“Alzheimer's disease”, which is still in use today to refer to the most common cause of senile dementia 

(Moller and Graeber, 1998).  

Since the first description of AD, many breakthrough discoveries have been accomplished, and without 

forgetting to acknowledge the achievements made, further research is necessary to clarify how exactly 

the pathological hallmarks relate to the degeneration of specific brain regions. A better understanding 

of the early pathopathways implicated in the progression of this neurodegenerative disorder will allow 

the design of more efficient treatments for a pathology that is age-related and is currently 

acknowledged to be the leading cause of dementia in individuals over the age of 65.  

 

 

1.5 Characterization of the beta-amyloid peptide  

The pioneering studies that led to the characterization of Aβ peptide was made in the 1980s.  

In 1984 George Glenner’s and Konrad Beyreuther’s groups independently purified and sequenced the 

Aß-pleated sheet fibrillar protein from the meningeal blood vessels of AD brains (Glenner and Wong, 

1984b). This protein was named by Glenner as Aβ (Glenner and Wong, 1984b). The amino acid sequence 

analysis showed it to be homologous to the protein found in cerebrovascular amyloidosis associated 

with Down’s syndrome (DS), a chromosomal disorder caused by the presence of all or part of an extra 

chromosome 21 (Glenner and Wong, 1984a).  

The suspicion that AD was somehow related to chromosome 21 was strengthened by the fact that 

individuals affected by DS, who survived to middle age, were prone to suffer from AD-like dementia 

(Glenner and Murphy, 1989; Wisniewski et al., 1985). These findings suggested that Aβ was involved in 
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the development of the disease and in subsequent years research focused intensively on this peptide. In 

1987 the amyloid protein precursor (APP) gene was cloned independently in four laboratories 

(Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 1987). However, only Kang et 

al sequenced the entire APP cDNA (1987).  

 

 

1.6 APP processing and Aß peptide generation  

Since its discovery intense studies have been centred on the APP gene and protein; nevertheless its 

function still remains elusive (Zheng and Koo, 2006). This has been partly due to a lack of a striking 

phenotype associated with the App knockout mouse (Heber et al., 2000; Zheng et al., 1995). 

In mammals APP is part of a larger gene family that includes APP-like proteins 1 and 2 (APLP1 and 

APLP2). These proteins share several conserved motifs, however the Aβ peptide is unique to APP (Suzuki 

et al., 2000). Whereas APP and APLP2 are ubiquitously expressed, APLP1 is restricted to the nervous 

system (Suzuki et al., 2000). In humans the APP gene has been localized on chromosome 21 (St George-

Hyslop et al., 1987) and it encodes a ubiquitously expressed type 1 membrane glycoprotein which has a 

long extracellular amino acid domain, a transmembrane domain and a short cytoplasmic domain. The 

APP gene contains 18 exons in 240 kilobases (Yoshikai et al., 1990) and alternative splicing gives rise to 

three main protein isoforms: APP770, APP751 and APP695. The APP751 and APP770 isoforms are 

ubiquitously expressed, while APP695 is mainly represented in neurons.  

APP protein can be sequentially processed by three proteases, known as α, β and γ secretases, in two 

alternative ways (Fig. 1.2).  

In the non-amyloidogenic pathway (Fig. 1.2B), APP is first cut by the α-secretase within the region Aβ 

itself (687aa), therefore precluding its formation. This cleavage causes the release of a soluble fragment 

termed sAPPα leaving the transmembrane C-terminal fragment (C83). The C83 fragment is subsequently 

hydrolysed by the γ-secretase complex which is made of four proteins that include presenilin 1 and 2 

(PS1/2), nicastrin, and APH-1 (anterior pharynx-defective 1). The further cleavage of the C83 fragment 

by γ-secretase releases a product known as P3 and an APP intracellular domain (AICD).  

In the amyloidogenic pathway (Fig. 1.2C) the ß-secretase (also known as BACE-1) mediates the primary 

amyloidogenic cleavage of APP that generates Aß peptides (Cai et al., 2001). 

BACE-1 is highly expressed in the brain and is a membrane bound aspartyl protease whose APP 

hydrolysis releases a soluble fragment called sAPPβ and a transmembrane domain (C99) (Citron et al., 

1996; Sinha et al., 1999). Further cleavage of this C99 domain by the γ-secretase releases the AICD 

peptides and the 4KDa Aß peptide whose length can vary between 39 to 43 amino acids.  

In the pathway described above the ß-secretase cleavage is of key importance. If the cleavage is 

between amino acids 712 and 713, Aß40 is produced and if the ß-secretase cuts after amino acid 714, the 

larger Aß42 is formed.  
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ß peptides are normal metabolites generated in healthy people. However, in physiological conditions 

the majority of the secreted Aß peptides are represented by the short soluble Aß40 variety, while 

approximately 10% of the secreted Aß peptide is comprised of the more insoluble and fibrillogenic 

isoforms Aß42 (Citron et al., 1996; Iwatsubo et al., 1994). This balance can be altered by missense 

mutations in the APP gene clustered around the α, β or γ secretases (De Jonghe et al., 2001) or by 

mutation in the presenilin proteins (Scheuner et al., 1996). 

 

 

1.7 Neurofibrillary tangles  

In addition to Aβ and APP the other misfolded protein involved in AD is τ protein. τ was first described 

in the 1970s as a protein that physiologically stabilizes microtubules (Weingarten et al., 1975). 

Microtubules, together with intermediate filaments and microfilaments are the proteins composing 

the cytoskeleton and play a major role in establishing and maintaining the regional specialization within 

neurons. Further studies demonstrated that τ is a phosphoprotein and that τ phosphorylation negatively 

regulates its ability to stimulate microtubule assembly (Cleveland et al., 1977). A few years later it was 

reported that NFTs were essentially made by polymers of paired helical filaments (PHF) of abnormally 

phosphorylated microtubule-associated protein (MAP) τ (Grundke-Iqbal et al., 1986) which following 

hyperphosphorylation, tends to aggregate. Subsequently, it was reported that microtubule assembly in 

brain extracts from AD cases is impaired and that the hyperphosphorylation of τ may contribute to this 

deficit (Iqbal et al., 1986). 

From a structural point of view, within the brain two main τ domains have been recognized: 1) the 

projection domain and; 2) the C-terminal microtubule binding domain. The ability of τ to bind to 

microtubules is regulated by its level of phosphorylation in the microtubule-binding site. In AD τ tends to 

be abnormally phosphorylated as suggested by the finding that in AD τ is phosphorylated at sites not 

found in autopsy-derived adult normal human brains (Matsuo et al., 1994).  

 

1.7.1 Mechanisms involved in τ hyperphosphorylation 

The state of phosphorylation of a phosphoprotein is a function of the balance between the activities of 

protein kinases and protein phosphatases. Abnormal phosphorylation of τ on amino acids located in the 

microtubule binding region decrease the affinity of τ for microtubules and makes τ insoluble (Matsuo et 

al., 1994).  

In AD, τ is phosphorylated at more than 30 serine/threonine residues (Hanger et al., 1998; Morishima-

Kawashima et al., 1995) and the amino acid Ser262 and Thr231 seem to be the two major sites whose 

phosphorylation inhibits the binding of τ to microtubules (Sengupta et al., 1998).  



 

9 

 

The major mechanisms accounting for τ hyperphosphorylation seem to be a loss of phosphatases 

activity (Gong et al., 1993; Iqbal and Grundke-Iqbal, 1998; Matsuo et al., 1994) and a misregulation of 

kinases involved in τ phosphorylation (Wang et al., 2007b). 

Some of the protein kinases that are known to phosphorylate τ include: glycogen synthase kinase 3 

beta (GSK-3β), cyclin-dependent protein kinase 5 (cdk5), protein kinase A (PKA) and CamKII (Singh et al., 

1995; Wang et al., 2007b). Among these, GSK-3β seems to be the most likely kinase involved in τ 

hyperphosphorylation (Hanger et al., 1992; Ishiguro et al., 1992; Lovestone et al., 1994).  

The GSK-3β-τ connection per se is well documented in the field; however, a major unresolved issue is 

the mechanism of GSK-3β activation. In vivo, mice engineered to over express GSK-3β display τ 

hyperphosphorylation (Lucas et al., 2001). In vitro and in vivo studies have indicated that overexpression 

of Dickkopf-1 (DKK-1) might account for GSK-3β misregulation (Chapter 4) (Caricasole et al., 2004; 

Matrisciano et al., 2011; Rosi et al., 2010). 

 

 

1.8 Alzheimer’s disease aetiology 

The suggestion that AD might have a genetic component came from the observation that the disorder 

occurred at high frequency in some families. Three genes APP, PS1 and PS2 have been linked to the early 

onset familial AD (EOAD). However, the most common form of the disease, the late onset Alzheimer's 

disease (LOAD) is sporadic and so far the only genetic risk factor associated with this onset has been the 

allele 4 of Apolipoprotein E (ApoE4) (Corder et al., 1993) 

 

1.8.1 Early onset of Alzheimer’s disease 

Early onset AD (EOAD) accounts only for ~5% of all AD cases and individuals affected by the EOAD start 

to manifest the symptoms associated with the disease as early as 40-years of age. This uncommon form 

of AD is characterized by a genetic predisposition that has been confirmed by genetic linkage analysis. 

The genes implicated in the EOAD are APP, presenilin 1 (PS1) and presenilin 2 (PS2), which are localized 

respectively on chromosome 21, 14 and 1. Generally, all the mutations altering the genes encoding APP, 

PS1 and PS2 cause a higher production of the Aß42 peptide (Citron et al., 1992; Suzuki et al., 1994).  

The first APP published mutation was described in 1991 (Goate et al., 1991) (Fig.1.3). Since then many 

others mutations have been described and up to date lists are maintained on the following websites:  

 

The APP mutations have been named according to either to the place where they were first described or 

according to the nationality of the patients. The APP “London mutation” alters a single amino acid 

located at codon 717 and results in a V717I amino acid substitution within the transmembrane domain 

of APP protein (Goate et al., 1991). An additional mutation found in the same location is known as the 

“Indiana mutation” and causes the V717F amino acid substitution (Murrell et al., 1991). Analysis of two 

 http://www.alzforum.org/res/com/mut/app/table1.asp 

 

www.molgen.ua.ac.be/ADMutations/  

http://www.alzforum.org/res/com/mut/app/table1.asp
http://www.molgen.ua.ac.be/ADMutations/%20)
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large Swedish families with EOAD also allowed the identification of a mutation known as the “Swedish 

mutation” (K670N, M671L) (Mullan et al., 1992). The the APP “Florida mutation “alters a single amino 

acid located at codon 716 and results in a I716V amino acid substitution (Eckman et al., 1997). 

Other mutations associated with the EOAD affect the PS1 and PS2 proteins that are part of the γ-

secretase complex. The first mutation identified in PS1 was found by Sherringhton and co-workers 

(1995) and one mutation was reported the same year in PS2 (Levy-Lahad et al., 1995). However, PS2 

mutations are rarer than PS1 mutations and more than 160 mutations associated with PS1 gene 

sequence have been described ( http://www.molgen.ua.ac.be/ADMutations). 

 

1.8.2 Late-Onset of Alzheimer’s disease  

Late-onset AD (LOAD) is the most common form of the illness affecting about 95% of AD sufferers and 

usually occurs in people over the age of 65. Although the mutations found in APP, PS1 and PS2 genes 

have shed light on mechanisms involved in the aetiology of EOAD, these gene mutations account for 

only a small percentage of all AD cases and LOAD is not associated with the mutations found in EOAD. 

This implies that other genetic mechanisms contribute to the disease.  

To date the only genetic risk factor that has been associated with developing LOAD is related to the 

inheritance of the ε4 allele of the lipid-carrier protein apolipoprotein E (ApoE4) (Corder et al., 1993; 

Strittmatter et al., 1993). However, it needs to be considered that 50% of AD cases do not carry an 

ApoE4 allele suggesting that other risk factors are probably involved (Myers et al., 2000).  

Recently the use of genome-wide association studies (GWAS), besides confirming ApoE4 as a genetic 

risk factor for LOAD, have also added other candidate genes. These include complement receptor 1 

(CR1), phosphatidylinositol binding clathrin assembly protein (PICALM) and Clusterin (Ertekin-Taner, 

2010; Jun et al., 2010).  

The human ApoE gene is located on chromosome 19 (Corder et al., 1993). There are three major 

isoforms of ApoE that result from single amino acid substitutions: ApoE2 has cysteines at positions 112 

and 158; ApoE3 has a cysteine at position 112 and an arginine at position 158; and ApoE4 has arginines 

at positions 112 and 158 (Poirier, 1994). These single amino acid changes result in functional differences 

in ApoE isoforms, including their relative binding affinities for lipoproteins and ApoE receptors. About 

25% of the population is heterozygous for ApoE4.  

The risk of developing AD conferred by ApoE4 allele increases in a dose-dependent manner. Individuals 

that are homozygous for ApoE4 alleles are eight times more likely to develop AD than homozygotes for 

ApoE3 (Fujita et al., 1999). The ApoE2 isoform is found in 7-8% of the population. Even if the association 

of the ApoE4 allele with AD is well characterized its role in AD pathogenesis is still unclear.  

 

 

 

http://www.molgen.ua.ac.be/ADMutations
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Figure 1.3 APP familial Alzheimer‘s disease mutations  

The main APP mutations that influence secretase cleavage are the “Swedish mutation”, which promote ß-

secretase cleavage and the “London-and Indiana mutations” which alter γ-secretase cleavage to increase the 

Aß42⁄Aß40 ratio. Mouse models for these and others APP mutations have been generated (Section 1.12).(TM, 

transmembrane domain) 

                                                                                                          Adapted from (Philipson et al., 2010) 
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1.9 Neuroinflammation and neurodegeneration in Alzheimer’s disease 

AD is also characterized by extensive inflammatory processes (Akiyama et al., 2000b). The presence of 

immune-related antigens and immune cells around amyloid plaques has been reported since the ‘80s 

(Rogers et al., 1988), and it has been confirmed over the years (McGeer and McGeer, 2010). The delay in 

considering a role of inflammation in AD has been influenced from the knowledge that the CNS is an 

immune-privileged organ. This characteristic is conferred by the blood-brain barrier (BBB), a complex 

membrane made of endothelial cells, perycites and astrocytes, which limit the entry of peripheral cells 

and substances into the brain (Section 1.10.2). 

The BBB ensures that inflammation in the brain is different from inflammation processes that take 

place in the periphery, as it restricts invasion of the CNS by immune responsive cells. However, it has 

been shown that in physiologic conditions the BBB allows the passage of activated T cells (DeLegge and 

Smoke, 2008; Gao and Hong, 2008; Zipp and Aktas, 2006).  

In general, inflammation is an attempt by the organism to remove the injurious stimuli and to initiate 

the healing process. However, depending on the intensity and length of the process, inflammation can 

be classified as either acute or chronic and has beneficial of detrimental side effects. The main view is 

that brain inflammation is started by the accumulation of misfolded proteins, is sustained by the 

activation of glial cells, mainly microglia and astrocytes, and is worsened by the production of 

inflammatory cytokines, complement components, toxic free radicals and other immune mediators 

(Akiyama et al., 2000b). These molecules orchestrate neurotoxic signalling which amplifies and 

propagate the pathological pathways started by the misfolded proteins and plays a crucial role in the 

pathogenesis and progression of neurodegeneration. 

 

 

1.9.1 Cells mediators of inflammation in the CNS 

1.9.1.1 Microglia and Astrocytes  

Microglia cells have the ability to secrete pro-inflammatory and anti-inflammatory bioactive 

mediators. In AD and other neurodegenerative diseases, both microglia and astrocytes are in a pro-

inflammatory state. Microglia are cells of mesodermal origin and their precursor is represented by bone 

marrow hematopoietic cells which populate the CNS during early fetal life.  

Microglia cells represent the first and main form of immune defence in the central nervous system 

(CNS). Similarly to peripheral macrophages, microglia express major histocomaptibility complex type II 

(MHCII) and are able to secrete bioactive mediators such as pro-inflammatory cytokines, chemokines, 

reactive oxygen species (ROS) and complement proteins. Nevertheless, the role of microglia in AD is 

controversial and the debate is far away from being resolved. Indeed, there is published work showing 

the neuroprotective effect of microglia against Aß by phagocytosis (Boissonneault et al., 2009). On the 
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other hand there is evidence of the neurotoxic effect of microglia due to activation and secretion of 

neurotoxins which are thought to cause neurodegeneration (Hoos et al., 2007).  

Astrocytes are the other class of glial cells involved in immunological roles in the CNS.  

When stimulated by cytokines, astrocytes are able to express MHCII and they can act as antigen-

presenting cells (Frohman et al., 1989). In addition astrocytes are able to secrete molecules of the 

complement system which is part of the innate immune system (Levi-Strauss and Mallat, 1987). 

 

 

1.10. The emerging role of astrocytes in brain functions 

Astrocytes greatly outnumber neurons and represent the predominant glial cell type (Kimelberg and 

Norenberg, 1989). Astrocytes are the most functionally diverse cell type in the CNS, and this can be 

appreciated by their involvement in the inflammatory process, synaptic transmission (Araque et al., 

1999) and structural integrity of the BBB (Abbott et al., 2006). 

 

1.10.1 Tripartite synapses 

Once considered to be merely a cellular layer filling the interneuronal space and gluing neurons 

together (hence the term ‘‘glia’’), astrocytes are now receiving increasing attention. In the last two 

decades two main findings made the role of astrocytes in signal transmission clear (Marrero et al., 1989; 

Usowicz et al., 1989). This include, their ability to respond to glutamate through elevation of 

intracellular Ca2+ (Cornell-Bell et al., 1990) and their ability to release glutamate therefore provoking 

neuronal responses (Hassinger et al., 1995; Parpura et al., 1994). Astrocytes take part actively in 

neurotransmission by responding to neurotransmitters and by secreting gliotransmitters, mainly in a 

Ca2+-dependent manner. Gliotransmitters include glutamate, D-serine, ATP, adenosine, TNFα, and are 

able to influence specific classes of neurons to modulate their signalling activity (Paixao and Klein, 2010). 

These discovereries aroused interest for further research and opened the way to the concept of the 

“tripartite synapse” (Araque et al., 1999). This term serves to highlight the role of astrocytes in the 

neuronal signalling and to consider astrocytes as the third element that takes part in synaptic 

transmission which was previously thought to involve only the pre- and post-synaptic neurons. 

 

1.10.2 Blood-brain barrier  

In the brain the endothelial cells that line cerebral microvessels are joined by tight junctions, 

surrounded by perycites, (mesenchymal-like cell) and enclosed by the end-feet processes of astrocytes. 

This cellular organization forms a structure that is known as the blood-brain barrier (BBB). The BBB is 

responsible for the compartmentalization of the cerebral vascular space which ensures the maintenance 

of brain homeostasis. Although the term “barrier” may appear to imply a rigid structure, the BBB 

regulates tightly, but dynamically, the transport of molecules into and from the brain.  
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Transport through the BBB is mediated by receptors that can modulate BBB permeability by 

responding to signals coming from the surrounding environment. In this way the BBB takes an active 

part in signalling between the brain and blood. The integrity of the BBB is crucial for neuronal signalling. 

 

 

1.11 Alzheimer’s disease hypothesis: searching for the cause 

Several hypotheses have been postulated in an attempt to explain the causes of AD. The discovery of a 

connection between memory loss and cholinergic dysfunction in AD brains led to the formulation of the 

“cholinergic hypothesis” of AD (Davies and Maloney, 1976). This proposes that AD arises as a 

consequence of a reduction in the neurotransmitter acetylcholine. Further studies confirmed this link 

and it has been translated into treatments. Indeed most of the currently available therapies inhibit 

acetylcholine hydrolysis (Lleo et al., 2006). However, although the deficit of acetylcholine is involved in 

AD, the cholinergic hypothesis has not maintained widespread support mainly because medications 

intending to treat acetylcholine deficiency have not been very effective.  

So far the most corroborated theory has been the“amyloid hypothesis” of AD which is based on 

molecular defects observed in autosomal-dominant early-onset Alzheimer’s disease (EOAD).  

Since the “amyloid hypothesis” has influenced the last two decades of AD research and drug discovery, 

I will mainly focus on this theory.  

 

1.11.1 Amyloid hypothesis of Alzheimer’s disease  

The “amyloid hypothesis” of AD predicts that an accumulation of Aß plaques trigger a chain of 

pathological events that are causative of AD (Hardy and Higgins, 1992). In this view, the formation of 

neurofibrillary tangles, the cellular loss, the vascular damage and the dementia, follow as a direct result 

of Aβ deposition. It was formulated in the early 90s on the basis of the findings started in the 80s which 

showed a centrality of APP and Aß in AD pathogenesis. The “amyloid hypothesis” has been reinforced by 

observations that generally mutations in all the genes known so far to be linked to the FAD (APP, PSEN1, 

PSEN2), lead in vitro or in vivo, to an increase of the Aß42 isoform (Citron et al., 1997; Scheuner et al., 

1996; Suzuki et al., 1994).  

The “amyloid hypothesis” has undergone modifications mainly concerning the Aß species responsible 

for the pathology (Pimplikar, 2009). The need to review the original statement has come from the lack 

of correlation between extracellular Aβ plaques and cognitive decline observed in AD patients 

(Aizenstein et al., 2008). It is therefore unclear if Aβ deposition is itself pathogenic. Furthermore, 

deposition of Aβ can be found in brains of (apparently) non-demented people (Bennett et al., 2006; 

Price et al., 2009), although this does not exclude the possibility that these people might develop 

cognitive impairment later in life (Morris et al., 2009).  
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The “amyloid hypothesis” predicts that Aβ should initiate tangle dysfunction; however, there is a lack 

of overlap between amyloid plaque deposition and NFTs and the two hallmarks are also temporally and 

spatially separated (Braak and Braak, 1997; Braak et al., 1998). 

Plaques are first observed in the neocortex, subsequently spread to the hippocampus and in the later 

stages of the disease they are found in the cortical areas. By contrast, NFTs are first observed in the 

enthorinal cortex, then in the hippocampus and eventually throughout the neocortex (Braak and Braak, 

1997; Braak et al., 1998).  

Studies have also indicated that NFTs correlate well with cognitive impairments and memory deficits 

(Haroutunian et al., 1999; Riley et al., 2002), while a clear correlation between Aβ deposits and cognitive 

impairment is less obvious (Lue et al., 1999). Consequently, there has been a consistent group of 

researchers arguing that τ tangles rather than the formation of plaques play a central role in AD. Yet, the 

identification of pathogenic mutations in the τ-encoding gene (MAPT) has never been linked to AD. τ  

mutatons have been found in a less common but devastating dementia, the frontotemporal dementia 

which is linked to chromosome 17 (FTDP-17) (Poorkaj et al., 1998). Although it proved that τ dysfunction 

can be sufficient to cause neurodegeneration, the lack of plaques in FTDP-17 has given weight to the 

amyloid hypothesis that places τ downstream of Aβ. Nevertheless, the Achilles’ heel of the Aß 

hypothesis has been the lack of a biochemical link between these two hallmarks, Aβ plaques and NFTs.  

Moreover, the “amyloid hypothesis” has been weakened by the difficulty of reproducing in in vivo 

mouse models, overexpressing mutated versions of APP, the neuronal loss seen in AD (Section 1.12) and 

in humans, by the lack of recovery following drug treatments aiming at plaques removal (Section 

1.14.2).  

As Aβ oligomers have been shown to be toxic (Lambert et al., 1998; McLean et al., 1999), some studies 

have suggested that the neurodegeneration process seen in AD might be caused by either soluble 

oligomers of Aß (Haass and Selkoe, 2007; Sakono and Zako, 2010) or by an accumulation of C-terminal 

fragments resulting from APP processing or from an accumulation of intracellular domain of APP protein 

(Ghosal et al., 2009). Gouras and his collaborators (2000) pioneered the idea that AD-related Aβ 

pathology begins inside neurons, and precedes both NFTs and Aβ plaque deposition. Over more than a 

decade, Gouras (2010) and a few others have continued to gather evidence that the initial observations 

made in the AD brain hold true in mouse models of AD (Oddo et al., 2003a). However, in at least one 

study intraneuronal Aβ immunoreactivity did not predict brain amyloidosis or neurofibrillary 

degeneration (Wegiel et al., 2007). 

 

 

1.12 Modelling Alzheimer’s disease features in mice  

Animal models are an essential tool for the study of pathologic mechanisms. The ideal animal model 

for biomedical research would naturally develop the disease, recapitulating all the clinical features seen 
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in humans. However, this scenario is rarely the case and AD is not an exception. Therefore, in an effort 

to reproduce in animals the pathological AD traits observed in humans, transgenic mice with the related 

AD gene mutations have been developed. To test the hypothesis that overexpression of APP led to the 

deposition of Aß, mouse models engineered to express wild type APP were developed (Lamb et al., 

1993; Quon et al., 1991). These models did not exhibit a convincing phenotype.  

What is considered the first mouse model of AD was generated in 1995 (Games et al., 1995). This 

mouse overexpresses the APP Indiana mutation (Figure 1.3). Since then at least a dozen AD mouse 

models with EOAD mutations have been generated and the Alzheimer Research Forum website 

http://www.alzforum.org/res/com/tra/default.asp contains important up-to-date information of the 

numerous strains under constant development. Some of these models have been extensively 

characterized and will be discussed. So far none of these models have developed all the pathologic 

phenotypes seen in AD (Ashe and Zahs, 2010). Below I provide a brief description of the best 

characterized mouse models of AD and of the ones more often used in preclinical trials.  

 

PDAPP The PDAPP (platelet-derived growth factor promoter expressing amyloid precursor protein) is 

considered the first model recapitulating some of the features of AD. It was generated by pronuclear 

injection (Games et al., 1995) and it has the human APP cDNA with the Indiana mutation (V717F) driven 

by the neuronal hPDGFß promoter (Sasahara et al., 1991). This transgenic line at around 6-8 months 

develops amyloid deposits. Alteration of synaptic transmission and plasticity has been reported in 

animal models at 4-5 months, prior to the formation of Aβ deposits (Larson et al., 1999). However, NFTs 

and global neuronal loss has not been observed (Irizarry et al., 1997). Gliosis and hippocampal atrophy 

have also been reported (Chen et al., 1998; Games et al., 1995) as well as a decrease in neurogenesis 

(Donovan et al., 2006).  

 

Tg2576 The transgenic mouse model Tg2576, generated in 1996 by Hsiao et al (1996), is one of the most 

extensively used AD mouse models. It expresses the human APP cDNA695 with the double Swedish 

mutation (K607N and M671L) under the control of the hamster prion gene (PrP) promoter. This model 

develops measurable levels of soluble Aβ40 and Aβ42 by 6 months of age and amyloid plaque deposition 

in cortex, hippocampus and amygdala by 10 months of age. Gliosis has been observed, but the extensive 

neuronal loss seen in humans is not present. Cognitive impairments have also been described (Ognibene 

et al., 2005).  

 

APP23 The transgenic APP23 model expresses the human APP cDNA751 with the Swedish mutation under 

the control of the neuronal mouse Thy-1 gene promoter (Sturchler-Pierrat et al., 1997). Amyloid plaques 

are detected at around 6-7 months of age and plaque-deposition load is age-dependent (Sturchler-

Pierrat and Staufenbiel, 2000). Associated with the amyloid are gliosis neuritic and synaptic 
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degeneration as well as tau hyperphosphorylation (Sturchler-Pierrat and Staufenbiel, 2000). The APP23 

mouse has a reduced neuron number in the hippocampal CA1  region (Sturchler-Pierrat and Staufenbiel, 

2000) and cognitive impairment has also been described (Lalonde et al., 2002; Van Dam et al., 2003). 

 

TgCRND8 The TgCRND8 transgenic line is another of the most extensively studied models of AD. It was 

developed in 2001 (Chishti et al., 2001) and expresses the human APP cDNA695 Swedish mutation 

(KM670/671/NL) together with the Indiana mutation (V717F), driven by the hamster prion promoter 

(Prp) Amyloid plaque deposition is detectable as early as 3 months of age together with gliosis (Dudal et 

al., 2004). Cognitive impairment has also been described (Lovasic et al., 2005).  

 

These models have confirmed that APP mutations cause a phenotype that mirrors some of the 

characteristic features seen in AD. Nonetheless, the presence of NFTs and the massive neuronal loss, 

which are the most striking features of AD, are not observed in these models. Therefore mouse models 

with mutations in other genes involved in FAD such as presenilins have been developed.  

 

APP/PS In general, double transgenic mice expressing forms of both human APP and presenilin-1 

transgenes that incorporate mutations identified in families with inherited Alzheimer's disease have a 

high ratio of Aß42/Aß40 and develop large amounts of Aß amyloid deposits, resembling that of end-stage 

human AD (Citron et al., 1997; Duff et al., 1996). Even though the double transgenic mice show a more 

severe phenotype than their single transgenic counterparts, neurodegeneration does not occur. As 

result the trend has been to create models with more mutations. 

 

3xTgAD In an attempt to recapitulate in animal models a more complete picture of AD further mutated 

genes have been added. In 2003 a triple transgenic model (3×Tg-AD) was described (Oddo et al., 2003b). 

This mouse model has the human APP Swedish mutation (KM670/671NL), the tau mutation (P301L) and 

the PSEN1 mutations (M146V) (Oddo et al., 2003b). The triple transgenic mouse was obtained by 

microinjecting two independent transgenes encoding human APP Swedish mutation and human tau 

P301L (both under control of the mouse Thy-1.2 regulatory element). 3xTg-AD mice progressively 

develop plaques and tangles. However, synaptic dysfunction manifests before plaque and tangle 

pathology. Moreover consistently with the amyloid hypothesis, in the 3xTg-AD mice Aβ deposition 

develops prior to the tangle pathology, (Oddo et al., 2003a).  

 

5xFAD Transgenic mice that express FAD mutant APP and PSEN1 overproduce Aβ42 and exhibit amyloid 

plaque pathology similar to that found in AD, but most transgenic models develop plaques slowly. To 

accelerate plaque development and investigate the effects of very high cerebral Aβ42 levels, the 

Swedish, Florida and London mutations were introduced into the APP695 cDNA by site direct 
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mutagenesis. Two mutations (M146L and L286V) were also added in the PSEN1 cDNA. The transgenes 

under the control of the mouse Thy-1 gene promoter were added together in equal proportions and 

microinjected into the pronuclei of single-cell. The resultant mouse line known as 5XFAD (Oakley et al., 

2006) starts to develop amyloid deposition (and gliosis) at 2 months and reaches a very large burden, 

especially in subiculum and deep cortical layers. At around 4 months, this mouse model displays 

synaptic loss, and learning and memory deficits.  

 

Whether these multitransgenic mice are a better model of AD is questionable. For instance, in the 

3xTg mouse a mutated version of τ has been included, although, no such mutation has ever been linked 

to AD. 

 

 

1.13 An overview of the drug discovery process 

Drug discovery is the process by which drugs are designed. Targets for therapeutic intervention are 

mainly represented by proteins, polysaccharides, lipids and nucleic acids (Hopkins and Groom, 2002) 

and about 30% of all pharmaceutical prescriptions on the market target G-protein-coupled receptors (G-

PCRs) (Overington et al., 2006). For drug discovery, only targets predicted to be modulated by high 

specificity binding to a drug-like molecule can be selected (druggability) (Keller et al., 2006). Only 10% of 

the human protein-coding genes fulfil these requirements and the number becomes even smaller if 

considering that the druggable target needs to be linked with the disease.  

The discovery of new therapeutics can be summarised in four main steps (Sams-Dodd, 2005). It begins 

with the identification of the drug target (target identification). This phase is followed by the drug target 

validation (Smith, 2003). After a drug target has been identified, large libraries of chemicals are usually 

tested for their ability to modify the target. This is known as the Hit-to-Lead phase (HTS) (Kenny et al., 

1998). This stage should lead to the identification of compounds with selectivity for the potential target 

(lead identification). Then compounds are evaluated from a chemical point of view and their interaction 

with the target is optimised (lead optimization). Next, the chosen molecules are modified to improve the 

binding and the selectivity with the target and to enhance safety. To test these features, in vitro and in 

vivo research models that resemble the human context as much as possible are required.  

Following the validation of safety and efficacy based on in vitro studies and in vivo animal data, 

identified compounds can enter experimentation in human clinical trial. First, a small number of healthy 

volunteers receive the substance (Phase I), then it is tested in a small cohort of patients (Phase II) and 

finally on a large patient cohort (Phase III). The chance of success for a new potential drug is dependent 

on the quality of the target and the quality of the chemical compound which can be optimised by use of 

appropriate transgenic technologies (Tornell and Snaith, 2002).  
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1.14 Alzheimer’s disease drug discovery 

1.14.1 Current Alzheimer’s disease therapies  

The neuropathology of AD is characterized by early loss of basal forebrain cholinergic neurons. This 

leads to a depletion of the neurotransmitter acetylcholine. Drugs aiming at improve cholinergic 

neurotransmission by enhancing acetylcholine levels have been developed. The drugs presently 

available on the market are essentially cholinesterase inhibitors (AChEI). These are mostly palliative 

treatments and target the symptomatic deficits of the disease by slowing the cognitive decline only 

temporally, and have a modest clinical benefit.  

More recently, a novel compound (Memantine) has been introduced. It reduces the effects of 

glutamate toxicity and is mainly used in combination with AChEI (Chohan and Iqbal, 2006). However, 

Memantine is not recommended by the UK's National Institute for Clinical Excellence (NICE) on the 

grounds that its high cost outweighs the benefits of treatment in most patients 

(http://guidance.nice.org.uk/TA111). 

 

1.14.2. Alzheimer’ disease drugs based on Aβ targeting  

The “amyloid hypothesis” has influenced the direction to pursue to find pharmacological interventions 

able to reverse or halt the cognitive decline seen in AD.  

So far, most of the research has focused on either limiting the production of the amyloidogenic Aß 

fragment itself, or on its removal and prevention of Aβ aggregation. 80% of therapeutic molecules in the 

pipeline are centred on Aß. Aß-aggregation blockers, Aß vaccine and secretase inhibitors have been 

tested in human trials. So far none of these treatments have been proved either to be completely safe 

or to reproduce the often promising results obtained in transgenic animal models.  

 

1.14.2.1 Drugs to prevent Aß aggregation  

Compounds able to inhibit Aß oligomerization are thought to offer a therapeutic option. It has been 

shown that Aß oligomerization is influenced by metal metabolism (Bush et al., 1994; Multhaup et al., 

1996). Molecules able to modulate this pathway have been developed. Among the chelator compounds 

there are PTB1 (Clioquinol) and PTB2. In addition, there is also evidence that inositol stereoisomers 

stabilizes small aggregates of Aβ42 and inhibit Aβ-induced toxicity (McLaurin et al., 2000). Therefore 

these compounds have been considered as a therapeutical option for treating AD. Among them, Scyllo-

inositol (also known as ELND005 and AZD-103), has been tested in clinical trials. 

 

Clioquinol (PBT1) 

The initial correlation between the misregulation of brain metals homeostasis and the pathogenesis 

of AD came from findings suggesting a role of metal metabolism in the neuropathogenesis of 

http://guidance.nice.org.uk/TA111
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Alzheimer's disease (Bush et al., 1994; Multhaup et al., 1996). PTB1 is a drug that affects the Cu2+ and 

Zn2+-mediated toxic oligomerisation of Aβ.  

In vivo oral administration of PTB1 (30 mg/day) to 21 month-old Tg2576 mice for 9 weeks reduced 

brain Aß burden by 50% as confirmed by immunohistochemical analysis (Cherny et al., 2001). 

Moreover, the PTB1 treatment had no obvious side effects on treated mice which showed an improved 

performance in behavioural tasks (Cherny et al., 2001). Following these promising preclinical study 

results, PTB1 was tested in clinical trials (Regland et al., 2001; Ritchie et al., 2003). A cohort of 20 

patients with Alzheimer’s disease was treated with PTB1 for 3 weeks. The study was blind to the dosages 

and included no controls. Out of the 20 patients, 10 patients were treated at doses of 20 mg/day and the 

remaining 10 patients were treated at 80 mg/day. In this open study clinical ratings showed slight 

improvement after 3 weeks treatment with PTB1 (Regland et al., 2001).  

Another pilot Phase II clinical trial followed (Ritchie et al., 2003). The study was a double-blind, 

placebo-controlled, parallel-group randomized design conducted on 36 patients with moderately severe 

Alzheimer’s disease. Sufficient data for protocol analysis were collected from 32 out of the 36 

committed. The oral dosage of PTB1 was 125 mg twice daily from weeks 0 to 12, 250 mg twice daily from 

weeks 13 to 24, and 375 mg twice daily from weeks 25 to 36 (Ritchie et al., 2003). Safety analysis was 

conducted on all data irrespective of the stage reached in the trial. Serious adverse events developed in 

5 subjects and one out five cases was considered to be possibly attributable to PTB1 and in this subject 

symptoms resolved on treatment cessation. Four non attributable serious adverse events were recorded: 

1 death due to intracranial haemorrhage (placebo group) and 3 hospitalizations for hip pain (placebo 

group), syncope due to impaired cardiac function (PTB1 group), and confusion (placebo group).  

The pilot Phase II study supported further investigation of PTB1 in human trials. However, the 

anticipated Phase II/III clinical trial of PBT1 was halted before even starting due to manufacturing 

problems which were causing the formation of a toxic by-product (Fagan, 2005).  

The toxicity associated with PTB1 is not all unexpected (Cahoon, 2009) and this issue has been 

circumvented by the development of PTB2 which has the same Aß anti-aggregant properties as PTB1. 

PTB2 has been proved to ameliorate memory deficits in two animal models of AD, APP/PS and 

Tg2576 (Adlard et al., 2008). Experimental groups of 8 months of age of APP/PS were treated with PTB1 

(30 mg/day) and PBT2 (10–30 mg/day) for a total period of either 11 or 35 days during which they were 

assessed in the Morris water maze (MWM). Experimental group of Tg2576 animals at around 13.5 

months of age was also used. Tg2576 mice were treated with PBT2 (30 mg/day) for a total period of 11 

days, during which they were subject to assessment in the MWM. PBT2 outperformed PTB1 by markedly 

decreasing soluble interstitial brain Aß within hours and improving cognitive performance to exceed that 

of normal littermate controls within days (Adlard et al., 2008). 

To test the beneficial effects of PTB2 in subject affected by AD, 78 patients over age 55 years were 

recruited in a 12-week, double-blind, randomised trial (Lannfelt et al., 2008) and out of the 78 
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committed, 74 patients completed the study. The drug doses were randomly allocated and 20 received 

50 mg/day PBT2; 29 received 250 mg/day PBT2 and 29 received placebo. During the trial 42 patients had 

at least one treatment emergent adverse event (10 on PBT2 50 mg; 18 on PBT2 250 mg; and 14 on 

placebo). However, as overall the 250 mg dose of PBT2 was well-tolerated and significantly lowered 

cerebrospinal fluid (CSF) levels of Aβ42. (Lannfelt et al., 2008). The beneficial effects of the PTB2 

treatment have been supported by follow-up studies (Faux et al., 2010) encouraging a larger-scale 

testing of PBT2 for AD. 

 

Scyllo-inositol (ELND005 or AZD-103)  

Inositol comes in nine possible stereoisomeric forms (Ozaki et al., 2010) and among them the scyllo-

inositol has been shown to improve cognitive functions on TgCRND8 treated mice . 

Treatment of 1.5 month-old TgCRND8 mice (in the presymptomatic stage) with scyllo-inositol for 10 to 

18 weeks had significant behavioural improvement compared to untreated TgCRND8 mice (McLaurin et 

al., 2006). These results were confirmed by treatment of 5 months-old TgCRND8 mice for 4 weeks 

(which by this time are in the symptomatic stage of AD) with scyllo-inositol (McLaurin et al., 2006). 

Scyllo–inositol treatment reduced significantly the levels of insoluble Aβ40 and Aβ42 in the brain as well as 

the plaque number, plaque size and percent area of the brain covered in plaque (McLaurin et al., 2006). 

Moreover, the growth of plaques of all sizes was inhibited by scyllo–inositol administration (Fenili et al., 

2007).  

Following the positive outcomes from preclinical studies the safety and pharmacokinetics of scyllo-

inositol were evaluated in 9 Phase I trials in which a total of 161 healthy volunteers, including elderly 

subjects, were recruited. The orally delivered drug was able to cross the blood-brain barrier and 

achieved the desired concentrations in human brain tissue and cerebrospinal fluid.  

In a Phase II trial (NCT00568776) approximately 353 patients with mild to moderate AD were recruited 

and three dose levels of 250 mg, 1,000 mg, and 2,000 mg twice daily were evaluated for approximately 

18 months. The occurrence of nine deaths among the patients treated with the highest doses of the 

drug halted the administration of the 1,000mg and 2000mg doses (Fagan, 2009). However, causal 

relationships between the drug and the deaths could not be determined.  

In 2009 it was started another Phase II clinical trial (NCT00934050) with the purpose of evaluating the 

long-term safety and tolerability of scyllo-inositol beyond the 18 months of treatment Approximately 

150 AD patients were enrolled and the results have not been disclosed 

(http://clinicaltrials.gov/ct2/results?term=elnd005). 

The compound is expected to be tested in a Phase III trials (Fagan, 2009; Landhuis and Fagan, 2010).  
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1.14.2.2 Drugs to reduce Aß production  

The “amyloid hypothesis” predicts that decreased production of the Aβ peptide in the brain will elicit a 

therapeutic benefit.  

The most direct way of reducing Aβ production is through the development of inhibitors of β and γ-

secretases and this has been considered as one of the most promising approaches for AD drug 

development(De Strooper et al., 2010). However, due to the likelihood that these inhibitors could 

interfere with other secretases-dependent molecular pathways, safety is one of the major concerns 

associated with this approach. In the case of β-secretase this concern has been to some extent been 

alleviated by the finding that Bace-1 knockout mice, developed by two independent groups, are viable 

and fertile (Luo et al., 2001; Roberds et al., 2001). However, caution is still required since BACE-1 has 

been found critical for cognitive, emotional, and synaptic functions (Laird et al., 2005).  

 

1.14.2.2.1 β-secretases inhibitor preclinical and clinical studies 

BACE-1 mediates the initial step of Aβ production, therefore its inhibition has been considered as one 

of the most promising therapeutic options for AD.  

From a structural perspective BACE-1 does not have the properties of an ideal drug target due to its 

large substrate binding site that makes its inhibition with small molecules challenging. In the past 

decade a wide variety of BACE-1 inhibitors have been developed for AD therapy (Luo and Yan, 2010). 

The inherently poor druggability of BACE-1 is testimonied by the scarcity of this class of drugs in clinical 

trials. Currently, the only ß-secretases inhibitor that has proceeded to Phase I clinical testing 

(NCT00621010) is the drug CTS-21166. Promising preclinical results regarding this compound were 

presented by Dr Gerald Koelsch to the Alzheimer’s disease Keystone Symposium, held 24-29 March in 

Keystone, Colorado (Strobel, 2008) and to the International Conference on Alzheimer's Disease (ICAD) 

Chicago, July 26 -31, 2008 (Hey JA, 2008) and have not been otherwise published.  

Pharmacokinetic measurements in rats and mice indicated that CTS-21166 displays good brain 

penetration. When injected intra-peritoneally for six weeks into a mouse model of AD developed by 

Rockenstein et al (2001), CTS-21166 reduced levels of brain Aβ40 and Aβ42 by 38% and 35%, respectively 

compared to untreated mice.  

Encouraged by these positive preclinical outcomes of the drug progressed to a Phase I clinical trials 

(NCT00621010) in which 56 healthy individuals were enrolled. Currently no other information is 

available and a Phase II study has not been taken place yet. 

 

1.14.2.2.2 γ-secretases inhibitor preclinical and clinical studies 

Together with β-secretase, γ-secretase activity is required for Aβ production. The first report 

demonstrating in vivo reduction of brain Aβ by a class of compounds inhibiting γ-secretase was reported 

in 2001 (Dovey et al.). As evidenced by the higher number of compounds reaching clinical trials (i.e 
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Begacestat phase I; BMS 708, 163 phase II; MK-0572 phase I) the conformational structure of γ-

secretase is more suitable for drug development (De Strooper et al., 2010).  

The general concern with the targeting of the γ-secretase complex is its inhibition-based toxicity due to 

the broad range of substrates including Notch (Lleo, 2008). Therefore in vivo γ-secretase might cause 

toxicity by blocking proteolysis of one essential substrate, the Notch receptor which plays a role in skin 

cancer (Panelos and Massi, 2009).  

These concerns have been confirmed by the increased incidence in skin cancer reported in patients 

treated with the γ-secretase inhibitor Semagacestat, known also as LY450139. Patients treated with 

Semagacestat worsened to a statistically significantly greater degree than those treated with placebo. In 

August 2010 this outcome led to halt two Phase III trials (NCT00762411 and NCT00594568) of 

Semagacestat (Extance, 2010). These phase III clinical trials known as IDENTITY (Interrupting Alzheimer's 

Dementia by EvaluatiNg Treatment of AmyloId PaThologY) and IDENTITY-2 were fully enrolled, with 

more than 2,600 patients from 31 countries, and included a treatment period of approximately 21 

months. These adverse effects were not all unexpected since previous preclinical and clinical studied 

raised some suspicion about the risks associated with the γ-secretases inbitor LY450139.  

In a phase I clinical trial 37 volunteer subject were studied using doses from 5 to 50 mg/day given for 

14 days. Two of 7 subjects taking 50 mg/day experienced adverse events that may have been drug 

related. In this phase 1 volunteer study, reported adverse events after taking LY450139 were 

manageable (Siemers et al., 2005). In another clinical trial, single oral dose of 60, 100, or 140 mg were 

administered to volunteers without neuropsychiatric disease. A total of 31 subjects were enrolled and 

with the possible exception of headache, no clinically significant adverse events or laboratory changes 

were observed (Siemers et al., 2007). 

In a phase II randomized, controlled trial the γ-secretase inhibitor LY450139 was studied in 70 patients 

with Alzheimer disease. Subjects were given 30 mg for 1 week followed by 40 mg for 5 weeks. 

Treatment was generally well tolerated (Siemers et al., 2006). However, some concerns about 

cumulative toxic effects were raised in a following phase II clinical trial (NCT00244322) in which were 

enrolled fifty-one individuals with mild to moderate AD. 

In this trial 15 subject received placebo and 36 were given LY450139 60 mg/d for 2 weeks, then 100 

mg/d for 6 weeks [n=22] and then either 100 or 140 mg/d for 6 additional weeks [n=14]. LY450139 was 

generally well tolerated at doses of up to 140 mg/d for 14 weeks. Group differences were seen in skin 

and subcutaneous tissue concerns including 3 possible drug rashes and 3 reports of hair colour change 

in the treatment groups (Fleisher et al., 2008). As suggested by Eric Siemers, Medical Director, 

Alzheimer's Disease Team at Lilly, in an interview with Alzheimer Research Forum, another font of toxic 

effect is most likely due to the accumulation of incompletely processed APP-fragments (APP-CTFS) 

(Fagan, 2010). These include the C-terminal fragment (C99) and the decreased levels of other fragments 
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such as the AICD intracellular domain, which is cleaved from C99 by the γ-secretase complex (Fagan, 

2010).  

Preclinical studies have suggested that the APP-CTFs that accumulate during γ-secretase inhibition are 

toxic to dendritic spines in vivo (Bittner et al., 2009). Wild type mice and APP KO treated with the γ-

secretase inhibition LY450139 100 mg/kg daily for 4 days showed a dendritic spine density decreased 

exclusively in WT, but not in APP KO, mice, indicating an APP-dependent mechanism (Bittner et al., 

2009). However preceding preclinical studies conducted on five-month old PDAPP transgenic mice (15 to 

18/sex/group) which were treated with 3, 10, or 30 mg LY450139/kg/day for 5 months did not show 

neurotoxicity, either associated with increased levels of the C-99 fragments or with the chronic 

inhibition of γ-secretases in study (Ness, 2004). This study were presented at the 9th International 

Conference on Alzheimer's Disease and Related Disorders that took place in Philadelphia, Pennsylvania, 

USA, on 17 - 22 July, 2004 (Ness, 2004) and have not been otherwise published. 

 

1.14.2.3 Drugs to promote Aß clearance  

Aß immunization has been considered one of the most promising therapies for AD (Lemere and 

Masliah, 2010) and has been developed to prevent the generation of the Aß toxic species.  

There have been at least 3 general categories of antibody action that might mediate the clearance of 

the Aß peptide: 1) microglial activation; 2) catalytic dissolution and; 3) the sink hypothesis. The first two 

mechanisms require the introduction of the antibody into the CNS, the latter does not. In the microglial 

activation mechanism, antibodies bind to amyloid plaques triggering microglia via their Fc receptors. In 

catalytic dissolution, antibodies are hypothesized to act as chaperones, catalyzing the structural change 

of the Aβ peptide from the β-strand to an alternative conformation less prone to aggregation (Solomon 

et al., 1997). Some anti-Aß monoclonal antibodies were capable of preventing the aggregation of Aß 

monomers into fibrils in vitro, and that these antibodies could convert preformed fibrils into Aß soluble 

monomers (Solomon et al., 1997).In the peripheral sink hypothesis (DeMattos et al., 2001), antibodies 

bind to Aβ in the bloodstream, shifting the distribution of Aβ between the brain and the peripheral 

circulatory system and thereby leading to a net efflux of Aβ from the central nervous system to plasma, 

where it is degraded. 

To date the immunotherapy approach has proved to be neither completely safe nor were reproducible 

in human trials. 

 

1.14.2.3.1 Active immunotherapy 

The immunization of the PDAPP animal models with the Aß peptide (active immunization) appeared to 

meet expectations (Schenk et al., 1999), with AD-like pathology attenuated in treated animals. Active 

vaccination against Aß halted and even reverted both plaque pathology and behavioural phenotypes. 
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Other preclinical studies supported these findings (Janus et al., 2000; Sigurdsson et al., 2001). 

Encouraged by these promising results observed in animal models, clinical trials in humans began.  

The first clinical test of the potential of immunization of Aβ as a possible treatment for AD used a 

synthetic version of Aβ (AN-1792). In Phase I clinical trials no adverse side effects were reported. In 

Phase II clinical trials, although some beneficial effects were obtained, the immune therapy with AN-

1792, proved to be unsafe due to the development of aseptic meningoencephalitis in a considerable 

group of vaccinated subjects (Gilman et al., 2005; Orgogozo et al., 2003). A follow-up report of data 

collected from brains of patients treated with AN-1792, revealed that although the load of plaques had 

been removed, this clearance did not prevent progressive neurodegeneration (Holmes et al., 2008). A 

second-generation of Aβ vaccines is currently being tested. Among them CAD106, a vaccine that 

presents multiple copies of Aß1-6 peptide can induce Aß-specific antibodies without stimulating T cells. 

Animals treated with this vaccine have a lower amyloid accumulation and in human trials it has been 

shown to be relatively safe.  

So far, no cases of meningoencephalitis have been detected and adverse events have been 

predominantly mild and injection-related (Benght, 2009). 

 

1.14.2.3.2 Passive immunization 

Passive immunotherapy is based on the use of monoclonal or polyclonal antibodies to target Aß and 

promote its clearance (Jicha, 2009). Analysis coming from the use of this strategy on animal models of 

AD has reported a reduced amyloid load (Weiner and Frenkel, 2006). However, results obtained from 

human trials have not been proven to ameliorate cognitive performance. Even so, trials that seek to 

make use of this strategy are ongoing (Relkin et al., 2009; Salloway et al., 2009). Bapineuzumab a 

humanized monoclonal antibody is currently being tested in Phase III clinical trials (Elan., 2009). The 

most severe side effect observed in the Phase II was vasogenic edema developed in patients receiving 

the highest dose (Elan., 2009).  

In general, the unsatisfying results obtained from human trials have brought into question if there is 

potential for defeating AD by targeting Aβ  

 

1.14.3 Drugs targeting tau 

In addition to therapies based on curbing the production of Aß, or enhancing its clearance, another 

area of investigation has focused on the other hallmark of AD, NFTs.  

There are two main therapeutic approaches to target τ protein. One approach has been designed to 

inhibit τ aggregation while the other strategy acts by modulating proteins involved in τ phosphorylation 

such as, GSK-3ß and τ phosphatases (PP-2A) (Martinez, 2008). Among drugs with τ-anti-aggregant 

properties there is the Methylthioninium chloride (MTC) (Wischik et al., 1996) and in March 2010 this 

http://en.wikipedia.org/wiki/Humanize
http://en.wikipedia.org/wiki/Monoclonal_antibody
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treatment entered a Phase III clinical trial (http://www.drugdevelopment-

technology.com/projects/drug-rember/). 

 

 

1.14.4 Other potential therapeutic strategies 

Another attractive and promising area of investigation is offered by pathopathways that are shared 

among neurodegenerative disorders. One above all others is neuroinflammation. The retrospective 

observation that people affected by arthritis were less likely to develop AD, offered the initial suggestion 

that anti-inflammatory treatments might be beneficial for AD. The link between these two events was 

associated with the long-term anti-inflammatory drug therapy, frequently undertaken by patients 

affected by chronic joint inflammation (McGeer et al., 1996).  

A recent research has given a different meaning to the association between rheumatoid arthritis and 

the low risk of developing AD, claiming that the link between the two events is rather due to the up-

regulated levels of the cytokine GM-CSF (Granulocyte-macrophage colony-stimulating factor) typical of 

patients affected by rheumatoid arthritis. This is supported by the reduced brain amyloidosis obtained 

by the injection of GM-CSF in AD animal models (Boyd et al., 2010). 

A study has reported that a 5-year use of nonsteroidal anti-inflammatory drugs (NSAID), was proved to 

be protective against AD and maximum effect was obtained together with the use of Ibuprofen (Vlad et 

al., 2008). However, so far trials using anti-inflammatory drugs have given contradictory results (McGeer 

and McGeer, 2007). Nevertheless, the idea that neuroinflammation might play a role in the 

neurodegenerative process and that it may offer targets for drug discovery has not been abandoned 

(Manczak et al., 2009). Supplementary validation of this line of research has come from results obtained 

from AD transgenic animal models. For instance the treatment of TgCRND8 mice with a compound 

having anti-inflammatory properties ameliorated the deficit in memory performance seen in these 

animals (Bacher et al., 2008; Brown and Neher, 2010).  

 

 

1.15 Behavioural aspects of Alzheimer’s disease  

Although the course of the AD in a person’s behaviour can be considered as unique for each individual, 

it is however unified by the general progressive decline of cognitive abilities.  

Patients affected by AD show a prominent impairment in a range of tasks that involve learning and 

memory, including spatial memory. Spatial memory enables the recording of information about one's 

environment and its spatial orientation, and it has been extensively used to assess the impairments in 

AD transgenic mouse models. A series of memory tasks have been developed over the years and they 

have been extensively employed in behavioural neuroscience studies. Among them, the Morris water 

navigation task (Section 2.10.1) was first used to show that lesions of the hippocampus impaired spatial 

http://www.drugdevelopment-technology.com/projects/drug-rember/
http://www.drugdevelopment-technology.com/projects/drug-rember/
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learning (Morris, 1981). In general, mammals require a functioning hippocampus (particularly, the area 

CA1) in order to form and process memories about space. 

 

1.15.1 Hippocampus and memory 

The limbic system is a term used to describe cortical and subcortical brain structures concerned with 

memory, emotions and behaviour. The most prominent components of the limbic system are the 

cingulate gyrus, the hippocampus, and the amygdala.  

Memory has been defined by Kandel (2000) as a process by which “that knowledge of the world is 

encoded, stored and later retrieved and does not have to come necessarily into consciousness”. In 

humans, monkeys and rodents the main area where this process takes place is the hippocampus, and 

not surprisingly, this is one of the brain regions that is profoundly compromised in individuals affected 

by AD (Ball et al., 1985).  

The hippocampus includes the Ammon’s horn fields (CA1, CA2 and CA3), the dentate gyrus (DG) and 

the subiculum (SB). The hippocampus forms a principally uni-directional network (Fig.1.4) Projections 

from field CA1 to the subiculum and from the subiculum to the entorhinal cortex close the circuit. The 

fibres passing from the entorhinal cortex to the dentate gyrus form a large pathway known as perforant 

path. They originate principally from cells situated in layer II of the entorhinal cortex. After entering the 

dentate gyrus, these fibres ramify in the outer two thirds of the molecular layer of that structure, where 

they form excitatory synapses onto the dendritic spines of granule cells. The efferents from the 

entorhinal cortex, which enter the perforant path, also supply the fields CA3 and CA1 and the 

subiculum. The fibres passing to CA3 originate from layer II, whereas those destined for CA1 and the 

subiculum arise mainly from layer III. The axons of the granule cells in the dentate gyrus pass as mossy 

fibres to the field CA3. The mossy fibres synapse with the large pyramidal cells in CA3. The CA3 neurons 

send axons to CA1 pyramidal cells via the Schaffer Collateral Pathway. The CA1 pyramidal cells project 

massively to the subiculum and more lightly to the entorhinal cortex. The subiculum, in turn, projects to 

the entorhinal cortex.  
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Figure 1.4| Exemplification of the hippocampal network 

The hippocampus forms a uni-directional network. The perforant pathway (yellow) connects the Dentate Gyrus 

(DG) and CA3 neurons. CA3 neurons also receive input from the DG via the Mossy Fibres (green). The CA3 neurons 

send axons to CA1 pyramidal cells via the Schaffer Collateral Pathway (red). CA1 neurons also receive inputs direct 

from the Perforant Path and send axons to the Subiculum (SB). These neurons in turn send the main hippocampal 

output back to the EC, forming a loop. 
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1.16 Transgenic techniques 

Transgenesis is achieved by the introduction of exogenous DNA sequences, transgenes, into an 

organism’s genome. A transgenic animal can be defined as an organism that has had extra DNA 

artificially introduced into its genome. Transgenic mice can be produced mainly by direct injection of 

cloned DNA into the male pronucleus of a fertilized mouse egg (pronuclear injection) (Gordon et al., 

1980). Alternatively, the transgene can be delivered by using targeted mouse embryonic stem cells 

(mES). mES cells can be transferred to embryos either by co-culturing them with an embryo at the 

morula stage (aggregation) (Wood et al., 1993) or by injecting targeted mES cells into an embryo at the 

blastocyst stage (blastocyst injection) (Bradley et al., 1984). The insertion of the transgene into the 

genome of mES cells can be achieved either by random transgenesis or by homologous recombination 

(Thomas and Capecchi, 1987). I will not further explain the mechanisms governing the latter since 

homologous recombination has not been used in this study. 

 

1.17 Embryonic stem cells 

In 1981, the derivation of pluripotent cell lines directly from mouse blastocysts was reported (Evans 

and Kaufman, 1981). The most extraordinary attribute of ES cells is that, even after extended 

propagation and manipulation in vitro, they remain capable of re-entering embryogenesis. These cells 

can differentiate into almost any specialized cell type (plurypotency) and also have the ability to 

generate new undifferentiated stem cells (self-renewal). As long as optimal culture conditions can be 

provided (see below), these cells retain these unique properties in vitro. Therefore, mES can be 

manipulated and when reintroduced into an embryo at morula or blastocyst stages, undifferentiated 

mES cells, have the potential of forming the 3 primary germ layers (ectoderm, mesoderm, and 

endoderm) including the germ cells (Bradley et al., 1984; Smith, 2001).  

 

1.17.1 Markers for determination of pluripotent mES cells 

From a morphological point of view undifferentiated mES cell colonies have tight round boundaries 

with a distinct cytoplasmic and nuclear morphology. Three transcription factors are known to be critical 

in the maintenance of ESC pluripotency: Nanog (Mitsui et al., 2003), Sox2 (Avilion et al., 2003) and Oct4 

(Nichols et al., 1998). The cell surface glycoprotein Stage-Specific Embryonic Antigen (SSEA)-1 and 

Alkaline phosphatase (AP) are also typical of undifferentiated mES cells. However, AP is not a specific 

pluripotency marker. This can be appreciated by considering that in the mouse there are five AP genes 

(Akp2, Akp3, Akp5, Ak-ps1, Akp6), encoding for 5 different AP isoforms, which are expressed in a variety 

of tissues (Table 1.1) (Hahnel et al., 1990; Manes et al., 1990). The two isoforms expressed during 

embryonic development are the embryonic alkaline phosphatase (EAP), the tissue-nonspecific alkaline 

phosphatase (TNSALP) and “liver–bone– kidney type” AP (TNAP). 
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The EAP is the predominant form expressed from the two-cell until the blastocyst stage (Narisawa et al., 

1992), while TNAP is mainly expressed at around E7. 

 

 

 

 

1.17.2 Factors affecting mES cell germline transmission 

Beside the loss of pluripotency due to down-regulation of pluripotency determinants, other factors 

that can influence the contribution of the mES to the developing embryo include: 1) genetic background 

of mES; 2) culture conditions and 3) the presence of pathogens (i.e Mycoplasma) in mES cells culture 

used for transgenesis purposes (Brown et al., 1992). 

 

1. 17.2.1 Genetic background of mouse mES cells 

mES cell background affects the capability of the mES cells to contribute to germline transmission. mES 

cell lines of proven ability to colonize the germ-line have been obtained at very low frequency in only a 

few mouse strains other than 129 (Simpson et al., 1997). Among the 129 mES cells line that have been 

successfully used for obtained transgenic mouse there are the E14Tg2a, derived from 129/Ola 

blastocysts by Professor Smith, and the R1 line derived from 129/Sv x 129/Sv-CP embryos by Professor 

Nagy (2003). The 129 sub strains show great genetic variation, especially in coat and eye colour due to 

the fact that they were generated by crosses with other inbred lines (Simpson et al., 1997).  

 

1.17.2.2 mES cell culture conditions 

In the presence of media supplemented with leukemia inhibitory factor (LIF) (Nichols et al., 1990; 

Smith et al., 1988), mES cells can be grown on gelatin-coated dishes in the absence of feeder cells, 

usually represented by murine embryonic fibroblast cells (MEF). Maintenance of ES cells for long period 

in culture, together with suboptimal culture conditions can influence pluripotency and self-renewal. The 

main components of mES cell media are D-MEM medium, foetal bovine serum (FBS), β-

Table 1.1 Nomenclature of mouse Alkaline phosphatases genes  

 
Mouse genes                                  Protein    
Akp2 TNAP Tissue-non specific alkaline phoshatase TNSALP 

 
Akp3 IAP Intestinal alkaline phosphatase, IALP 

 
Akp5 EAP Embryonic alkaline phosphatase 

 
Akp-ps1 N/A Ap pseudogene 

  
Akp6⋆ AKP6⋆ RIKEN sequence new AP locus 
                                                                         

                                                                Adapted from (Millan, 2006) 
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mercaptoethanol, glutamine, essential aminoacids, and pyruvate. The quality of the foetal bovine serum 

(FBS) used for mES cell culture is an issue of major importance and the FBS components play a key role 

in maintaining mES cells in a pluripotent state, which is essential for germ line transmission. FBS 

composition differs between batches and this variability can affect the self-renewal characteristic of the 

mES cells. For this reason FBS batches need to be tested. Moreover, accumulation of chromosomal 

abnormalities, which is influenced by prolonged in vitro culture, is another reason for the failure of 

germline transmission, since normal diploid cells are required for integration into the germline of a host 

embryo (Brown et al., 1992). Random mutational events inevitably occur in the culture, and epigenetic 

modifications may also arise, for example, loss of imprinting (Dean et al., 1998). Therefore, it is advisable 

to use low-passage stocks and/or to isolate new sub-clones periodically. 

 

1.17.2.3 Mycoplasma contamination  

The presence of mycoplasma in mES cell cultures can reduce the potential of mES cells to contribute to 

the germline (Markoullis et al., 2009). The use of mycoplasma-infected mES cells for transgenesis, 

lowers the rate of success of chimeras production. Mycoplasma-infected mES cells have been shown to 

affect the percentage of embryos born, the percentage of chimeric mice obtained, and the contribution 

of mES cells to chimeric tissues, when compared to results obtained from non-infected mES cells 

(Bradley, 1987). Mycoplasma do not cause visible damage to cells, however their presence can affect 

cell metabolism, cell growth, protein synthesis and cytokine secretion (Jung et al., 2003). mES cell 

culture can be screened for mycoplasma contamination by using fluorescent dyes such as Hoechst or 

DAPI staining (Battaglia et al., 1994).  

 

 

1.18 Inducible mouse genetic systems 

One of the challenges in drug target validation is the availability of the correct in vitro and in vivo 

research model. Drug discovery for pharmacological intervention is a long and expensive process and 

the choice of high-quality animal models is of fundamental importance (Dunn et al., 2005). A good 

animal model can ensure a higher degree of success when testing the compounds in human trials, 

maximizing the safety and benefits, and minimizing the costs and negative side-effects. To dissect the 

function of the gene of interest, it is convenient to express the transgene in a spatially-and temporally-

controlled manner. This can be accomplished by using conditional systems. The most commonly used 

methods to control gene expression in mouse models are based on the operon-repressor bi-transgenic 

system, developed in 1992 by Gossen and Bujard (Gossen and Bujard, 1992). 

The Tet system is based on the fusion between the repressor (TetR) of the Tn10 tetracycline resistance 

operon of Escherichia coli and domains that interact with the eukaryotic transcription machinery in a 

positive (activators) or negative (silencers) way. These fusion proteins have largely maintained the 
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properties of their parent domains: they bind to operator sequences (TRE or tetO) of the tet operon in a 

tetracycline-dependent manner.Depending on the version of the tet-system (see below) effector protein 

is represented by the transactivator, tTA or rt-TA, while the target sequence of the effector is 

represented by the Tet response element (TRE) (Figure 1.5). The TRE region consists of seven repeats of 

the 19bp bacterial tet-O sequence concatemers (tet-O), fused to the minimal promoter sequence 

derived from the human cytomegalovirus (hCMV). In the “Tet-Off system” the transactivator tTA can 

bind to the TRE sequence and activate the transcription only in the absence of the inducer doxycycline 

(dox), which is a member of the tetracycline antibiotics group. On the other hand, in the “Tet-On 

system”, the transactivator can bind to the TRE sequence, only in the presence of the inducer (dox). 

In living animals, temporal control of transgene expression can be achieved by treatment with 

doxycycline supplied in food or drinking water, while spatial control can be accomplished by the choice 

of the promoter driving the transactivator. In order to use this system, a transgenic mouse with the gene 

of interest cloned into an inducible vector, needs to be created and then crossed with a mouse having 

the transactivator under the control of the desired promoter. This system is versatile. Indeed, by 

changing the promoter driving the transactivator, the transgene can be expressed in different tissues 

and potentially leads to a new animal model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Tetracycline_antibiotics
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Figure 1.5| In vivo regulation using the “Tet Off” and “Tet On” systems for spatial and temporal control of 

transgene expression. 

In vivo, temporal control of transgene expression is achieved by the administration of dox in food or drinking 

water, while spatial control is achieved by the choice of the promoter that drives the effector protein (rt-TA). In the 

Tet Off system, transcription is activated by the binding of the protein tTA to the TRE, while transcription is 

repressed by the presence of dox (A). In the Tet On system transcription is active in the presence of dox, while it is 

silent in the absence of dox (B). 
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1.19 Background of the present study 

1.19.1 Aims of the thesis in the ADIT project contest  

This study has been part of the Alzheimer’s disease Discovery of Innovative Drug Targets (ADIT), a five 

year project funded by the European Framework Program 6 (Cupers et al., 2006) with the aim of 

identifying new druggable targets for AD. The correlation between Aß and early stages of AD pathology 

is poorly understood and the primary events associated with the disease need to be elucidated. 

Knowledge of the early downstream pathopathways triggered by Aß could provide clues to identify 

molecules whose modulation might hold the potential for drug discovery.  

In order to shed light on the alteration of neuronal gene expression in the early stages following Aß 

exposure, primary rat cortical neurons were challenged with Aß25-35 peptide (Copani et al., 1999). 

Examination of neuron-expression profiles was done between 5 minutes to 4 hours after Aβ challenge 

by using transcriptomic, proteomic and phosphoproteomic analysis (Pollio et al., 2008). These analyses 

pursued at Siena Biotech (Siena, Italy), led to the identification of: 1) 92 differentially expressed proteins 

through the differential proteomics approach; 2) 94 differentially expressed genes through the 

transcriptomic methodology; 3) 123 differentially expressed proteins (through the phosphoproteomics 

analysis)  

Pathopathways were validated in silico using bioinformatic approaches and druggable proteins with 

pathologic potential were selected for further research. Among those selected were the G-protein 

couple receptor S1P3 and the Wnt signalling pathways inhibitor DKK-1. Target validation as previous in 

vivo and in vitro studies confirmed the presence of these proteins in brain regions associated with AD.  

The aim of this thesis was to develop and characterize tet-inducible mouse models expressing either the 

human S1P3 (Chapter 3) transgenes or human DKK-1 (Chapter 4) transgenes 
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2.1 Standard molecular procedures 

Standard molecular biology methods and solution recipes were those of Sambrook et al (2001) unless 

otherwise stated. All solutions were made with purified and deionised water, prepared with a MilliQ 

water filtration system (Millipore Corporation, MA USA), if not stated otherwise.  

 

2.1.1 Polymerase Chain Reaction  

The Polymerase Chain Reaction (PCR) allows the amplification of the desired piece of DNA sequence 

through the repetition of 3 basic steps (cycles) which includes: 

1) Denaturation: melts to single strands the double helix of the DNA samples 

2) Annealing: primers bind to the single strand complementary sequence  

3) Extension: the polymerase adds dNTPs to the primer sequence to form a 

complementary copy of the target sequence. 

In this study PCR was used mainly for mouse genotyping and colony PCR (2.4.1)  

Procedure 

To amplify fragments shorter than 1.5kb the GoTaq® Master Mix polymerase (Promega, UK) was used. 

PCR reactions were assembled as listed in Table 2.1.  

Amplification for all samples was performed on a G-Storm Thermal cycler (Gene Technologies Ltd., UK) 

and the conditions are listed in Table 2.2. 

 

2.1.2 Primer design 

Primers sequences were designed using the free online software NetPrimer, 

http://www.premierbiosoft.com/netprimer/index.html, which provides analysis of the major features of 

the given sequence such as, melting temperature (Tm) and prediction of the secondary structures. 

 

2.1.3 Primers  

Primers were synthesised by Invitrogen, UK and provided lyophilised. Oligonucleotides were 

resuspended in an appropriate volume of nuclease sterile-free water to provide a 100μM concentration 

stock solution. The 100μM stock solution was diluted in nuclease-free water to obtain a 6μM working 

solution and was stored at -20°C. 

 

2.1.4 Gel electrophoresis: DNA separation  

This procedure is used to separate a mixed population of DNA fragments by length. 
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Procedure 

The concentration of agarose gels was chosen according to the expected size of the DNA fragment to 

be separated. 0.8% (w/v) agarose gels were made for separating DNA fragments larger than 1k, while 

1.5% (w/v) agarose gels were prepared for separating fragments smaller than 1kb. The appropriate 

amount of agarose (Invitrogen) was weighted and dissolved in 1x TAE ((2M Tris (Fisher Scientific), 50mM 

EDTA (Sigma-Aldrich, Dorset, UK) 5.7% v/v acetic acid (Fisher Scientific)) by boiling it a microwave oven 

for about 1 minute. When the agarose was cooled down to about 60°C, 5µg/ml of ethidium bromide 

(Sigma-Aldrich, Dorset, UK) was added to the solution, swirled to mix, and then poured in the gel casting 

tray. If not already present in the DNA samples, prior to loading the DNA mixture into the wells, an 

amount of loading dye 6x (Promega) was added to each sample.  

When the gel was set it was placed into the electrophoresis gel tank and a 1x TAE buffer solution was 

added into the tank to submerge the gel. An appropriate DNA marker was loaded in the first lane of the 

gel and loaded samples were then run at 10cm/Volts for analytical gel (made just to look at the DNA), 

and  at a lower voltage (5cm/Volts) for preparative gels (gels in which DNA band is cut out from the gel 

for further treatment) to ensure a good band separation. The samples were run till the ladder and the 

samples were well separated. Separated DNA bands were visualized under a long wave UV light with 

minimum time of exposure (Alphaimager 3400). If desired under UV lights bands were quickly excised 

with a scalpel from preparative agarose gel and DNA was purified with the Promega’s Wizard® SV Gel 

and PCR Clean-Up System gel extraction kit, according to the manufacturer’s instruction. 

 

2.1.5 DNA sequencing 

DNA was sequenced by MWG-Biotech AG (UK). In a 1.5ml eppendorf tube, DNA was dissolved in 5 mM 

Tris-HCl (pH 8.0 – 9.0) at a concentration of 50-100 ng/µl. Primer concentration was adjusted at a 

concentration of 2pmol/µl in a minimum volume of 15 µl.  

 

2.1.6 DNA quantification 

Dilutions of the DNA samples to be quantified were run on an agarose gel alongside a standard 

quantitative DNA ladder (NEB). The amount of sample DNA loaded was estimated visually by 

comparison of the band intensity with the standard. Alternatively, DNA concentration was determined 

by measuring the absorbance at 260 nm (A260) in a spectrophotometer.  

 

2.1.7 Southern blot 

This procedure allows the detection of a specific DNA sequence. DNA samples are first digested with a 

restriction enzyme and then separated through agarose gel electrophoresis and denaturated prior to 

transfer to a filter membrane. Subsequently the sequence of interest is detected using a single strand 

http://en.wikipedia.org/wiki/DNA_sequence
http://en.wikipedia.org/wiki/Agarose_gel_electrophoresis
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radioactive probe complementary to the desired sequence. In this study it was used to confirm the 

genotype of transgenic mice obtained from pronuclear injection sessions.  

Procedure 

10µg of tail extract genomic DNA (see below) was digested overnight using the appropriate restriction 

enzyme (Section 2.2.2.1). Prior to loading, samples were diluted in 6x loading buffer and the digested 

genomic DNA was then separated on a 1% (w/v) agarose gel by electrophoresis (20V overnight, ~20 

hours). In order to make the digested DNA single-stranded, after electrophoresis, gels were submerged 

for 30 minutes in denaturing solution (1.5M NaCl, 0.5M NaOH) with gentle agitation on a platform 

shaker. This step was followed by two consecutive washes of 15 minutes each in neutralization solution 

(1.5M NaCl, 50mM Tris, and 1mM EDTA), which aims to bring the pH to around ~9, as higher pH impairs 

the transfer of DNA to the nitrocellulose membrane. The DNA was transferred from the gel to a 

nitrocellulose membrane (Gene Technology Ltd.) by capillary action with the buffer 20x SSC (3M NaCl, 

0.3M Sodium citrate (Sigma-Aldrich, Dorset, UK)). Following transfer, DNA was cross-linked to the 

nitrocellulose membrane by ultraviolet radiation in a Cl-1000 UVP cross-linked make at 24000µJ/cm2.  

After this, membranes were either stored at -20°C until needed, or used immediately for the second 

part of the Southern blot protocol that comprises hybridization of the membrane with a radioactive 

probe. All the steps that involved the handling of radioactive material were carried out in a dedicated 

area. First, membranes were pre-hybridised in 15ml Church buffer (50% (v/v) phosphate buffer (0.95M 

Na2HPO4 (Fisher Scientific), 0.8% phosphoric acid, pH 8.0), 1mM EDTA, 7% (w/v) SDS, 1% (w/v) bovine 

serum albumin (BSA) (Sigma-Aldrich, Dorset, UK) to which was added 150µl sonicated salmon sperm 

DNA (Sigma-Aldrich, Dorset, UK), that had been previously boiled for 5 min. Pre-hybridisation was 

performed in rotating hybridisation bottles overnight at 63.8°C in a hybridisation oven (Hybaid). Next 

day, 25ng of the appropriate radioactive probe was incubated with the membranes. 

 

Radioactive Southern probe preparation  

~25ng of DNA probe was made single-stranded by boiling it for 2 minutes. The DNA probe was chilled 

on ice and a 5x pre-mixed High Prime labelling solution (Roche, IN, USA) was then added to the sample 

on ice. 3µl *α32 P]-dCTP (Perkin Elmer, MA, USA), with an activity of at least 5µCi/µl, was added carefully 

to the reaction mix and subsequently incubated at 37°C for 20 minutes to allow incorporation of 

radioactive nucleotide into the probe. Then, the reaction mix volume was brought to 100µl by adding TE 

buffer. To purify radioactive probes, a 1ml syringe was plugged with polyallomer wool and then filled 

with reconstituted Sephadex G50 (Sigma-Aldrich, Dorset, UK). The syringe was placed in a 15ml tube, 

centrifuged for 2 min at 1200xg to equilibrate, and the flow-through was discarded. The 100µl of 

labelling reaction was added to the spin-column and centrifuged for 2 min at 1200xg, with the flow-

through collected in a 15ml microcentrifuge tube. A further 100µl of TE buffer was then added to the 

column and a final spin was carried out and the flow-through collected. The Klenow enzyme was 
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inactivated and the probes were made single stranded by the addition and incubation for 5 minutes of 

NaOH (final concentration of 330mM). The solution was then neutralised with Tris HCl pH7.5 to a final 

concentration of 457mM. The labelled probe fragments were carefully transferred to the the bottle with 

the relevant membranes and incubated overnight at 65°C.  

The following day the Church buffer was discarded and the membrane washed twice, for 15 minutes 

each, in pre-warmed (65°C) wash solution 1 (4% (v/v) phosphate buffer, 5% (w/v) SDS, 0.5% (w/v) BSA, 

1mM EDTA). The next two washes, of 1 hour each, were carried out with wash solution 2 (4% (v/v) 

phosphate buffer, 1% (w/v) SDS, 1mM EDTA) with the aim of removing any unspecific binding between 

the probe and the digested-genomic DNA fragments. Membranes were wrapped in cling film and placed 

DNA side up in a cassette with GRI AX film (GRI) placed on top. The cassette was stored at -80°C for 

generally a couple of weeks and film processed in a dark room using an Optimax film processor (GmbH 

and Co.). 

Genomic DNA preparation 

~5-mm tails biopsy was obtained from each mouse and placed in 525µl tail buffer (containing 50mM 

Tris HCl pH8. 100mM NaCl, 1% SD) supplemented with 35µl of 10mg/ml of proteinase K (boeringher 

Mannheim). Tails were incubated overnight at 55°C, and then treated with 2µl of 0.2mg/ml RNaseA for 

1 hour at 37°C. 200µl of 5M NaCl was then added and followed by the further addition of an equal 

volume of chloroform/isoamyloalcohol 24:1 (v/v).  

The solution was gentle mixed for 2 hrs at room temperature and then micro-centrifuged at 15000rpm 

for 10 min. The upper aqueous layer was removed to a fresh tube and an equal volume of propan-2-ol 

was added to this, and mixed gently to precipitate the DNA. This solution was then spun down at 

15000rpm for 10 min, and the supernatant aspirated off. The pellet was washed for 1 hour at 4°C with 

300µl ice-cold 70% ethanol, spun down, and the ethanol aspirated off. The genomic DNA pellet was then 

dissolved in 100µl TE by mixing on a roller overnight at room temperature. 

 

2.1 8 DNA extraction from mouse ear punches  

Ear clips were taken from at least three-week old mice and collected into individual eppendorf tubes. 

600µl of NaOH (50mM) was added to each ear clip sample and boiled for 10 minutes. Once the samples 

had cooled, 50µl TRIS pH8 (1M) was added. Samples were mixed and 1µl of boiled tissue lysate was used 

as template for a PCR reaction (Section 2.1.1). 

 

 

2.2 Molecular Cloning methods 

2.2.1 DNA cloning 

DNA cloning includes a range of procedures that allow the physical ligation of two different pieces of 

DNA. It involves: 



 

40 

 

1) Planning of the cloning strategy 

2) Preparation of vector and insert for ligation 

3) Ligation of vector 

4) Transformation into a host 

5) Screening of selected clones 

 

2.2.2 General considerations for the generation of compatible ends between insert and 

vector for cloning  

To analyze DNA sequences, which is a step necessary to plan cloning strategies, the commercial 

bioinformatics software Clone Manager 5 was used. In preparing recipient vectors for ligation, when 

possible, the first choice was to use two restriction enzymes located in the multiple cloning site (MCS) 

that recognised different sequence regions to create non-complementary sticky ends, preventing the re-

circularizing of the vector on itself during the ligation step. When it was not possible to digest the insert 

with the same restriction enzymes used to digest the vector, compatible ends between the vectors and 

insert were generated using alternative approaches that allowed the cloning of the fragment in the 

desired orientation.  

 

2.2.2.1 Restriction enzyme digest 

This procedure allows the digestion of DNA molecules using enzymes that are able to recognize 

specific recognition sequences of typically 4-8 bases. It was used 1) for preparing DNA vectors and 

inserts for cloning purposes 2) for checking the outcome of potential recombinant plasmid and 3) for the 

digestion of genomic DNA for Southern Blot analysis. 

Procedure 

DNA was digested with restriction enzymes under conditions (i.e. buffer, temperature and incubation 

time) recommended by the manufacturers' (NEB and Promega). 10 units (U) of restriction enzyme (RE) 

were generally used to digest 1μg of plasmid DNA, typically in a 2-3 hour incubation. Genomic DNA was 

usually digested overnight in a slight excess of the recommended RE units being careful to not add a 

volume of enzyme greater than the 10% of the total reaction volume. The reactions were assembled in a 

1.5ml eppendorf tube and DNA template, 1x of the appropriate RE buffer, BSA 1x (if required), milliQ 

water and the restriction enzyme were thoroughly mixed by gently pipetting up and down. After a quick 

spin-down in a microcentrifuge the digestion reactions were incubated at the suggested temperature. 

Depending on the enzymes, reactions were stopped by heat inactivation at 65°C or 80°C, for 20 minutes.  
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2.2.2.2 Fill in reaction of 5’overhangs 

In case the two molecules of DNA, which need to be ligated together, had in common only one 

restriction enzyme site, cohesive-end ligation was combined with blunt-end ligation at one of the ends 

by using the T4 DNA polymerase enzyme to fill in a 5’overhang.  

Procedure 

1µg of DNA with 5’ overhangs ends was rendered blunt-ended using 5U T4 polymerase (Promega) in 

the presence of dNTPs mix (10µM each final concentration), 1x T4 DNA polymerase buffer (Promega). 

Then it was incubated at 37°C for 5 minutes and subsequently the enzyme was heat inactivated at 75°C 

for 10 minutes. 

 

2.2.2.3 Insert and plasmid ligation 

To clone the desired DNA fragment into the plasmid vector of choice, the DNA molar ratio between 

the insert and the vector was 3:1 or 1:3, in a final volume of 30µl (~6ng/µl) using a total of ~200ng of 

DNA for each ligation. DNA to be ligated was briefly incubated at 65°C for 5 minutes and then placed on 

ice for 5 minutes. 15µl of 2x ligase buffer (Promega) and 1U of T4 DNA ligase (Promega) were added in a 

final volume of 30µl, gently mixed and then incubated overnight at 4°C. 

 

 

2.3 Transformation into a bacterial host 

2.3.1 Preparation of chemocompetent cells 

The steps of this procedure are intended to modify the properties of bacterial cell walls in a way that 

makes them more susceptible to the uptake of exogenous DNA. 

Procedure 

From a glycerol stock and under aseptic conditions DH5α Escherichia coli (E.coli) bacteria were 

streaked onto a fresh Luria agar plate with no antibiotics and were incubated overnight at 37°C.  

A single colony was picked under sterile conditions the next day, with a sterile tookpick it was 

inoculated into 50ml of sterile SOB medium (2% (w/v) bactotryptone (BD Bioscience, NJ, USA), 0,5% 

(w/v) yeast extract (Oxoid Ltd., Hampshire, UK), 10mM NaCl, 2.5mM KCl (Sigma-Aldrich, Dorset, UK) 

20mM Mg2+ (Sigma-Aldrich, Dorset, UK) with no antibiotics in a 500ml flask. 1.5ml of culture was taken 

out from the flask and used as a reference for optical density readings at 600nm (OD600) and stored at 

4˚C. The flask was incubated at 18-25°C in a shaking incubator (Innova 4230 incubator, New Brunswick 

Scientific, NJ, USA). Cells were grown until the OD600 was between 0.4 and 0.6. This value was usually 

reached after 24-30 hours when incubate at 25°C and 40-50 hours when incubated at 18°C.  

The culture was transferred into 50ml Falcon tubes, kept on ice for 10 minutes and then centrifuged at 

3000 rpm (rotor GS3), in a Beckman Coulter Allegra 25R benchtop centrifuge for 10 minutes, at 4˚C. 

After discarding the supernatant 1/3 volume of ice cold TB medium (10mM PIPES (Sigma-Aldrich, 
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Dorset, UK), 15mM CaCl2.2H2O (Sigma-Aldrich, Dorset, UK) 15mM, 250mM KCl 55mM MnCl2.4H2O 

pH6.7) was added to the bacterial pellet, cells were gently resuspended and incubated for 10 minutes 

on ice. Bacteria were centrifugated again using the same conditions as above, and the supernatant was 

discarded. 4ml of ice-cold TB were added to the cell pellet and resuspended on ice. DMSO (Sigma-

Aldrich, Dorset, UK,) was added to a final concentration of 7% (v/v) and mixed well. Bacteria were 

placed on ice for another 10 min., and then aliquots of 110µl were transferred into 1.5ml sterile 

eppendorf tubes and placed immediately into liquid nitrogen and then stored at -80°C.  

 

2.3.1.1. Transformation of chemocompetent E.coli bacteria 

The goal of this procedure is to allow the integration of the desired plasmid into a competent bacterial 

cell (competence refers to the ability of the bacteria to uptake exogenous DNA) that can be cultured to 

form a colony and be referred to as a transformed colony. 

Procedure 

For a single transformation an 110μl aliquot of chemocompetent DH5α E.coli bacteria was taken from 

the -80°C freezer, gently mixed with 10μl of recombinant plasmid (6ng/µl) and kept on ice for 30 

minutes. Bacteria were subjected to heat –shock at 42°C in a water bath for exactly 90 seconds and 

placed on ice for 2 minutes immediately after. Under aseptic conditions bacteria were diluted in 300μl 

of Luria-Broth (LB) medium (made as directed from LB powder, Sigma-Aldrich, Dorset, UK) without 

antibiotic and shaken for 45 minutes ~at 250 rpm at 37°C, to permit expression of the resistance gene 

cassette present in the plasmid.  

Approximately 50μl of the transformation mix was spread onto LB agar plate containing 50µg/ml of 

carbenicillin (Bioline, UK). This antibiotic can be degraded by the ß-lactamase enzyme, the same enzyme 

that can degrade ampicillin. Agar plates were incubated overnight at 37°C. 

 

2.4 Screening of selected clones 

2.4.1 Colony PCR 

This procedure allows in a relatively quick and inexpensive way the checking of the genotype of 

bacterial colonies.  

Procedure 

Using a sterile toothpick and under aseptic conditions, single colonies were transferred to a fresh Luria 

agar plate supplemented with 50µg/ml of carbenicillin. The toothpick was then swirled in the 

corresponding PCR tube already supplemented with 6µl of nuclease-free water. The PCR tubes were 

kept on ice while adding the rest of the ingredients necessary for the PCR reaction (see Table 2.1). 

 

2.4.2 Small-scale purification of plasmid DNA (miniprep) 

This procedure allows the purification of small amounts of plasmid DNA. 
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Procedure 

Under aseptic conditions single colonies were picked with a sterile toothpick from agar plates 

containing the appropriate antibiotic, inoculated in ~4ml of LB broth selective media and grown 

overnight a 37°C in a shaking incubator. Next day the culture was processed using the Wizard® Plus 

Minipreps DNA Purification System (Promega) according to the manufacturers' recommendations.  

The isolated plasmid was eluted in 50µl of nuclease free water and stored at -20°C. Alternatively, it 

was stored at 4°C when 5µl of 10x TE buffer was added to the DNA.  

 

2.4.3 Large-scale purification of plasmid DNA 

This procedure allows the purification of a greater amount and less impure plasmid DNA than a 

miniprep procedure does. These qualities are necessary when the plasmid DNA is used for sensitive 

downstream application such as cloning, electroporation and pronuclear injection. 

Procedure 

Overnight recombinant E.coli culture of ~300ml was used to isolate a large amount of the desired 

plasmid using the kit GenElute™ HP Plasmid Maxiprep (Sigma-Aldrich, Dorset, UK) according to the 

manufacturers' instruction. 

 

2.4.4 Plasmid glycerol stocks  

This method allows the long-term storage of any desired bacterial colony. 

Procedure 

A single E.coli colony, transformed with the desired plasmid was inoculated in a conical tube with 4ml 

of LB broth containing the appropriate selective antibiotic and grown overnight at 37°C into a shaking 

incubator. Under aseptic conditions, 0.7ml of the bacterial culture was transferred into a sterile 1.5ml 

eppendorf tube and 0.3ml of 50% sterile glycerol was added. It was briefly mixed by vortexing and 

stored at -80°C. For regrowth from a glycerol stock, under aseptic condition an aliquot was streaked on a 

LB agar with the appropriate antibiotic and incubated overnight at 37°C. 

 

 

2.5 Plasmids used in this study  

2.5.1 Subcloning strategy to generate the loxP-PGK-gb2-hygro-LoxP-pKS plasmid 

This paragraph describes the strategy adopted to subclone the resistant Hygromyciyn cassette into the 

pKS plasmid. 

Procedure 

The 4.6kb pKS-LoxP-PGK-gb2-hygro-LoxP plasmid (Fig.2.1) was cloned as follows. The loxP-PGK-gb2-

hygro-LoxP (Gene bridges) was provided in a plasmid (3.6kb) having the R6K origin of replication which 

cannot replicate in most of the commonly used E. coli strains. Therefore the Hygromycin cassette was 
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first amplified using the primers loxp Hygro Forward and loxp Hygro Reverse and then the PCR product 

corresponding to the loxP-PGK-gb2-hygro-LoxP (1.8kb) was digested with the the REs XhoI and NotI. The 

PCR product was gel purified and then ligated into the linear NotI-XhoI pKS+ plasmid 

(2.8kb)(Stratagene).  

 

2.5.2 CamkIIα-hDKK-1cDNA-IRES-EGFP plasmid subcloning strategy 

The purpose of this cloning is to make a plasmid expressing DKK-1 under the control of the CamKIIα 

promoter. 

Procedure 

The cloning of the plamid CamkIIα-hDKK-1cDNA-IRES-EGFP plasmid (14.2kb) (Fig.2.5) was done by Dr. 

Kim Moorwood. The hDKK-1cDNA-IRES-EGFP CAAXpa cassette (2.7kb) was excised from the pTREtight-

hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid (5.2kb) with NotI. This fragment was subcloned in the pMM403 

(11.5kb) described in (Mayford et al., 1996) which has the CamKIIα promoter. The hDKK-1cDNA-IRES-EGFP 

CAAXpa cassette was subcloned downstream the CaMKIIα promoter linearised with NotI at the unique 

NotI site of the pMM403 plasmid (CamKIIα-hDKK-1cDNA-IRES-EGFP-CAAXpa (14.2kb) 

 

2.5.3 Subcloning strategy to generate the pTREbi-hDKK-1cDNA/LacZ plasmid 

The purpose of this cloning is to make an inducible DKK-1 construct. 

Procedure 

The pTREbi-hDKK-1cDNA/LacZ plasmid (8.5kb) (Fig,2.3) was subcloned by Dr Kim Moorwood and Dr 

Joanne Stuart-Cox as follows. The hDKK-1cDNA insert cloned into the pENT D-TOPO plasmid (pENT D-

TOPO-hDKK-1cDNA) was exiced from pENT D-TOPO-hDKK-1cDNA using an AscI-Not RE digestion. First the 

plasmid was digested with the restriction enzyme AscI and then blunted, using the T4 DNA polymerase 

enzyme, which has a 5′→3′ polymerase activity. After the fill-in reaction, the restriction enzyme NotI 

was added to the linear digestion mixture to release the hDKK-1 fragment.  

The band corresponding to the hDKK-1 fragment (826bp) was gel purified. The recipient vector pBI-G 

was linearised with the restriction enzyme SalI. The SalI 5′-protruding ends were blunted with the T4 

DNA polymerase enzyme, gel purified and resuspended in 50µl of nuclease free water. Then, the 

restriction enzyme NotI was added to the linear digestion mixture and the insert and plasmid pBI-G 

(7.7kb) were ligated (pTREbi-hDKK-1cDNA/LacZ plasmid 8.5kb). 

 

2.5.4 Subcloning strategy to generate the pTREbi-hS1P3cDNA/LacZ  

The purpose of this cloning is to make an inducible S1P3 construct. 

Procedure 

The pTREbi-hS1P3cDNA/LacZ linear plasmid (8.8kb) (Fig.2.2) was subcloned as follow. The hS1P3cDNA 

insert cloned into the pcDNA2.6Lumio vector (pcDNA2.6Lumio-hS1P3 cDNA) was excised from pcDNA2.6 
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Lumio using an AscI-Not double RE digestion. After the fill-in reaction, the restriction enzyme NotI was 

added to the linear digestion mixture to release the hS1P3cDNA fragment (1162bp). This band 

corresponding to the hS1P3cDNA fragment was gel purified. The recipient vector pBI-G was linearised with 

the restriction enzyme SalI. The SalI 5′-protruding ends were blunted with the T4 DNA polymerase 

enzyme and the SalI linear pBI-G vector was gel purified and resuspended in 50µl of nuclease free water. 

Then, the hS1P3cDNA insert (1162bp) and the pBI-G plasmid ligated were ligated to produce the pTREbi-

hS1P3cDNA/LacZ plasmid 8.8kb.  

 

2.5.5 Subcloning strategy to generate the pTREtight-hDKK-1-IRES -EGFP-CAAXpa plasmid  

The purpose of this cloning is to make a tight inducible DKK-1 construct. 

Procedure 

The pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid (5.2kb)(Fig.2.5) was done in two steps. First the 

human hDKK-1cDNA was excised from the pENT D-TOPO-hDKK-1cDNA using the restriction enzymes AscI 

(filled in) and NotI and directionally ligated into the linear pTREtight (NotI-HindIII) (pTREtight-hDKK-1cDNA). 

The second step was to clone a reporte gene into pTREtight-hDKK-1cDNA, since no reporter genes (i.e LacZ, 

EGFP) were present in the pTREtight-hDKK-1cDNA plasmid (3.4kb). To include one an IRES-EGFP-CAAXpa 

cassette (1.8kb) was excised from the 390 p3E-IRES-EGFP-CAAXpa plasmid (Invitrogen, UK) using the 

restriction enzymes XbaI and EcoRV and it was subcloned into the linear XbaI-HpaI TREtight-hDKK-1cDNA 

plasmid (3.4kb) (pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid 5.2kb). 
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Figure 2.1| Representation of the pKS-LoxP-PGK-gb2-hygro-LoxP plasmid 

The loxP-PGK-gb2-hygro-LoxP (1.8kb) cassette was subcloned between the NotI-XhoI REs in the MCS of the pSK+ 

plasmid 

 

 

 

Figure 2.2| Map of the CamKIIα-hDKK-1cDNA-IRES-EGFP CAAXpa plasmid 

The hDKK-1cDNA-IRES-EGFP CAAXpa cassette was subcloned into the NotI linear pMM403 plasmid. 
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 Figure 2.3| Map of the pTREbi-hDKK-1cDNA/LacZ plasmid 

 

 

 Figure 2.4|Map of the pTREbi-hS1P3cDNA/LacZ plasmid 

 

 

 Figure 2.5| Map of the pTRE-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid  



 

48 

 

 

                                           Figure 2.6| Map of the pTet On 

 

 

                

                                                  Figure 2.7|Map of pLuc 

 

 

 

 

        Figure 2.8| Map of pcDNA 3.1 
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2.6 Gene expression 

Gene expression can be checked at a messenger level by RT-PCR or Northen Blot or at a protein level 

by Western blot and Immunoistochemistry. 

 

2.6.1 Tissue isolation 

For gene expression studies by means of techniques that included extraction of nucleic acid and/or 

protein, tissues were isolated from mice sacrificed by cervical dislocation and small tissue samples (50-

100mg) were quickly collected and transferred to a centrifuge tube (Eppendorf) and promptly frozen in 

liquid nitrogen. When brains were collected, the whole organ was isolated and briefly rested on a piece 

of foil and placed for a couple of minutes on dry ice to allow the brain to become firmer. This passage 

was done to facilitate the sampling.  

Then snap-frozen tissue pieces were isolated from the forebrain regions using a razor and transferred 

into single microcentrifuge tubes which were placed immediately in liquid nitrogen and subsequently 

transferred in a -80°C freezer, until needed. Usually one brain was sampled in a way that allowed the 

collection of pieces of tissue for RNA extraction, protein extraction, and for histological techniques such 

as LacZ staining and immunoistochemistry. Mice were perfused with fixative under terminal anaesthesia 

to optimise brain gross morphology and cellular sub-structures preservation, which plays an important 

role in histological techniques procedures (Section 2.8.3.1). As perfusion fixation leaves tissues 

unsuitable to be employed for RNA and protein extraction it was carried out only when a sufficient 

number of mice was available. 

 

2.6.1.1 RNA extraction 

RNA isolation is a crucial first step for downstream applications that aim to analyse gene expression 

such as Northern blotting and reverse transcription-polymerase chain reaction (RT-PCR). 

Procedure 

50mg-100mg samples were collected from tissues of interest placed into 2ml micro centrifuge tubes 

(Eppendorf) and promptly frozen in liquid nitrogen, then either immediately used for RNA extraction, or 

transferred to a -80°C freezer for long term storage. RNA purification was performed with TRI reagent 

(Sigma-Aldrich, Dorset, UK) according to the manufacturer’s protocol. Samples were homogenized 

briefly with a handheld rotor-stator homogenizer (GMBH and Co., Germany). The homogenates were 

stored for 5 minutes at room temperature and then supplemented with 0.2ml of chloroform per 1 ml of 

TRI reagent. The sample tubes were closed tightly and vortexed vigorously for 15 sec. The mixture was 

stored at room temperature for 2-15 minutes and centrifuged at 12,000 x g for 15 minutes, at 4°C. 

Following centrifugation, the mixture separates into a lower red phenol-chloroform phase, interphase 

and colourless upper aqueous phase that contain the RNA.  
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The upper phase was carefully transferred into a new eppendorf tube (Eppendorf) and RNA was 

precipitated by adding 0.5ml of isopropanol. Samples were stored at room temperature for another 5-

10 minutes and centrifuged at 12,000 x g for 8 minutes at 4°C. The supernatant was removed and the 

RNA pellet washed with 75% ethanol made in DEPC treated water (DEPC from Sigma-Aldrich, Dorset, 

UK). RNA pellets were washed in 1ml ice-cold 75% ethanol and air-dried. RNA was resuspended in 50-

200µl DEPC-treated deionised water by repeated pipetting of sample warmed up to 55°C.  

Total RNA was further purified from any genomic DNA contamination by a DNase I treatment, using 

DNA-free (Ambion, TX, USA) as described in the protocol provided by the supplier. Total RNA was 

resuspended in 20µl of DEPC treated milliQ water and stored at -80°C. 

 

2.6.1.2 Protein extraction 

Protein purification includes a series of steps intended to isolate and purified proteins for subsequent 

use which in this study is represented by Western blot. 

Procedure 

50-100 mg of tissues were homogenised with a handheld rotor-stator homogenizer (GMBH and Co., 

Germany) in 1ml protein lysis buffer (50 mM Tris HCl pH 8, 150 mM NaCl, 1% (v/v) Igepal CA-630) 

supplemented with one protease inhibitor cocktail tablet per 10ml lysis buffer (Roche). Samples were 

incubated on ice for 30 minutes to permit cell lysis and suspensions were further centrifuged at 100000 

x g for 15 minutes (Beckam TL-100 ultracentrifuge). Supernatant was collected and total protein 

concentration was estimated using a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, US). 

Protein concentration was measured with an absorbance reading at 595nm done using a microplate 

auto reader (Bio-Tex Instruments, Inc, USA). 

 

2.6.2 RT-PCR 

RT-PCR is a sensitive method for the detection of mRNA expression levels. RT-PCR involves two steps: 

the RT reaction and PCR amplification. RNA is first reverse transcribed into cDNA using a reverse 

transcriptase and the resulting cDNA is used as template for subsequent PCR amplification using specific 

primers for the transcribed gene of interest.  

Procedure 

To retrotranscribe total RNA into cDNA, 1µg of DNase I (Ambion, Inc.) treated RNA was placed in a PCR 

tube containing 1mM dNTP mix (Invitrogen) and 5µM oligo-dT20 (Invitrogen). DNase-free water was 

added to a final volume of 13µl and heated to 65°C for 5 minutes in a G-Storm Mark 1 thermal cycler. 

The thermal cycler was paused and samples incubated on ice for 1 minute. The SuperScript III reverse 

transcriptase system (Invitrogen) was used to synthesise cDNA following the manufacturer’s 

recommended protocol. To exclude amplification due to genomic DNA contamination, a control reaction 
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was set up without the reverse transcriptase enzyme. For PCR amplification (Section 2.1.1) 1µl of retro-

transcribed RNA was used as template reaction using each time the appropriate primers (Table 2.3). 

 

2.6.3 Western blot 

Western blot is a technique used to detect specific proteins in a given sample of tissue extract. 

Denatured proteins are separated on a polyacrylamide gel according to the unified atomic mass unit 

(KDa) of the polypeptide. The proteins are then transferred to a membrane (typically nitrocellulose or 

PVDF), where they are probed using antibodies specific to the target protein. 

Procedure 

20-30µg of each protein sample were mixed with a 3x reducing sample buffer (187.5mM Tris HCl 

pH6.8, 6% (w/v) SDS, 30% (v/v) glycerol (Sigma-Aldrich, Dorset, UK), 10% (v/v), 0.03% (w/v) 

bromophenol blue (Sigma-Aldrich, Dorset, UK) and heat-denaturated at 99°C for 5 minutes.  

Samples were briefly chilled on ice and then quickly centrifuged, before loading onto a polyacrylamide 

gel (resolving gel: 8% polyacrylamide (National Diagnostics, GA, USA), 0.37 M Tris-HCl pH 8.8, 0.1% SDS, 

0.05% ammonium persulfate (APS) (Sigma- Aldrich, Dorset, UK ), 0.05% TEMED (Sigma-Aldrich, Dorset, 

UK); stacking gel: 5% polyacrylamide, 0.12 M Tris-HCl pH 6.8, 0.0% APS, 0.1% TEMED) alongside pre-

stained protein standards (Fermentas, UK) previously casted using a mini PROTEAN apparatus (Biorad 

Laboratories Inc, Hercules, CA).  

Protein samples were run at 60V for ~30 minutes and then at 90V for ~90 minutes in running buffer 

(0.1% SDS, 25 mM Tris-HCl, 208 mM glycine (Fluka, Sigma-Aldrich, Dorset, UK ). Proteins were 

transferred onto PVDF membrane (Bio Rad Laboratories) by wet transfer in transfer buffer pH 8.8 

(48mM Tris Base, 390mM glycine, 0.0375% SDS, 20% (v/v) methanol (Fisher Scientific)). Before 

proceeding to the incubation with the appropriate primary antibody, membranes were blocked in 5% 

powered skimmed milk (TESCO, UK), in PBS-T (0.1% Tween-20 (Sigma-Aldrich, Dorset, UK) in 0.1% PBS)) 

for 2 hours at room temperature. Primary antibodies were diluted in 1% milk in PBS-T (0.1% Tween -20, 

0.1% PBS) (Table 2.4) and incubated with the appropriate membrane overnight at 4°C on an orbital 

shaker.  

Membranes were washed three times in 0.1% PBS-T for 15 minutes each and then incubated with the 

appropriate peroxidase-conjugated secondary antibody (Vector Laboratories, Inc.Burlingame, CA), 

diluted 1/10000 in 1% milk in PBS-T for 1 hour at room temperature. Three further washes were 

performed as before and protein detection was achieved using the ECL-Plus system (GE Healthcare), as 

directed by the manufacturer. Autoradiography film (GE Healthcare) was developed using a film 

processor (Curix 60, Agfa-Gevaert, NV, Mortsel, Belgium). Western blot bands were quantified using 

ImageQuant™TL. 
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2.7 Histological techniques  

2.7.1 LacZ staining of wholemount embryos 

The LacZ staining is a staining widely used that develops a blue colour resulting from the cleavage of 

the compound X-gal by the ß-galactosidase enzyme which is a bacterial gene used as heterogonous 

reporter. 

 

2.7.1.1 Lac Z staining on wholemount embryos 

Pregnant females were culled by cervical dislocation and embryos collected at 13.5 days post 

fertilization (E13.5). Embryos were removed from the uterine horns, placed into a 90mm petri dish with 

PBS and viewed under a dissecting microscope (Leica, Kingston upon Thames, Surrey, UK) while they 

were removed from their extraembryonic tissues.  

Before transferring the embryos in the LacZ staining solution, made with 1mg/ml X-gal (Sigma-Aldrich, 

Dorset, UK) diluted in stain base (30mM K4Fe(CN)6 (Sigma-Aldrich, Dorset, UK), 30mM K3Fe(CN)6.3H2O 

(Sigma-Aldrich, Dorset, UK), 2mM MgCl2, 0.01% (w/v) sodium deoxycholate, 0.02% (v/v) Igepal CA-630 in 

0.1% PBS), embryos were first briefly frozen on dry ice (until the outer surface turned white), then cut 

sagittally with a razor and subsequently fixed for 30 minutes in 4% (w/v) paraformaldehyde (PFA, Sigma-

Aldrich, Dorset, UK), 0.2% (v/v) glutaraldehyde in 0.1% PBS (phosphate buffered saline; Oxoid, 

Basingstoke, Hampshire,UK). 

 Following fixation, embryos were washed twice in 0.1% PBS and then stained in the dark, using X-gal 

diluted in stain base overnight at 28°C. The next day, X-gal treated embryos were washed twice in 0.1% 

PBS before being fixed overnight at 4°C in 4% PFA in 0.1% PBS and stored 70% ethanol at 4°C. 

Photographs were taken under a dissection microscope (Leica, Kingston upon Thames, Surrey, UK).  

 

2.7.1.2 LacZ reporter assay on adult brain sections 

Brains were carefully collected, sliced coronally or sagittally using a razor, fixed for another half an 

hour in PFA 4% and then washed twice in 0.1% PBS and finally submerged in LacZ staining solution. 

Embryos were then stained in the dark using X-gal solution at 28°C, until stain developed (usually 5-6 

hours or overnight). 

 

2.7.2 Immunohistochemistry 

Immunohistochemistry (IHC) allows the localization of proteins in tissue sections by the use of labelled 

antibodies able to recognize the protein in its native structure. 

Procedure 

Tissue for Immunohistochemistry was isolated and fixed overnight in PFA 4% (w/v) 0.1% PBS at 4°C. 

The next day, fixed samples were transferred into ethanol 70%. In order to make the tissues ready for 

sectioning, brains were paraffin embedded using Technovit 7100 (Heraeus, Germany). First they were 
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hydrated for 30 minutes each in 70%, 96% and 100% ethanol in a 1:1 ratio of ethanol:infiltration 

solution A (Heraeus) for 2 hours. Infiltration was then performed overnight by incubating embryos in 

100% infiltration solution A. Tissues were embedded in solution B (Heraeus) and polymerisation 

permitted overnight. Blocks were mounted, ready for sectioning, using Technovit 3040, according to the 

manufacturer’s instructions. The sectioning was performed by Iryna Withington. 5µm to7µm paraffin 

embedded sections were cleared by immersing the slices twice (5 minutes each) in Histoclear (National 

Diagnostic) and rinsed in ddH2O.  

Deparaffinization and hydration of tissue sections: Tissues were rehydrated by incubating the slides in 

a descending ethanol series, (2 minutes each) in 100%, 100%, 95%, 90%, 70%, 50% and finally rinsed in 

PBS 1x for 5 minutes. Antigen retrival was done by sub boiling sections in antigen retrival solution 

(10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) (Sigma-Aldrich, Dorset, UK) for 15-20 minutes using a 

microwave. Samples were allowed to stand for an additional 30 minutes in the antigen retrival solution, 

then slides were washed twice (5 minute each) in PBS-T followed by another wash in PBS for 10 minutes  

Block: By using a wax pen the tissues area was delimited and slides were then incubated for 2 hours in 

a minimal amount (approximately 100µl) of blocking solution (1% BSA, PBS, 0.15% blocking serum). 

Subsequently the blocking solution was discarded and tissues were incubated with the primary antibody 

diluted in 1% BSA, PBS overnight at 4°C. 

Primary antibody: The primary antibody was collected the next day and slides washed in PBS by gentle 

shaking (2x 5 minutes each). This step was followed by washes done in PBS, 0.25% Triton X-100 (2x 5 

minutes each).  

Quenching endogenous peroxidase activity To block endogenous peroxidase activity, tissues were 

inbubated for 15 minutes with 0.3% H2O2 in PBS (Sigma–Aldrich, Dorset, UK). Tissues were then washed 

in PSB (1x 5 minutes). 

Secondary Antibody: The appropriate biotinylated secondary antibody was prepared following 

manufacturer’s instructions (Vector Laboratories, Inc.Burlingame, CA) and it was applied to the sections 

for 30 min at RT. Then the 2°Ab was discarded and slides were washed for 10 minutes in PBS wash.  

Conjugation of horseradish peroxidase to secondary antibody: Pre-formed Avidin-Biotin Complex 

(ABC) was prepared following manufacturer’s instructions (Vector Laboratories, Inc.Burlingame, CA). The 

ABC method uses an avidin peroxidase complex which recognizes a biotinylated 2°Ab. The ABC solution 

was discarded and slides washed in PBS for 10 minutes. DAB staining was used to detect antibody 

complexes. DAB peroxidase (Vector Laboratories, Inc.Burlingame, CA) was prepared following 

manufacturer’s instructions.  

Chromogenic reaction: The DAB solution was incubated for a maximum of 10 minutes with the tissue 

to allow staining to develop. In the presence of H202 (hydrogen peroxide) DAB is converted to an 

insoluble brown reaction product and water by the enzyme horse radish peroxidise (HRP). Excess stain 

was removed by washing in running tap water for 5 minutes. 
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Counterstain: When desidered haematoxylin counterstain was applied for 15 minutes. To eliminate 

non-specific binding of haematoxylin, slides were placed under gently running tap water for 3 min, 

followed by 30 sec wash in 1% concentrated ammonia (NH3) in 70% ethanol and a final 30 sec wash in 

70% ethanol. Slides were then dehydrated through an ascending ethanol series for 3 sec and 70% 

ethanol, 5 sec in 95% ethanol, 2x 1 minutes in 100% ethanol, washed twice in histoclear solution for 2 

min each and mounted using DPX mount (Sigma-Aldrich, Dorset, UK ) overlaid with a coverslip. 
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Table 2.4 List of primers used in this study 
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2.8 Mouse handling and procedures 

2.8.1 Animal Husbandry  

All mouse strains were maintained in accordance with United Kingdom Home Office regulations, on a 

13-hour light/11-hour dark cycle, including 30 minute each day of artificial dawn and dusk lighting. 

Ambient temperature was at 21°C±2°C, with a relative humidity of 55±10%. Animals were permitted 

unrestricted access to food (CRM formula, Special Diet Services, Essex, UK) and water, and were housed 

at a density of one to six animals per cage. Cages were individually ventilated.  

 

2.8.2 Animals genetic background 

 

 

 

 

 

2.8.3 Methods of sacrifice 

Animal were sacrificed humanely either by cervical dislocation or terminally anesthetised and then 

perfused. Whe perfused mice were terminally anesthetised by intraperitoneal injection of euthatal 

(200µl per 25g mouse). Before proceeding with cardiac perfusion, mouse limbs were firmly tweaked to 

be sure that no reflexes were shown in the animal. The mouse was adjusted on a Styrofoam block and 

limbs secured with pushpins, before opening the chest cavity to expose the heart. Using a small pair of 

very sharp scissors, a small nick in the apex (bottom) of the left ventricle was made and an 18-gauge 

cannula attached to a pressurized apparatus (Perfusion oneTM, MO, USA) was inserted and an incision 

was done in the posterior vena cava. The mouse was first perfused with ~100ml of a room temperature 

solution of PBS (pH 7.4) supplemented with 100U/l of heparin (Sigma-Aldrich, Dorset, UK) followed by 

approximately 100ml of 4%PFA.  

 

 

2.9 Transgenesis  

Trangenesis refers to the process of introducing exogenous DNA (transgene) into living organisms 

(in this study represented by mice).  The process of creating transgenic animals is a multistep 

procedure that needs to be planned carefully. It requires:  

1) Planning of mice hormone treatment 

 Superovulation schedule 

 Pseudopregnant females schedule 

 Embryos collection  

C57BL/6:CBA   Donors embryos and recipients   

C57 BL/6J CamKIIα-tTA (provided by Professor Mayford) 

129P2/OlaHsd Breeding chimeras 
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2) Delivery of the transgene DNA to the embryos (in this study done by pronuclear injection, 

aggregation and blastocyst injection).  

 Surgical transfer of embryos to pseudopregnant mice.  

 

Embryo transfer to pseudopregnant females was done by Dr Kim Moorwood. I assisted with embryo 

isolation and mouse surgery in the aggregation and blastocyst procedures and provided the planning of 

the cloning strategies and did the cloning of the constructs used for the transgenic procedures. Methods 

referring to superovulation, embryo collection and surgery are those described by Nagy et al (2003) 

unless otherwise stated.  

 

2.9.1. Mouse hormone treatment: Superovulation  

Superovulation is a procedure done to increase the number of oocytes produced by female mice 

through hormone treatments.  

Procedure 

 4-weeks to 4-months old F1 (C57BL/6:CBA) female mice, were used as embryos donors. Mice were 

superovulated with 5 International units (IU) of pregnant mare’s serum (PMS) injected intraperytoneally 

(IP) in the afternoon of day one (~3pm) (Fig. 2.9a). The purpose of PMS injection is to mimic the 

endogenous effects of follicle-stimulating hormone (FSH). After 46-48 hours, which is in the early 

afternoon of day three (12.30 -3pm), previously PMS-treated mice were injected with 5IU of human 

chorionic gonadotrophin (hCG) to induce ovulation 10-12h later. These females were then mated with 

F1 males in single cages in a ratio of 1:2 and were assumed to have mated at the mid-point of the dark 

cycle (Fig. 2.9b1). Depending on the techniques used to produce transgenic animals, represented in this 

study by pronuclear injection, aggregation and blastocyst injection, embryos were collected at different 

stages. For pronuclear injection embryos were collected at 0.5 days post fertilization (dpf), for 

aggregation or blastocyst injection embryos were collected either at the morulae stage or at the 

blastocyst stage which are respectively reached within 2.5 or 3.5 dpf in the mouse developing embryos 

(Fig. 2.9c). To obtain recipient females necessary to reimplant the injected embryos, on the afternoon of 

day three, between 2 to 3 F1 female mice were mated with a vasectomized male and assumed to have 

mated at the mid-point of the dark cycle (Fig. 2.9b2). Females with vaginal plugs were selected and used 

as foster mothers. Dependent on the technique used, the embryo transfer in the foster mothers was 

done either in the early afternoon of the day of the pronuclear injection session, or in the case of 

aggregation and blastocyst injection, when the pseudopregant female reached the stage of 3.5 days 

post fertilization (Fig. 2.9e) 
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2.9.2 Embryos collection 

This procedure is done to recover embryos from donor female mice. Depending on the technique used 

to obtained transgenic animal, the collection of embryos is done at different developmental stages.  

 

2.9.2.1 Aggregation embryo collection procedure 

One approach for generating transgenic mice from targeted mES cell lines is to aggregate mES cells 

with morula-stage embryos. The chimeras are then bred to generate transgenic offspring. This method 

offers a simpler and less expensive alternative to the method of mES cell injection into blastocyst 

embryos. 

Procedure 

F1 superovulated female pregnant mice (2.5 dpf) were culled by cervical dislocation and uterine horns 

isolated from the body. Uterine horns were flushed by using a 33 gauge needle (Hamilton) attached to a 

1ml syringe filled with M2 (Sigma-Aldrich, Dorset, UK).  

Morulae were collected by using a transfer pipette attached to a mouth pipette assembly (Sigma-

Aldrich, Dorset, UK) and transferred into a drop of equilibrated M16 (Sigma-Aldrich, Dorset, UK ) placed 

into a 35mm petri dish overlaid with mineral oil and incubated at 37°C, 5% CO2. The zonae pellucida was 

removed by transferring the embryos into a drop of acidic Tyrode’s solution (Sigma-Aldrich, Dorset, UK). 

The thinning of the zona pellucida was monitored under a dissecting microscope and embryos were 

then immediately transferred into several drops of M2 to remove any residual of Tyrode’s solution. 

Preparation of co-culture dishes  

Aggregation microwells were made by pressing the blunt end of a needle against the bottom of a 

35mm petri dish and constructed in a circle of about 0.5cm of diameter. To maximize contact between 

the mES cells and the embryos, single morulae were placed individually in microwells of a coculture dish 

(Fig.2.10) ~70µl of 1.5x105 cells/ml were diluited in M16 media and mES cells were layered over the 

microwells (~15-20 cells/microwell) and incubated overnight at 37°C, 5% CO2. The following day, 

aggregated embryos (most of which had reached the blastocyst stage) were transferred into 

pseudopregant recipients which had been set up for mating with vasectomised males 2.5 days prior 

transfer.  

 

2.9.2.2 Blastocyst injection embryo collection procedure 

Another approach for generating transgenic mice using mES cells is by direct injection of modified 

transgenic mES cells into blastocyst embryos.  

Procedure  

F1 superovulated females pregnant female mice (3.5 dpf) were culled by cervical dislocation and 

uterine horns isolated from the body. Uterine horns were flushed by using a 33 gauge needle (Hamilton) 

attached to a 1ml syringe filled with M2 (Sigma-Aldrich, Dorset, UK). Blastocyst stage embryos (Fig.2.11) 
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were collected by using a transfer pipette attached to a mouth pipette assembly (Sigma-Aldrich, Dorset, 

UK) and transferred into a drop of equilibrated M16 (Sigma-Aldrich, Dorset, UK), placed into a 35mm 

petri dish overlaid with mineral oil and incubated at 37°C, 5% CO2. Injections were carried out using an 

Eclipse TE300 inverted microscope, Narishige motorised joysticks and IM-16 Microinjectors (Nikon, 

Japan). Injected blastocysts were transferred into pseudopregant recipients which had been set up for 

mating with vasectomised males 3.5 days prior transfer.  

 

2.9.2.3 Embryo transfer into pseudopregant females 

Foster mothers were weighed and anaesthetised by using 180µl (0.006ml/g) per 30g mouse of a 

HypnormTM/Hypovel® working solution made by combining 2ml of HypnormTM  (0.315mg/ml fentanyl 

citrate, 10mg/ml fluanisone), 4ml water amd 2ml hypnovel® (5mg/ml midazolam) followed by filter 

sterilization. The anaesthetised mouse was laid on its side. The index finger was used to find the last rib 

of the mouse and a small incision to access the ovary was done in the mid dorsal region. 

The ovarian fat pad, ovary, oviduct, and uterus were pulled out of the body wall and a Serrefine clamp 

was clipped to the fat pad to hold the ovary, oviduct, and uterus outside the body. The mouse was then 

placed under a dissection microscope and a hole was made in the uterus, just below the utero-tubal 

junction using a 30 gauge needle. By using a mouth pipette, assembly embryos were blown into the 

oviduct. The uterus was placed back into the body cavity and the wound closed using coated Vicryl® 

braided absorbable suture material with a 16mm curved needle. Uterine transfer pipettes were made in 

the laboratory, using borosilicate glass capillaries pulled over a small Bunsen flame, snapped then 

polished smooth with a heated filament using a Beaudoin Microforge 620. 

 

2.9.3 Treatment of mice with doxycycline 

In a doxycycline based inducible system, doxycycline treatment allows the switching on and off of the 

transgene. 2mg/ml (final concentration) of doxycycline hydrochloride (Sigma-Aldrich, Dorset, UK) was 

dissolved in 100% ethanol by stirring over a heated plate (ensuring the temperature did not exceed 

60°C). The solution was brought to volume with tap water supplemented with 50mg/ml (final 

concentration) of common table sugar. As doxycycline is light sensitive, during the preparation of the 

solution bottles were wrapped in tin foil and it was administered to mice as drinking water in opaque 

bottles and renewed twice a week 
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Figure 2.10| Microwells of a co-culture dish 

Aggregation microwells were made by pressing the blunt end of a needle against the bottom of a 35mm petri dish. 

Individual morulaes without the zona pellucida were placed into microwells of a co-culture dish and 15-20 mES 

cells were layered in each microwell (20X). 

 

 

 

 

 

 

Figure 2.11| Blastocysts  

Isolated blastocysts from 3.5dpf donors females 
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2.10 Behavioural tests 

All the behavioural tests were done at the University of Florence in the laboratory of Professor Fiorella 

Casamenti and were conducted by Dr. Cristina Grossi, Dr Anna Fiorentini and Dr Maria Cristina Rosi.  

 

2.10.1 Morris water maze test 

The water maze apparatus consisted of a circular pool (150cm in diameter and 0.47m high) of opaque-

coloured Perspex™ (polymethyl methacrylate) and was elevated ~37 cm above the floor. The pool was 

filled to a depth of 20 cm with water (25◦C±1°C temperature) that was made opaque by the addition of 

non-toxic white paint. The pool was divided into four quadrants of equal area arbitrarily called 

northeast, southeast, southwest and northwest (Fig. 2.8 B). 

 A circular platform (10 cm diameter) made of transparent Perspex was submerged 0.5 cm below the 

water surface, its centre being 30 cm from the perimeter, in the middle of the northwest quadrant (the 

target quadrant) (Fig.2.12 B). Extra-maze visual clues around the room remained in fixed positions 

throughout the experiment (Fig. 2.12 A). 

 All mice underwent reference memory training for four days, with four trials per day, and with the 

four starting locations varying between trials. The first entry was located in the southeast quadrant and 

the others were set in counter-clockwise series from the first. If the platform was not located within the 

maximum time of 60s, the mouse was guided to the location and was allowed to stand for 20s on the 

platform. For each trial, latency to find the platform (maximum 60s) was recorded by a closed-circuit 

television camera which was mounted onto the ceiling directly above the centre of the pool to convey 

subject swimming trajectories and parameters to an electronic image analyser (HVS Image, Hampton, 

UK), which extracted and stored the X-Y coordinates of the subject’s position at sample points every 

0.01 seconds (Fig. 2.13). On day 4, five hours after the last trial, the platform was removed from the pool 

and each mouse received one 30s swim “probe trial”. Swim speed (cm/s), percentage of time spent in 

the target quadrant and the number of platform area crossings, determined as one entrance and one 

exit from the area, were recorded.  

 

2.10.2 Data Analysis 

Two-way-ANOVA plus Bonferroni’s post comparison test were used to evaluate Morris water maze 

behavioural performances. Data were elaborated by using GraphPad Prism version 4.0 for Windows 

(GraphPad Prism Software version4.0, San Diego, CA, USA) with statistical significance established at p 

<0.05. 
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Figure 2.12| Morris water maze  

 Picture showing the Morris Water Maze pool filled with water made opaque by the addition of non-toxic white 

paint. Extra-maze visual clues were placed around the room and remained in fixed positions throughout the 

experiment (A). Schematic representation of MWM (B). The pool was divided arbitrarily into four quadrants of 

equal area (northeast, southeast, southwest and northwest). A circular platform (10 cm diameter) made of 

transparent Perspex was submerged 0.5 cm below the water surface, its centre being 30 cm from the perimeter, in 

the middle of the northwest quadrant (the target quadrant) (B). 

 

 

 

 

Figure 2.13| Morris Water Maze recording system 

Each trial was recorded by a closed-circuit television camera which was mounted onto the ceiling directly above 

the centre of the pool to convey subject swimming trajectories and parameters to an electronic image analyser.   

A                                                                    B 
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2.11 Tissue culture protocols 

Methods discussed in these paragraphs are those of Nagy et al (2003) unless otherwise stated. The 

mouse embryonic stem (mES) cells used in this study are the R1 mES cell line and the E14Tg2A clone4 

(E14C4) mES cell line. The R1 mES cell line described in Nagy et al (1993) was provided by Professor 

Nagy. The E14Tg2A was first derived from 129/OlaHsd strain by Professor Austin Smith, University of 

Cambridge and obtained from Dr William Skarnes.  

 

2.11.1 mES cells culture 

mES cells were grown without a feeder cell layer in sterile plastic tissue culture dishes (Nunc) coated 

with 0.1% gelatin (Life Technologies). The growth medium used for growing the mES cell was either 

Dulbecco Modified Eagle Medium (DMEM) supplemented with Foetal Bovine Serun (FBS) or KnockOut 

media (Invitrogen) supplemented with KnockOut™ Serum Replacement (SR). mES cultures were checked 

daily and media changed every day. Once opened, all media was used within 3 weeks. Incubation was 

carried out in a humidified incubator, gassed with 5% CO2 in air, at 37oC.  

 

2.11.1.1. mES cell growth media supplemented with FBS  

Growth media supplemented with FBS was made with: Dulbecco’s Modified Eagle Medium (DMEM) 

with glutamax-1, without sodium pyruvate, with 4500mg/l glucose and pyridoxine (0.08x) (Invitrogen).  

DMEM was further supplemented with 15% (v/v) FBS, 1% (v/v), non-essential amino acids (Invitrogen), 

0.1mM β-mercaptoethanol (Sigma-Aldrich, Dorset, UK), 50μg/ml penicillin/streptomycin (Invitrogen) 

and 1000U/ml ESGRO leukaemia inhibitory factor (LIF) (Chemicon International). 

 

2.11.1.2 mES cell growth media supplemented with serum replacement 

KnockOut growth media was made with KnockOut media (Invitrogen) supplemented with 15% (v/v) SR, 

2mM Glutamine (Invitrogen), 1mM β-mercaptoethanol (Sigma-Aldrich, Dorset, UK), 1% (v/v) non 

essential amino acids (Invitrogen), 1000U/ml ESGRO leukaemia inhibitory factor (LIF) (Chemicon 

International) and 50μg/ml penicillin/streptomycin (Gibco BRL). When cells grown in KnockOut growth 

media were used for electroporation experiments, the KnockOut growth media was exceptionally 

supplemented with 10% of FBS to allow the initial attachment of the electroporated mES cells and 

removed the next day. 

 

2.11.2 Cell counting using a counting chamber 

A counting chamber (hemocytometer) was polished with 70% ethanol and then used to determine the 

number of cells per unit volume of cell suspension. The main divisions of a hemocytometer separate the 

grid into 9 large squares. Each square has a surface area of 1mm2, and the depth of the chamber is 

0.1mm, therefore each square of the hemacytometer (with cover slip in place) represents a total volume 
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of 0.1 mm3. Since 1 cm3 =1 ml, the subsequent cell concentration per ml can be determined. A cell 

suspension was dilute enough so that cells did not overlap each other on the grid.  

With a pipet, 10µl suspension was introduced into one of the two V-shaped of the hemacytometer and 

the counting chamber was then placed on the microscope stage and the counting grid brought into 

focus (40X). A specific counting pattern was decided in advance to avoid bias. Cells that overlapped top 

or right ruling were considered for the counting, while cells that overlapped bottom or left were not 

taken into account.. 

  

2.11.3 Passaging mES cell 

mES cells were usually passaged every two days when they reached a subconfluent state (70-80% as 

judged by eye). Growth media was discarded and cells washed twice with PBS. Then an appropriate 

amount of trypsin-EDTA 0.05% solution (Sigma-Aldrich, Dorset, UK) was added (typically 2ml in a T25 

flask). Cells were incubated for 5 minutes in a humidified incubator, gassed with 5% CO2 in air, at 37oC. 

When mES cells were grown in KnockOut media, an equal volume of Soybean trypsin inhibitor 

(0.5.mg/ml) (Sigma-Aldrich, Dorset, UK) was added to stop the action of trypsin. 

 When grown in media supplemented with FBS, to stop the action of the trypsin it was sufficient to add 

an equal volume of growth media to the treated cells. Cells were then pelleted by spinning at 180 rcf for 

4mins. The supernatant was aspirated, pellet disaggregated into a single cell suspension by gently 

pipetting up and down, and cells resuspended in mES growth media. Cells were replated at a lower 

density (~6.500cells/mm) onto a clean gelatin-coated 90mm tissue culture dishes containing 8ml of 

medium. 

 

2.11.4 Freezing mES cell 

mES were disaggregated with trypsin and pelleted as described in Section 2.11.3. Then, cell pellet was 

resuspended in 1ml of fresh freezing medium 90% FBS (Lonza) 10% of DMSO (Sigma-Aldrich, Dorset, UK) 

and transferred to cryovials. Cells were frozen slowly by placing the cryovials in a polystyrene box. Next 

day, cryovials cells were transferred in liquid nitrogen 

 

2.11.5 Thawing mES cell 

Cryovials were warmed quickly by placing them directly into a 37oC incubator and DMSO diluted by 

adding supplemented growth media. Cells were centrifuged at 180 rcf for 4 minutes to form a pellet. A 

single cell suspension was obtained by vigorous up and down pipetting and it was resuspended in 10ml 

supplemented growth media and tipically seeded in a gelatin coated T25 (culture area 25cm2) tissue 

culture flask (Nunc). 
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2.11.6 Kill Curve  

The lowest toxic dose of Geneticin® G418 sulphate (Gemini Bio-Products) necessary to kill all the mES 

cells was determined by an antibiotic dose response test. 2ml of G418 (50mg/ml) were diluted in 18ml 

of supplemented growth media to a concentration of 5mg/ml and sterilized through a 0.22-micron filter 

attached to a syringe. Cells were trypsinized and diluted to a concentration of 4000 cells/ml. 100µl of 

this cell suspension (~400 cells) was added to two 6-well cell culture plates supplemented with 4ml of 

growing media and incubated in a humidified 5% CO2 atmosphere. 

 In order to assess the lowest amount of G418 that killed all the cells over a course of 10 days, 

concentrations of G418 at 80µg/ml, 100µg/ml, 150µg/ml, 200µg/ml and 250µg/ml were tested in 

different wells. G418 was added 24 hours after the cells were seeded (one well with ~400 seeded cells 

was kept as control). Fresh media supplemented with G418 was changed daily. After 10 days the 

supernatant was aspirated and cells were washed twice with phosphate buffered saline (PBS).  

To aid visualization of any remaining living cells, a methylene blue staining was performed as follows. 

Cells were fixed by adding 4ml of 100% methanol in each well for 10 minutes. The methanol was 

discarded and 10% formaldehyde diluted in water, was added. After one hour the solution was 

aspirated and 0.3% of methylene blue was added in each well, left for one hour and then poured off. 

Wells were then washed twice with water and checked under a microscope to visualise stained cells. 

The same procedure was used to determine the kill curve for Hygromycine (PAA). In order to assess the 

lowest amount of Hygromycine that killed all the cells over a course of 10 days, concentrations of 

Hygromycine at, 100µg/ml, 150µg/ml, 200µg/ml, 300µg/ml and 350µl/ml were tested. In this case the 

lowest antibiotic concentration to kill all the cells was 300µg/ml. 

 

2.11.7 mES cell electroporation 

mES cells were grown in T175 tissue culture flasks (culture area 175cm2) until ~80% confluent. Growth 

medium was changed 2-3 hours before harvesting the mES cells. The cells were disaggregated, 

centrifuged for 5 min and the pellet washed twice with Ca²+/Mg²+ free PBS. The single cell suspension 

was finally resuspended in a 0.5µl of Ca²+/Mg²+-free PBS. 1µl of cells suspension was diluted 40x in PBS 

and used to determine cell density using a haemocytometer (Section 2.11.2). The cell density was 

adjusted to ~1 x 107 cell/ml in Ca²+/Mg²+-free PBS and 0.8ml was transferred into a 0.4cm-wide 

electroporation cuvette (Bio-Rad).  

When cells were co-electroporated, a 1:10 molar ratio between the linear plasmid with the antibiotic 

resistance gene and the plasmid with the gene of interest was used. The linearised construct(s) 

was/were added to the mES cells suspension and allowed to stand at room temperature for 5 minutes. 

A single electrical pulse (300V, 250μF) was applied to the cuvette using a GenePulser electroporator 

(Bio-Rad). Electroporated cells were allowed to stand for another 5mins at room temperature. Then, 

cells were seeded (~6500cells/mm) in gelatin-coated tissue dishes (90cm diameter) containing 

http://www.google.co.uk/search?hl=en&&sa=X&ei=17dyTamNEoSWswbgr6GEDg&ved=0CBUQBSgA&q=Cells+were+trypsinized&spell=1
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supplemented Knockout media and 10% FBS, which was added to help the initial recovering of the cells. 

Seeded cells were incubated at 37oC with 5% CO2. The following day media was removed and Knockout 

media with serum replacement was added to each plate. 

 

2.11.8 mES selection 

Electroporated mES cells were allowed to grow for 24 hours before selection began. For a selection 

done with Neomycin, an amount of 200μg/ml of G418 was added to each plate. For an Hygromycin 

selection 300µg/ml of antibiotic was added to select positive cells. Knockout media supplemented with 

the appropriate amount of G418 or Hygromycin was changed daily in each plate. These concentrations 

were shown to be lethal by the kill curve (Section 2.11.6) for all the mES cells except those expressing 

the gene providing resistance to the selection agent. 

 

2.11.9 Picking mES cell colonies 

8-9 days after the antibiotic selection had begun morphologically ideal colonies that can be defined as 

slightly smaller than the end of a 20µl pipette with well-defined edges, were identified under an 

inverted microscope and picked under a hood as follows. The growth medium was aspirated from the 

plate and the dish washed once with Ca²+/Mg²+ PBS. This was discarded and then enough Ca²+/Mg²+ 

PBS to cover the cells was added back to the dish. Using a P10 pipet set to 10µl, each colony was picked 

individually by nudging the colony from the bottom of the dish with the pipet tip and the loose colony 

immediately aspirated into the pipet tip in one motion. Then the colony was transferred into a flat 96 

well plate previously filled with 50µl of trypsin solution. 

 When a row of 8 wells in the 96 plates was filled, to allow colony disaggregation the colonies were 

incubated in trypsin for 15 minutes at 37°C, 5% CO2. Then, with a multichannel pipet disaggregated 

colonies were transferred in a new gelatinised 96 well plate supplemented with 100µl of Knockout 

media and 10% of FBS. FBS was added to stop the trypsin action and also to provide initially added 

nutrients to support the attachment of the cells.  The following day this growth media was removed and 

replaced with the KnockOut growth media with SR. After 3-4 days the cells typically had grown 

sufficiently for passaging and expanding. 

 

2.11.10 Freezing Es cells in 96-well plates 

Media was removed from the 96-well plate and cells rinsed with PBS. Then, 50µl trypsin solution was 

added to disaggregate mES cells. When a single cell suspension was obtained, the action of the trypsin 

was stopped by adding a small volume of FBS (2µl). Using a multichannel pipette cells were transferred 

into a new 96-well plate (Nunc) previously placed on ice and a fresh solution of freezing medium (20% 

DMSO plus 80% FBS) was added to each well and overlaid with sterile mineral oil (Sigma-Aldrich, Dorset, 

UK). The plates were wrapped in parafilm and placed in a polystyrene box and stored at -80oC. 
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2.11.11 Preparation of genomic DNA from mES cells in a 96 well plate 

When mES cells grown in the 96 well plate were approximately 80% confluent they were used for 

extracting DNA (Nagy, 2003). After having aspirated the media and washed each well twice with 100µl 

of PBS, 50µl of Lysis buffer (10mM Tris-HCL, pH7.5; 10mM EDTA; 10mM NaCl; 0.5% sarcosyl, 1mg/ml 

Proteinase K added directly before use) was added in each well and cells were incubated overnight at 

55°C in a humidified incubator.  

The next day, 100µl a fresh solution made with cold ethanol supplemented with 0.5M NaCl (final 

concentration) was added to each well. The plate was left undisturbed at room temperature for 30 

minutes. After this time, the precipitated DNA was visible and the plate was gently inverted on a paper 

towel to drain the liquid. Each well was rinsed three times with 70% ethanol. After the final wash the 

plate was air dried and the DNA was resuspended in 30µl of TE. 1µl was used as template for PCR 

genotyping. 

 

2.11.12 β-gal detection on mEs cells 

2.11.12.1 β-gal detection on mouse ES cells by LacZ staining 

mES cells were grown on gelatine-coated dishes (35mm). When the cells were approximately 80% 

confluent cells were washed twice in PBS, 2mM MgCl2. Then, cells were fixed for 5 minutes in 0.8% 

gluteraldehyde followed by three washes (5 minutes each) with PBS, 2mM MgCl2.Cells were then 

permeabilized with 0.1% Triton X-100, 2mM MgCl2, in PBS. Finally, cells were incubated overnight at 28 

°C in X-gal stain base reagent made with 1mg/ml X-gal (Sigma-Aldrich, Dorset, UK) diluted in stain base 

(30mM K4Fe(CN)6 (Sigma-Aldrich, Dorset, UK), 30mM K3Fe(CN)6.3H2O (Sigma-Aldrich, Dorset, UK), 2mM 

MgCl2, 0.01% (w/v) sodium deoxycholate, 0.02% (v/v) Igepal CA-630 in 0.1% PBS).  

 

2.11.12.2 β-gal detection on mouse ES cells by β-gal luminescent assay  

Reagents of the Luminescent β-gal Kit (Clontech, UK) were used to measure β-gal activity.  

3x103 were seeded in 60mm gelatine-coated tissue culture dishes. Next day growth media was removed 

and cells were washed twice. Then 1ml of ice-cold PBS was added to each plate and cells scraped using a 

rubber policeman (Fisher, UK) and transferred to a microcentrifuge tube on ice. Cells were centrifuged 

at 180 rcf for 5 minutes and supernatant discarded. 

 The pellet was resuspended in 75µl ice-cold lysate buffer (100mM K2PO4,, 100mM KP2PO4,. 1mM DTT) 

and incubated for 5 minutes. Cells were centrifuged at 180 rcf for 5 minutes and cell lysates 

(supernatant) were transferred to a fresh tube. Following manufacturer’s instructions, reagents of the 

Luminescent β-gal Kit (Clontech) were used to measure β-gal activity. For each cell lysate a master 

reaction buffer mixture made with 4µl of reaction substrate and 196µl of reaction buffer. 
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20-30µl of each cell lysate was placed into an opaque 96-well plate and 200µl of the reaction buffer 

mixture was added, mixed gently and incubated at room temperature for 1 hour. The Tecan FarCyte 

Ultra Plate was used to monitor chemiluminescence. 

 

2.11.13 Transient transfection by lipofection 

For each experiment 2.5 x 105 mES cells were seeded in two 35mm well plates and grown in KnockOut 

media. In the morning of the following day the growth media was replaced with 2mls of Knockout 

growth media containing neither serum replacement nor antibiotics. The plasmid of interest was diluted 

in 250µl of OPTI-MEM (Invitrogen) and 10µl of Lipofectamine2000 (Invitrogen), gently mixed, and then 

incubated for 5 minutes in 250µl of OPTI-MEM (Invitrogen).  

Following a 5 minutes incubation, the diluted Lipofectamine2000 was mixed with the diluted DNA and 

incubated for 25 minutes. Then, 500µl of the mixture was added to each well and gently mixed before 

incubating at 37°C. After 6 hours, the medium was replaced with KnockOut growing media and cells 

were monitored for gene expression 24 hours after the lipofection. 

 

2.11.14 Chromosome spreading 

mES cells were grown on gelatinised petri dishes (35mm) until 80% confluent. Cells were passaged, 

split 1:2 and seeded into another 35mm dish. This step was done to ensure that actively dividing cells 

were present. The next day, 0.05µg/ml of Colcemid (Sigma-Aldrich, Dorset) was added to the growth 

media and cells incubated for 1 hour at 37°C. The medium was then removed and the cells rinsed with 

PBS.  

Single cell suspension was achieved by tripsinization its action was stopped by adding growth media 

supplemented with FBS. Cells were transferred into a 15ml Falcon tube and then centrifuged for 10 

minutes at 180 rcf. The supernatant was discarded and the pellet resuspended in 1ml of growth media. 

10ml of KCl 0.56% (0.075M) prewarmed at 37°C, was added drop by drop along the wall of the tube 

while gently mixing, and then cells were incubated at 37°C for 15 minutes. Then, 2 drops of cold fixative 

freshly prepared (3 parts methanol: 1 part glacial acetic) were added to the cells. The 15ml falcon tube 

was inverted to mix and cells were then centrifuged at 180 rcf for 5 minutes. The supernatant was 

aspirated and 1ml of it was left behind to resuspend the pellet by flicking the tube. The procedure of 

adding slowly 10ml of KCl 0.56% followed by two drops of fixative, including centrifugation and 

resuspension of the cells was done 4 times in total. The last time, after centrifugation, the cells were 

resuspended in 0.5ml of cold fresh fixative while being kept on ice. One drop of cells suspension in 

fixative was allowed to fall onto a clean slide (Superfrost Plus, Menzel Glaser) from about 30 cm to make 

cells burst.  

The first slide was allowed to dry for 1-2 minutes and scanned with a 40X objective to evaluate the cell 

concentration and dilute further if necessary. One drop of mounting medium with DAPI (Vector 
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Laboratories, Inc.Burlingame, CA,) was added to the spread, and overlaid with a coverslip. The 

chromosome spread was viewed using a fluorescent microscope with a 100X oil immersion lens 

objective. Photographs of metaphase spread chromosome were taken with a 35mm camera and slides 

stored in the dark at 4°C. 

 

2.11.15 Foetal bovine serum testing 

3x103 were seeded in 60mm gelatine-coated tissue culture dishes. For each batch of FBS to test, three 

aliquots of mES cells medium supplemented with 10%, 15% and 30% of serum were prepared (Joyner, 

1993). The media with its own designed batch/serum concentration was changed daily in each of the 

60mm dishes.  

When the colonies had grown to a size at which they could have been readily judged, typically 6-7 

days, the colony morphology by visual inspection under an invereted microscope. The morphological 

criteria defining a “good” mES colony are a round shape and the presence of tight smooth edges 

together with the alkaline phosphatase positive staining. 

 

2.11.16 Alkaline phosphatase staining 

3x103 were seeded in 60mm gelatine-coated tissue culture. mES cells were washed twice with 4 ml 

PBS. Then the cells were fixed in 100% methanol for 10 minutes and allowed to air dry.  

2mg/ml of Napthol phopshate (Sigma-Aldrich, Dorset, UK) was dissolved in 0.1M Tris pH 9.2  

Then 0.5mg/ml of Fast Violet B was dissolved in 1M Tris pH 9.2 . 

2mg/ml of the Napthol phosphate solution was added to the Fast Violet B solution to a final 

concentration of 200µg/ml. 

These reagents were mixed well, and 5ml of the solution added in each of the 6 wells and incubated 

for 30 minutes, until stain developed. The solution was then removed and wells washed twice with 

distilled water and allowed to air dry. Alkaline phosphatase positive colonies stained purple. The best 

colonies were judged to be those composed mainly of alkaline phosphatase positive cells and with a 

compact rounded morphology. The proportion of these colonies was taken into account to choose the 

best FBS. 

 

2.11.17 Mycoplasma detection 

3x10³ mES cells were seeded on a glass coverslip placed into a 35mm Petri dish with 2.5ml of mES cell 

growth medium and allowed to grow until they reached 70% confluence.  

A stock solution of DAPI (1mg/ml final concentration) (4’,6-Diamidine-2’-phenylindole dihydrochloride) 

(Roche) was dissolved in ddH2O. Then the DAPI stock solution was diluted with methanol to a final 

concentration of 1µg/ml (DAPI-methanol). Then the media was discarded and cells were washed once 

with DAPI-methanol. Cells were covered with DAPI-methanol and incubated for 15 minutes at 37°C. The 



 

72 

 

staining solution was then poured off and cells were washed once with methanol. The coverslip was 

placed on a microscope slide using glycerol and examined under a fluorescent microscope with 340/380 

nm excitation filter and LP 430 nm barrier filter (Leica, Kingston upon Thames, Surrey, UK). 
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3.1. Sphingosine-1-phosphate receptor S1P3: an overview 

Sphingosine-1-phosphate receptor S1P3, also known as Edg3 (endothelial differentiation sphingolipid 

G-protein-coupled receptor 3), was isolated in 1996 (Yamaguchi et al.) and is located at human 

chromosome 9 region q22.1-q22.2. It was classified as a member of the Edg family, due to the high 

sequence homology between S1P3 and this G-protein coupled receptors family.  

Members of the Edg proteins can exclusively be activated by the binding of two classes of lipids: the 

Sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA). The Edg family include the isoforms, 

Edg1 (also called SlP1), Edg5 (S1P2), Edg3 (S1P3), Edg6 (S1P4), and Edg8 (S1P5). These are specific 

receptors for S1P ligand, whereas Edg2 (LPA1), Edg4 (LPA2) and Edg7 (LPA3) serve as receptors specificly 

for LPA. 

S1P can function extracellullarly by binding receptors of the Edg family, or intracellularly as a second 

messenger (Spiegel and Milstien, 2003). This inside-out signalling makes this simple molecule able to 

evoke a broad range of signalling (Takabe et al., 2008). The complexity of signalling that can be achieved 

by members of the Edg family can be pictured by considering that Edg receptors display a unique tissue 

expression pattern and couple with a distinct set of heterotrimeric G proteins (Fig.3.1). S1P1 for example 

couples to Gi, whereas S1P3 and S1P2 coupled to Gi as well as Gq and G13.subunits. S1P4 is associated 

with Gi and G13, whereas S1P5 has been demonstrated to ligate to Gi and G12. This leads to the 

activation of downstream pathways that are unique for each receptor and cell type (Takuwa et al., 

2002).  

Northern blot analysis has revealed high expression levels of S1P3 in human tissues such as heart, 

placenta, kidney, liver and pancreas (Yamaguchi et al., 1996).  

S1P1 knockout embryos die between E12.5 and E14.5 (Liu et al., 2000). They undergo normal 

vasculogenesis and angiogenesis but are severely impaired in vessel maturation due to a defect in the 

recruitment of mural cells to vessel walls. The results reveal the S1P1 receptor is required for blood 

vessel development (Liu et al., 2000). 

The S1P2 knockout mice had a much milder phenotype than the S1P1 knockout being born apparently 

normal, which suggests a possible redundant signaling role with other S1P receptors. Modest decrease 

in litter size has been observed in otherwise normal mice (Ishii et al., 2002).  

S1P3 knockout mice are viable and fertile and develope normally with no gross phenotypic 

abnormality, although selective loss of S1P signal transduction pathways has been observed in mouse 

embryonic fibroblast (MEF) cells. S1P3 knockout mice crosses are slightly smaller than normal.  

The double knockout mouse for S1P2 and S1P3 showed a dramatically reduced litter size and marked 

perinatal lethality. However, surviving double knockout mice appeare normal (Kono et al., 2004).  
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Figure 3.1| Coupling pathways of S1P receptors 

S1P3 and S1P2 couple to Gi, Gq, and G13. S1P3 and S1P2 either activate or inhibit Rac. However, the Rac activation 

pathway predominates in the case of S1P3, while the Rac inhibiting pathway is predominant in S1P2 signalling. 

S1P1 couples only to Gi. The arrow from Akt to the receptor indicates phosphorylation (p) of the receptor by Akt. 

S1P4 couples to Gi and G13. S1P5 couples to G12 and Gi.  

                                                                                                                                       Adapted from (Taha et al., 2004) 
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Triple knockout (S1P1, S1P2 and S1P3) display a more severe vascular phenotype than embryos with 

only S1P1 deletion (Kono et al., 2004) suggesting a redundant role of these receptors.  

 

One of the aims of this thesis was to generate a tetracycline responsive mouse line for the human 

S1P3cDNA (TRE-hS1P3cDNA or tetO-hS1P3 cDNA). The expression of the transgene had to be restricted mainly 

to the brain regions relevant for AD. This was achieved by regulating the expression of the transactivator 

protein (tTA), whose expression is necessary for the activation of the transcription of the tetO-

responsive transgene, from the CamKIIα promoter (CamKIIα-tTA).  

The CamKIIα promoter has been already used to drive tTA expression in mice (Mayford et al., 1996), 

and it confines the expression of TRE responsive transgene to an expression pattern similar to that of 

the endogenous CamKIIα pattern areas: such as olfactory bulb (Zou et al., 2002), cortex, hippocampus, 

striatum and amygdala (Mayford et al., 1996), while in the cerebellum its expression is restricted to the 

Purkinje neurons (Hansel et al., 2006). When the tetO- responsive hS1P3cDNA mouse line was generated 

(TghS1P3-tet0bi-LacZ) to bring together the two elements necessary for inducible expression, the TRE (tetO) 

sequence and the tTA protein, it was crossed with the CamKIIα-tTA mouse line to obtain a double 

transgenic mouse (TghS1P3-tet0bi-LacZ/CamKIIα-tTA). 

In this thesis I will refer to the double line using one of these abbreviations. When discussing 

collectively the mouse lines expressing S1P3 and tTA they will be referred to as TghS1P3-tet0bi-LacZ/CamKIIα-tTA or 

TghS1P3-TRE-bi-LacZ/CamKIIα-tTA or the name of the line (e.g. TgItalo/CamKIIα-tTA). When describing single transgenic 

mice expressiong S1P3, the abbreviation used will be TghS1P3-tet0bi-LacZ or the name of the mouse line (e.g. 

TgItalo). Whereas a mouse that expresses the tTA under the control of the CamKIIα promoter would be 

referred as TgCamKIIα-tTA
. 
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3.2 Generation and characterization of hS1P3 inducible transgenic mice 

3.2.1 Subcloning of the human S1P3 cDNA into the Tet-inducible plasmid pBI-G 

The pBI-G plasmid is a tetracycline (tet)-responsive plasmid and its tet-responsive element (TRE) has 

been placed between two promoters facing in opposite directions (tetObi or TREbi). One promoter 

controls the expression of the gene of interest, while the other promoter controls the expression of the 

reporter gene β-gal (Fig.2.4) allowing transgene activity to be monitored via the reporter gene function. 

S1P3 was subcloned into the pBI-G plasmid, as described in Section 2.5.4 and the recombinant plasmid 

was used to transform chemocompetent cells. The next day colonies were screened by colony PCR using 

the primers EDG3 Forward/EDG3 Reverse, with an expected PCR product of 1Kb. One out of thirteen colonies 

proved to be recombinant and was designated tet0-hS1P3 positive (Fig.3.2). 

To verify directional cloning the hS1P3 recombinant colony was grown, plasmid isolated by miniprep 

and digested with the restriction enzymes NaeI which would have given products of different sizes 

depending on the direction of the transgene orientation. For instance bands of 7654bp and 1322bp 

would be generated if the hS1P3cDNA had been inserted in the desired orientation. Otherwise bands of 

3567bp and 5409bp would be produced. The length of the digested fragments was as expected for an 

insert in the correct orientation (Fig.3.3). 

To further confirm this result a PCR was carried out. The result of the PCR showed that the single 

positive recombinant clone had the fragment cloned into pBI-G vector in the expected orientation 

(Fig.3.4). One of the primer used was designed on the vector backbone (pBI-G Forward) and the other 

designed on the insert (S1P3 Reverse) (Fig.3.5) with an expected size of 330bp. As a negative control the 

pair of primers pBI-G Forward/S1P3 Forward was used, this would have given an amplification product only if 

the insert had been cloned into the pBI-G vector in the wrong orientation. In this case the expected 

band size of the amplification would have been 430bp  

When it was clear that the hS1P3 had been cloned into the pBI-G plasmid in the desired orientation a 

maxiprep was carried out to produce a large-quantity of pTREbi-hS1P3cDNA/LacZ cDNA plasmid,. An aliquot 

of recombinant plasmid was sent for sequencing before proceeding to the pronuclear injection to 

exclude that any sequence alterations had occurred into the hS1P3 sequence during the cloning 

procedure. To provide full-length sequencing of one of the strand of the hS1P3 transgene, primers were 

used reading in both directions (S1P3 Forward, S1P3 Reverse, EDG3 Reverse and EGD3 Forward). The sequencing 

data showed that no mutations had occurred in the hS1P3cDNA sequence and the next step was to make 

the fragment ready for pronuclear injection. 
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Figure 3.2 Colony PCR to screen for recombinant pTREbi-hS1P3cDNA/LacZ  

The expected amplified product was a 1Kb band generated using the primers EDG3 Forward/EDG3 Reverse. One out of 

thirteen transformed colonies resulted to be positive for the desidered recombinant product (lane 2). 

 

 

 

Figure 3.3| Restrictions enzyme digestion of pTREbi-hS1P3cDNA/LacZ  

As expected, plasmid digested with NaeI released two bands of 7654bp and 1322bp. As negative control, uncut 

pTREbi-hS1P3cDNA/LacZ plasmid was run alongside the digested samples. 

 

 

 

 

Figure 3.4| PCR confirming the orientation of the hS1P3 insert in the pBI-G plasmid 

Lane 1 contains PCR amplified product of the pTREbi-hS1P3cDNA/LacZ recombinant colony obtained with the 

primers pBI-GForward / S1P3Reverse. The expected band was 330bp. Lane 2 shows the absence of PCR product when 

using pBI-GForward /S1P3Forward primers. The expected band, obtained only if the insert was in the wrong 

orientation, would have been 430bp. 
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Figure 3.5| Physical map of pTREbi-hS1P3cDNA/LacZ  

In green hS1P3cDNA sequence, in black part of pBI-G plasmid backbone, in blue the primer designed on 

the pBI-G vector and in red primers designed on hS1P3 insert. 
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3.2.2 S1P3 founders: pronuclear injection outcome  

Linear pTREbi-hS1P3cDNA/LacZ pronuclear injection fragment was obtained by digesting the circular 

pTREbi-hS1P3cDNA/LacZ plasmid with the restriction enzyme AseI. The AseI digestion products of 1235bp 

and 7651bp were separated on a 0.8% agarose gel and the 7651bp band, corresponding to the fragment 

containing the bidirectional promoter driving in opposite directions the β-gal cassette and the hS1P3 

transgenes, were isolated and used for pronuclear injection. 

In six pronuclear injection sessions, a total of 634 injected zygotes were transferred into 30 recipient 

mice females by Dr Kim Moorwood. The transfer resulted in 73 live-born pups. Survival of the 

microinjected embryos transferred to pseudopregnant females was therefore around 12%. Of the 73 

pups born 6 (8%) were transgenic and 5 (7%) gave germline transmission of the transgene (Table 3.1). 

 

At the age of 3 to 4 weeks, offspring born from the pronuclear injection sessions were weaned and 

pups identified by ear punching. Ear and tails biopsy samples were collected and DNA extracted and 

used for genotyping. Ear-extracted DNA was used for PCR genotyping. To amplify the hS1P3 transgene 

the primers EDG3 Forward and EDG3 Reverse were used.  

Six potential founders were detected by PCR and an informal name was given to each of them. In this 

study they will be referred to as:  Ingot; Izzy; Italo; Ippolito; Ignazio; Iberio. The initial letter “I” identifies 

them with the pTREbi-hS1P3cDNA/LacZ transgene.  

To further confirm these data a Southern Blot was performed. Genomic DNA extracted from the tail of 

the S1P3 founders was digested with EcoRI and separated on an agarose gel (Fig. 3.6C). As positive 

controls 20pg of pTREbi-hS1P3cDNA/LacZ plasmid, digested with EcoRI (4Kb), and 20pg of the AseI linear 

pronuclear injection fragment pTREbi-hS1P3cDNA/LacZ (7.6Kb) were loaded in the same lane. The probe 

used was a 634bp gel-purified and radiolabelled fragment, generated by digestion of pTREbi-

hS1P3cDNA/LacZ with HpaI (Fig.3.6A), which was complementary to a sequence within a 4Kb fragment 

from pTREbi-hS1P3cDNA/LacZ generated by the EcoRI digestion (Fig.3.6B). All 6 mice previously identified 

by PCR were confirmed to be positive as shown in Southern blot experiments (Fig.3.6D-E). Then, in order  

Table 3.1 Outcome of pronuclear injections experiment using the pTREbi-hS1P3cDNA/LacZ transgene 

 

Pronuclear injection fragment Linear pTREbi-hS1P3cDNA/LacZ  

No.Embryos transferred 634 

Pups live-born 73 

%Transferred embryos resulting in pups 12 

No.Transgenic (potential founders) 6 

% Live-Live-born pups which are transgenic 8 

No. Germline transmission 5 (7% of pups born) 

                                                                                                        

                                                                                                                           Data provided by Dr Kim Moorwood 
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to see if these animals were founders able to transmit the transgene to their offspring, they were 

crossed with wild type F1 (C57 BL/6:CBA) mice. 

5 out of 6 of the potential S1P3 founders were able to transmit the transgene to their progeny; 

therefore 5 independent transgenic lines were established and each line was named according to the 

name of its founder (i.e Izzy, Italo; Ippolito, Ignazio, Iberio).  

To test transgene expression in the 5 lines, at around 6 weeks of age their transgene-positive progeny 

were crossed to transgenic mice in which the tTA gene was placed under the control of the CamKIIα 

promoter (TgCamKIIα-tTA). Double transgenic mice (TghS1P3-tet0bi-LacZ/CamKIIα-tTA) representative of all the lines, 

together with wild type (wt) and single transgenic mice (TghS1P3-tet0 and TgCamKIIα-tTA), were tested for LacZ 

gene expression by LacZ staining of brain sections. Tissue-regions expressing the LacZ transgene were 

expected to stain blue according to the CamKIIα pattern (Fig. 3.7). Staining including the olfactory bulb, 

cortex, hippocampus and Purkinje neurons was observed in all lines (Fig. 3.7). However, the intensity of 

LacZ staining was different and characteristic in each line (Fig.3.8).  

The single TghS1P3-tet0bi-LacZ mice of all the lines, except Italo, showed a scattered faint staining when 

compared to the wild type, indicative of leaking transgene expression (data shown only for the Izzy 

single TgS1P3-tet0bi-LacZ Fig.3.9).  

β-gal immunohistochemistry conducted on the Ippolito, Izzy and Italo line revealed that not all the 

cells in the hippocampus were expressing the β-gal transgene. However, Italo line has a more uniform 

transgene expression (Fig.3.10).  

Single TghS1P3-tet0bi-LacZ mice lacking the tTA protein, which is necessary to activate transcription of LacZ, 

were not expected to have any β-gal expression. In the Italo line the LacZ transgene was strongly 

expressed in TghS1P3-tet0bi-LacZ mice suggesting that expression in this line was not entirely dependent on 

the the binding of the tTA to the tetO region (Fig.3.11). Surprisingly, the LacZ staining in the TgItalo-tet0bi-LacZ 

showed a very similar pattern to the one expected from the CamKIIα promoter (Fig.3.11B-D). The first 

time this was noticed was thought to be possibly due to a genotyping error, perhaps a double transgenic 

(TghS1P3-tet0-LacZ/CamKIIα-tTA) mistaken for a single transgenic (TghS1P3-tet0-LacZ). However, it was not an isolated 

case as other experiments with Italo TghS1P3-tet0-LacZ mice gave the same result. Moreover, Italo TghS1P3-tet0bi-

LacZ embryos expressed β-gal which was detected by β-gal staining (Fig.3.11A). This is unlikely due to 

CamKIIα promoter activity as it has been shown to be postnatally active with expression reported to be 

detectable only from 5 days after birth (Bayer et al., 1999). Moreover, in adult brain from mice of the 

Italo line the β-gal pattern of the single transgenic (TgItalo-tet0bi-LacZ) could not be distinguished from TgItalo-

tet0bi-LacZ/CamKIIα-tTA except in the olfactory bulb which did not show any LacZ activity (Fig.3.11 F-G).  

To investigate if the non-inducible transgene expression in the Italo line also involved transgenic hS1P3 

expression, an RT-PCR was done on brain mRNA extracts (Fig. 3.12). The outcome confirmed that in Italo 

line the same non-inducible expression pattern was occurring for S1P3 as well as LacZ.  

 

http://en.wikipedia.org/wiki/Beta-galactosidase
http://en.wikipedia.org/wiki/Beta-galactosidase
http://en.wikipedia.org/wiki/Beta-galactosidase
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Figure 3.9| LacZ staining of brain section from wild type and single Tg
S1P3 

of Izzy mouse line 

Wild type mice did not show any LacZ staining (A) while single Tg
S1P3 

of Izzy mice developed a 

scattered LacZ staining (B) which was also found also in the single Tg
S1P3

 of Ippolito, Iberio, and 

Ignazio lines. 
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3.2.3 Induction of gene expression  

According to the results obtained from LacZ staining and RT-PCR it was clear that the Italo line did not 

correctly respond to the tTA transgene and that the lines that better mimicked the CamKIIα pattern 

were Ippolito and Izzy. In order to check transgene regulation by doxycycline (inducibility of gene 

expression), double transgenic mice representative of these two lines were treated for 4 weeks with 

doxycycline (2mg/ml) supplied in drinking water.  

Gene suppression was examined by western blot using a ß-gal antibody (Fig.3.13). Western blot 

analysis confirmed that the two lines exhibited inducible gene expression. Expression of the ß-gal 

protein was suppressed in double transgenic mice treated with doxycycline while double transgenic 

mice from the same transgenic lines not treated with dox showed robust expression of the transgene. 

These two lines were selected for colony expansion.  

 

3.2.4 Immunoistochemistry on brains of TghS1P3-tet0bi-LacZ/CamKIIα-tTA mice 

In order to localize hS1P3 protein in the brain of the TghS1P3-tet0bi-LacZ/CamKIIα-tTA mice, an 

immunoistochemistry experiment was conducted. This meant that a suitable antibody had to be 

identified. The first step was to compare the degree of amino acid homology between the the human 

and mouse S1P3 protein (Fig.3.14). The S1P3 protein sequence of mouse (NCBI Mus Musculus 

NP_034231.1) and human (NCBI Homo Sapiens NP_005217.2) was aligned using the SIM Alignment Tool 

for protein sequences (http://expasy.org/tools/sim-prot.html). The outcome revealed 87.6% identity 

between the two sequences suggesting that antibodies might be expected to recognise both S1P3 from 

rodent (mouse and rat) and humans. Among the antibodies commercially available, only a few provided 

the sequence of the peptide that they recognized, others simply stated the region against which they 

were raised (e.g C-terminal or N-Terminal). Some of the antibodies were tested on rodent tissues known 

to express S1P3 such as lung and pancreas. Among the antibodies tested, the polyclonal antibody 

Imgenex gave a positive outcome. In sections of rat lung, S1P3 was detected in the ciliated columnar 

epithelium of bronchioles and also in the single layer of squamous ephitelium of alveoli (Fig. 3.15B). This 

pattern of expression seems to be in agreement with the lung S1P3 expression reported on this link 

(http://media.leidenuniv.nl/legacy/NCD_LU091.pdf). In the pancreas S1P3 was detected in the Islets of 

Langherhans (Fig. 3.15A). S1P3 immunohistochemistry on wild type control brains detected endogenous 

S1P3 protein in the cortical neurons indicating that the antibody, as expected, was not able to 

discriminate between human and mouse S1P3 isoforms (Fig.3.16). The expression pattern of S1P3 was 

detected in the two lines (Izzy and Ippolito) and it was comparable within the two lines. 

. 

 

 

 

http://expasy.org/tools/sim-prot.html
http://media.leidenuniv.nl/legacy/NCD_LU091.pdf
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Figure 3.14| Alignment of Human and Mouse S1P3 amino acid cequences. 

The amino acid sequences of mouse (NCBI Mus Musculus NP_034231.1) and human S1P3 (NCBI Homo Sapient 

NP_005217.2) were aligned using the SIM Alignment Tool for protein sequences http://expasy.org/tools/sim-

prot.html). The result showed that the two sequences shared the 87.6% of amino acidic identity. The coloured 

lines represent regions recognized by some commercially available 
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                                 Figure 3.15| S1P3 immunohistochemistry on pancreas and lung tissues 

 

 

 

 

                   Figure 3.16| S1P3 immunohistochemistry on Tg
hS1P3-tet0-LacZ/CamKIIα-tTA 

mice 
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detected in untreated double transgenic mice of both lines (C) (note that a slightly smaller non specifc band of 

approximately 110 KDa is seen in all samples). 

Brain slices were also used for an immunohistochemistry reaction using an anti Glial fibrillary acidic 

protein (GFAP) antibody which revealed a strong staining in the hippocampus, especially in the dentate 

gyrus of TgItalo-tet0bi-LacZ/CamKIIα-tTA (Fig.3.17B), TgIzzy-tet0bi-LacZ/CamKIIα-tTA (Fig. 17C) and TgIppolito-/CamKIIα-tTA 

(Fig.3.17D) mice, while in the wild type brain GFAP was not detected (Fig.3.17A), suggesting that 

astrocytosis was related to the S1P3 overexpression.  
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3.3 Behavioural testing 

In order to relate astrocytosis caused by overexpression of hS1P3 to behavioural outcomes that are 

potentially relevant to AD, mice of the Ippolito line were tested in tasks that assess spatial learning and 

memory. The behavioural data provided by Dr. Cristina Grossi (University of Florence) refer to mice aged 

10 months using the Morris water maze (MWM) (see Table 3.2).  

 

                                       Table 3.2 Mice of the Ippolito line used for the Morris water maze. 

 

 

Mice of the Ippolito line were tested using the Morris water maze. A one-way ANOVA with 

Bonferroni’s post comparison test did not show any significant difference in the mean swim speed in the 

three representative genotype groups of Ippolito line mice when compared to wild type mice (Fig.3.18). 

The latency, maximum 60 seconds, to find the hidden platform was averaged over 4 trials per day over 

4 days for mouse using a two-way ANOVA with Bonferroni’s post comparison test. It was performed 

between experimental group and revealed that in all groups of Ippolito line, latency to find the hidden 

platform improved each day except in the TgIppolito-tet07/CamKIIα-tTA  line which did not improve between day 

2 and 4 (p<0.05) (Fig.3.19). On day 4, five hours after the last trial, the platform was removed from the 

pool and each mouse received one 30s swim “probe trial” to assess the percentage of time spent in each 

of the four quadrants of the pool. The probe trial showed some significant differences internally in each 

group (Fig.3.20). 
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   Figure 3.18 Swim speed of Ippolito line mice 

 

 

  Figure 3.19 Behavioural testing on mice from Ippolito line using Morris water maze   

 

 

    Figure 3.20 Morris water maze probe trial 
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3.4 Discussion   

3.4.1 Mouse transgenesis methods 

Animal models of disease in genetically manipulated mice are powerful tools in medical research. 

Genetically modified mice can be produced using a number of different methods, mainly those involving 

pronuclear injection or gene targeting in mES cells (Gama Sosa et al., 2009). In the former, a transgene is 

directly injected into the zygote while in the latter, by flanking the transgene with a sequence that is 

homologous to a mES endogenous sequence (target sequence), the integration of the transgene into 

mES cell genome can occur by homologous recombination (Thomas and Capecchi, 1987). The decision as 

to which technique had to be used depends primarily on the type of genetic modification required. As 

gene targeting is more technically demanding, pronuclear injection is usually chosen when a 

homologous recombination event is not required for the generation of the desired model.  

 

3.4.1.1 Factors accounting for gene expression variability in the “I” line 

3.4.1.1.1 Random integration site and transgene copy number 

The generation of a transgenic mouse model by pronuclear injection was first reported in 1980 

(Gordon et al., 1980). Microinjection of recombinant DNA molecules is still one of the most common 

methods used to generate transgenic mice and it has been employed here for the generation of the 

inducible S1P3 line. Typically the time necessary to produce a transgenic mouse is between 6-18 

months. The production of S1P3 transgenic mice was in this range. Six S1P3 founders were generated 

and five independent lines were established. Among the six founders Ingot did not transmit the 

transgene to the F1 generation.  

The transmission of the injected transgene requires that all or at least some of the germ line cells 

contain the transgene. The integration of transgene in the embryo at the one cell stage is a rare event 

(Chan et al., 1999) and genetic mosaics often develop. This can result in the absence of the transgene in 

germ cells of some transgenic founders, preventing its germ-line transmission (Palmiter and Brinster, 

1986). Transgene integration site and copy number cannot be controlled with pronuclear injection and 

mouse lines produced by pronuclear injection of the same transgene construct, usually show variability 

in the levels of gene expression. Random integration can result in the transgene being located in an area 

of chromatin that is transcriptionally inactive or, conversely, near powerful enhancers that can increase 

transgene expression but may modify the expected pattern of expression. Insertion site effects can be 

minimized by the inclusion of insulator sequences into the transgenic construct (Giraldo et al., 2003). 

Transgene insertion site and copy number may affect transgene expression (Garrick et al., 1998) 

particularly in the brain (Elder et al., 1994). Practically, insertion site effects can be detected by analyzing 

multiple lines of mice generated from different founders.  
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The LacZ brain staining of the double transgenic mice was characteristic in each of the five “I” lines.   

The area of the brain in which LacZ was expressed was comparable to the pattern expected from the 

CamKIIα promoter (see below).  

According to LacZ staining all the double transgenic lines had the strongest expression in the 

hippocampus while in other brain regions such as the cortex, the relative transgene expression level was 

typical for each line. LacZ staining also confirmed that in four out of the five lines transgene expression 

was active only in the presence of tTA. Anti β-gal antibody probed with western blot membranes loaded 

with protein extracted from brain of mice treated with doxycycline for 6 weeks, confirmed that in Izzy 

and Ippolito lines tTA-dependent transgene expression could be suppressed using doxycycline 

treatment, as planned. This is consistent with data already available on the successful employment of 

the tet system for mouse transgenesis (Mayford et al., 1996). 

In the Italo line LacZ staining was found in single transgenic mice which were missing the tTA and this 

was likely dependent on the integration site of the transgene. In the single and double transgenic Italo 

mice the LacZ pattern was very similar, apart from the olfactory bulb that did not stained in the single 

transgenic. The appearance of LacZ expression in olfactory bulb only in Italo double transgenic mice 

suggests the possibility that these mice do in fact exhibit tTA-inducible expression, but that at most sites 

this is masked by the expression seen also in single transgenic animals. This will need to be formally 

tested by quantitative comparison of expression level in single and double transgenic Italo mice. 

When compared to the other lines, the LacZ staining in double as well as single transgenic Italo mice 

could be easily distinguished from all the others on the basis of a more homogenous LacZ pattern. This 

characteristic was possibly due to properties of endogenous regulatory elements at the insertion site 

influencing transgene expression in both single and double transgenic Italo mice. In case of not being 

already characterized and used for driving transgenes, these regulatory elements might be characterized 

as they would be ideal for future transgenesis experiments.  

 

3.4.1.1.2 Intrinsic properties of promoter and bidirectional expression constructs  

The success of effectively expressing a transgene depends on the properties of the regulatory 

sequences driving the transgene. A large number of brain-specific promoters have now been 

characterized and some of them have been more effective at driving transgenes than others. In this 

study the promoter chosen for directing transgene expression was the CamKIIα promoter. This because 

CamKIα promoter is mainly active in the forebrain (Mayford et al., 1996) in which the brain areas 

relevant for AD pathology are found. It was also chosen as the CamKIIα promoter has already been 

successfully used to drive transgene expression in these regions (Mayford et al., 1996). In this study 

S1P3 was subcloned into a vector with a bidirectional promoter. Such bidirectional promoters have 

already been used successfully in vivo (Baron et al., 1995; Jerecic et al., 1999; Krestel et al., 2001).  
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In particular, the vector in which S1P3 was subcloned is a plasmid with a bidirectional promoter driving 

in opposite directions the S1P3 transgene and a LacZ cassette, while the tTA was under the control of 

the CamKIIα promoter. Therefore, gene expression was expected to be active only in the presence of 

the tTA, which was available in the tissue regions where the CamKIIα promoter is active.  

Gene expression was found in the olfactory bulb, cortex, amygdala, striatum, thalamus and 

hippocampus as already described (Sola et al., 1999) and was also detected in the cerebellum, in the 

Purkinje neurons. Endogenous expression of CamKIIα in the Purkinje neurons has been reported 

(Walaas et al., 1988) but there is discordance among the data currently available, with at least one study 

having confirmed this site of expression by using the human CamKIIα as promoter for driving transgenes 

(Krestel et al., 2001), while others have not (Casanova et al., 2001; Michalon et al., 2005; Sola et al., 

1999). The data collected in this study support the results previously reported by Walaas et al. (1988) 

and Krestel (2001). There is also discordance among the data reporting CamKIIα gene expression 

activation, with at least one study reporting endogenous CamKIIα to be detectable from 5 days after 

birth (Bayer et al., 1999) and others reporting the detection of transgenes driven by the human CamKIIα 

promoter as early as PO (Michalon et al., 2005). The discrepancy could therefore be due to different 

methods used to detect transgene expression, position effects and/or incomplete regulatory sequences 

being present in the transgene. 

The β-gal immunohistochemistry revealed that at a cellular level not all the cells were expressing the 

β-gal transgene. For the human CamKIIα promoter this mosaic or scattered pattern of expression has 

already been described (Krestel et al., 2001) and is confirmed in this study. In the hippocampus the 

scattered expression of the transgene was particularly evident in the CA1 and CA2 regions, whereas the 

most even transgene expression was found in the dentate gyrus and by contrast transgene expression 

was barely detected in the CA3 region (Fig. 3.10). The reasons for this mosaic expression are unknown 

and rather than being an intrinsic characteristic of the bidirectional construct, it could be a characterstic 

of the CamKIIα promoter which is driving the availability of the tTA protein (Krestel et al., 2001). 

Bidirectional constructs driving the expression in other tissues such as liver have not been reported to 

have a mosaic expression (Kistner et al., 1996). Despite the differences in the intensity between the two 

transgenes driven from a bidirectional promoter either their co-presence or their absence has been 

reported to be consistent in individual cells (Krestel et al., 2001).  

 

3.4.2 Selection of the most appropriate mouse lines and problems associated with 

characterization of S1P3 expression at the protein level 

During the time in which characterization of the five “I” mouse lines was being carried out, an antibody 

that successfully detected S1P3 was not available. Therefore, the choice of which mouse lines should 

have been expanded for further study was based on the results obtained from LacZ staining. Attempts 

to detect S1P3 expression at the protein level by using a monoclonal anti-S1P3 antibody, previously used 
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by other ADIT collaborators, did not produce satisfactory results neither in tissues that are known to 

express the protein such as lung (Chen et al., 2008) and pancreas (Laychock et al., 2003), nor on brain 

samples of S1P3 transgenic mice of different genotypes (e.g. comparing brain from wild type and double 

transgenic mice). This continued to be the case even after changing some of the parameters that can 

influence antibody performance in immunohistochemistry, such as the antigen retrieval method and 

antibody concentration. Therefore, the only certain information about S1P3 transgene expression relied 

on brain RT-PCR carried out using human S1P3 specific primers.  

As already mentioned, the selection of the lines that had to be expanded was done according to the 

results from the LacZ staining experiments. These data led to the exclusion of the Iberio and Ignazio lines 

from further characterization. Subsequent LacZ staining led us to preclude Italo, since transgenes 

expression was not-tTA regulated in this line. This left two lines, Ippolito and Izzy, with S1P3 transgene 

expression under the control of the CamKII  promoter driving tTA, as planned.  

To prove that translation of the transgene transcripts into protein had occurred, it was important to 

find a suitable antibody for S1P3 detection working by either or both, western blot or 

immunohistochemistry. Some of the published work available on S1P3 confirmed the poor performance 

of many commercial antibodies the choice was therefore either to order a customized antibody or to 

continue exploring what was available on the market. To order custom antibodies is relatively expensive 

and time consuming, given that there is still no certainty that they will work. Therefore, in order to 

minimize the chance of failure, the datasheet specific for each product were scrutinized when available. 

Among the screened commercially available antibodies, only a few provided the sequence of the 

peptide that they recognized, others simply stated the region against which they were raised (e.g. C-

terminal or N-Terminal) and this itself implies the risk of buying essentially the same product from two 

or more different companies. For these reasons chosen antibodies were only those for which 

information was available regarding the sequence against which they were raised.  

Among the antibodies tested, one polyclonal antibody (Imgenex) worked on the tissues used as 

positive controls, such as lung and pancreas, as well as on the brains of double transgenic mice. A 

second batch of the same antibody initially failed to reproduce the same result in a different laboratory, 

whereas under the same conditions it was not possible to discriminate S1P3 staining pattern among 

animal of different genotypes. However, a more diluted antibody solution, although producing a weaker 

staining, made it possible to discriminate among the genotypes giving a similar pattern of expression 

that was again specific to double transgenic brain sections. 
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3.4.3 Phenotype associated with S1P3 overexpression  

3.4.3.1. Astrocytosis  

GFAP immunohistochemistry on brains of double transgenic mice revealed a strong astrocytotic 

process particularly evident in the dentate gyrus of the hippocampus regions (Fig.3.17). The astrocytosis 

process resulting from S1P3 overexpression is not completely unexpected. In vitro, sphingosine-1-

phosphate treatment has been shown to induce proliferation of astrocytes (Pebay et al., 2001) as well as 

does in vivo the stereotaxic injection of S1P in wild type mice (Sorensen et al., 2003). However, in the 

S1P3 mouse models that we generated S1P3 expression is retricted to neurons (the tTA was under the 

control of the neuronal CamKIIα promoter). Nevertheless the phenotypic response (astrocytosis) is seen 

in astrocytes. This might be indicative of a neuron-astrocytes-signalling, therefore it would be interesting 

to see how these two events are related. 

Stereotaxic S1P injection could be conducted in the available S1P3 knockout mouse model (Kono et al., 

2004) to investigate if astrocytosis is strictly dependent on S1P3 receptors. Moreover, considering the 

involvement of astrocytes in synaptic transmission (Section 1.10) (Araque et al., 1999), blood-brain-

barrier-integrity (Section 1.10.2) (Janzer and Raff, 1987) and inflammation (Section 1.10) (Farina et al., 

2007), it would be worth investigating how and if astrocytosis affects brain homeostasis.  

To see if astrocytosis has an indirect effect on APP processing, S1P3 transgenic animals could be 

crossed with an existing mouse model of AD and this could give insights on the role of S1P3 in AD as for 

instance the pathology might be exacerbated.  

Due to the multifunctionality of astrocytes inthe CNS it would be surprising if their misfunction was not 

involved in any disease and raises the suspicion that their misregulation might have profound 

implication in brain homeostasis. 

S1P3 has never before been associated with Alzheimer’s disease; however it has been found up-

regulated in two neurodegenerative disorders, Sandhoff disease and multiple sclerosis (MS). 

In a mouse model of Sandhoff disease, a lysosomal storage disorder, Wu et al. (2008) found that the 

deletion of S1P3 in the Sandhoff disease mouse model (Hexb-/-) produced a less severe phenotype. This 

was demonstrated by crossing Hexb-/mice with S1P3 knockout mice..The double knochout mice had a 

reduced astroglial proliferation  

Highlighting the importance of S1PRs in CNS disorders is the fact that S1P1 is the main target for drugs 

aimed at treating MS (Cohen et al., 2010). 

Another phenotypic characheristic that would be worth monitoring in “I” line mice is the effect that 

S1P3 overexpression might have on gliogenesis and neurogenesis which has been convincingly 

documented in two brain areas, the subventricular zone/olfactory system and the dentate gyrus of the 

hippocampus (Reynolds and Weiss, 1992). The proliferative cell process could be done by the injection 

of thymidine analog bromodeoxyuridine (BrdU), a marker of DNA synthesis that labels dividing cells 

(Steiner et al., 2004). 
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3.4.3.2 Cognitive impairment 

”I” line mice were tested in the MWM to investigate a possible effect on spatial learning and memory 

due to overexpression of the S1P3 transgene (Section 3.3). According to the MWM data, latency to find 

the hidden platform improved each day in all the genotypes of Ippolito line mice except in the 

TgIppolito/CamKIIα-tTA line, which did not improve between days 2 and 4 (p<0.05). It is possible that this 

cognitive impairment is related to the astrocytosis process and this could be investigated by switching 

off S1P3 transgene expression using doxycycline.  

The results from the MWM are encouraging, but they need to be further confirmed by testing a 

greater number of animals. Moreover, it would be desirable to use animals of the same sex as it is 

known that gender can have an impact on MWM performance (Kavaliers et al., 1996).  

To reduce variability within experiments, a more homogenous cohort of animals should be tested or 

sufficient animals should be used to evaluate performance of both males and females.  

Swimming speed did not show any differences among the genotypes (Fig.3.18), which is important 

because a decreased locomotor activity in mice expressing tTA under the control of the CamKIIα 

promoter has been previously described (McKinney et al., 2008).  

 

 

3.4.4 Expression of S1P3 in the brain at late stages of development has no obvious 

phenotypic effect  

In the Italo line the exact developmental stages at which the bidirectional transgene cassette is active 

has not been fully investigated. The embryos in which LacZ staining was detected were 13.5E but 

embryos at earlier and later stage have not been examined. The fact that mice of this line are viable 

suggests that at least at late stages of development S1P3 overexpression in some regions of the brain 

does not have an obvious phenotype effect. Knockout of the endogenous S1P3 gene in mice did not 

translate into any obvious phenotype (Ishii et al., 2001) 

However, this cannot be directly compared to S1P3 overexpression as in this study S1P3 gene 

expression was driven mainly in the brain and, apart from the Italo line, only postnatally. The 

investigation of the effects of S1P3 overexpression during embryo development could be done by 

crossing inducible S1P3 mice with a transgenic line driving the tTA under the control of a ubiquitous 

expressed promoter. 

The role of S1P3 in different cellular types could also be investigated by driving the transgene with a 

different promoter. S1P3 mice have been already crossed with a mouse expressing the tTA under the 

control of the GFAP promoter which restricts the transgene expression in astrocytes.  
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4.1. Wnt signalling regulation, misregulation and Alzheimer’s disease  

Wnts are an evolutionary conserved family of growth factors whose signaling is involved in numerous 

processes in development, in the adult and in disease. At least 19 members of the Wnt family of ligands 

have been described and different members are able to activate Wnt signalling through three main 

pathways: 1) the canonical pathway, involving β-Catenin; 2) the planar cell polarity (PCP) pathway, and; 

3) the Wnt-Ca2+ pathway. Among these, the most intensively studied is the canonical pathway, which is 

centred on ß-catenin (Fig.4.1). Of the various pathways employed by Wnts, Dkks specifically affects the 

canonical or Wnt/ -catenin cascade. DKK-1 has been shown to block the Wnt pathway using all kinds of 

assays, including inhibition of Wnt-induced stabilization of β-catenin (Fedi et al., 1999) and in many cell 

types and vertebrate species. 

The activation of the canonical Wnt pathway leads to hyperphosphorylation of dishevelled (Dvl), which 

in turn causes the dissociation of a multiprotein complex containing casein kinase I (CKI), axin, 

adenomatous polyposis coli (APC), GSK-3β, and β-catenin (Fig.4.1A). These events lead to the 

inactivation of GSK-3β preventing it from phosphorylating β-catenin. Unphosphorylated β-catenin 

becomes resistant to proteasomal degradation and translocates to the nucleus. In the nucleus β-catenin 

binds to the T cell factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors, which 

regulates gene expression β-catenin (Daniels and Weis, 2005). 

DKK-1 is a potent Wnt/β-catenin pathway inhibitor. The exact mechanism regarding the DKK-1-

mediated inhibition of Wnt/LRP5/6 signaling remains to be elucidated. One model suggests that DKK-1 

competes with the Wnt protein for LRP5/6 binding,leading to the disruption of Wnt-induced Fzd-LRP5/6 

complex formation which is necessary for signal transduction (Semenov et al., 2001).  

The other possibility is that DKK-1 blocks the Wnt/β-catenin pathway by inducing LRP5/6 endocytosis in 

the presence of kringle containing transmembrane proteins (Kremens) (Mao et al., 2002) (Fig.4.1B) (Mao 

et al., 2002. Either way, inhibition of Wnt signalling activates GSK-3ß. 

 

4.1.1 Glycogen synthase kinase 

Glycogen synthase kinase-3 (GSK-3) is a constitutively active serine/threonine-specific kinase, which 

was initially found to be able to phosphorylate and thereby inactivate glycogen synthase (Embi et al., 

1980). In mammals two forms termed α and ß have been described (Mukai et al., 2002; Woodgett, 

1990). Western blot analyses demonstrated that GSK-3β protein was strongly detected as a 47-kDa 

protein in the brain, moderately in the heart, and weakly in other tissues. GSK-3α protein, expressed as 

a 51-kDa  

 

http://www.nature.com/onc/journal/v25/n57/full/1210054a.html#bib34
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Figure 4.1| Canonical pathway of Wnt signalling.  

Activation of the Wnt signalling pathway is achieved by interaction of Wnt ligands with the extracellular domain of 

the Frizzled (Fz) receptor and lipoprotein receptor-related protein (LRP5/6). This causes inactivation of GSK-3β. As 

a consequence β-catenin accumulates in the cytoplasm before moving into the nucleus. Because β-catenin 

contains a transactivation domain at the C-terminus, but does not bind DNA itself, it functions as an essential co-

factor for TCF/LEF transcription factors (A). Dickkopf-1 (DKK-1) negatively modulates the canonical Wnt pathway 

by interacting with the Wnt co-receptor LRP5/6 and with the membrane receptor Kremen. This results in the 

endocytosis and subsequent degradation of LRP5/6, which is no longer available to bind Wnt ligands. In the 

absence of Wnt, the β-catenin is phosphorylated by (CKI) at Ser-45 creating a priming site which is necessary and 

sufficient for glycogen synthase kinase-3β (GSK-3β) to subsequently phosphorylate β-catenin. This process occurs 

in a multiprotein complex containing GSK-3β the scaffold protein axin, the tumour suppressor gene product APC 

(adenomatous polyposis coli) and CKI. Inhibition of the Wnt pathway leads to GSK-3β activation and β-catenin 

degradation (B). 

                                                                                                              Adapted from (Eisenmann, 2005) 

 

 



 

105 

 

protein, was at high levels in the testis and brain, and at a moderate level in the heart whlie GSK-3β was 

found to be mainly expressed in the brain (Yao et al., 2002).  

These proteins are involved in a variety of cellular processes including: glycogen metabolism (Embi et al., 

1980), gene transcription (Troussard et al., 1999), apoptosis (Turenne and Price, 2001) and microtubule 

stability (Brion et al., 2001). GSK-3, especially the β-isoform is one of the kinases crucially involved in τ 

hyperphosphorylation (Pei et al., 1999; Shiurba et al., 1996).  

GSK-3 seems to contribute to both the amyloid (Phiel et al., 2003) and τ pathologies (Hanger et al., 1992; 

Ishiguro et al., 1992; Lovestone et al., 1994).  

DKK1 overexpression might contribute to AD by inactivating Wnt signalling and leading to GSK-3ß 

activation and consequently to τ hyperphosphorylation (Fig.4.2).  

 

 

 

Figure 4.2| Possible pathway leading to τ hypersphosphorylation in neurons through the activaction of GSK-3β   

In neurons overexpression of DKK-1 might lead to τ hyperphosphorylation through the activation of GSK-3β  
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4.1.2 Correlation between DKK-1 overexpression and AD pathology 

Wnt signalling misregulation has been associated with AD (De Ferrari and Inestrosa, 2000). In 

particular in vitro and in vivo studies have shown that overexpression of the Wnt inhibitor Dickkoppf-1 

(DKK-1) might be responsible for Wnt signalling impairment (Caricasole et al., 2004; Rosi et al., 2010) 

which in turn might affect GSK3-β. As already mentioned in Section 1.7.1 and Section 1.14.2, several 

studies have linked GSK3-β deregulation to Alzheimer's disease (Hooper et al., 2008). 

 

In vitro evidences  

DKK-1 was found upregulated in primary rat cortical neurons challenged with Aβ (Caricasole et al. 2004).  

Moreover DKK-1 was neurotoxic in a concentration dependent fashion. Upregulated levels of the 

proapoptotic protein BAX was reported as direct conseguenc eof DKK-1 and not due to upregulation of 

p53 levels (Scali et al., 2006).  

 

In vivo evidences 

DKK-1 is poorly expressed in normally not expressed in adult brain tissues as revealed by Northen blot 

analysis (Krupnik et al., 1999) and a significant increase of DKK-1 expression has been found in animal 

models of AD (Rosi et al.,2010). In TgCRND8, Tg2576 and APP/PSEN1, DKK-1 upregualtion was confirmed 

by Wester blot analysis as well as immunohistochemistry where it co-localized with 

hyperphosphorylated tau-bearing neurons. Stereotaxic injection of DKK-1 in the hippocampus rat 

produced extensive neuronal loss as confirmed by NeuN staining (Scali et al., 2006). 

 

 

4.1.3 The importance of DKK-1 expression during development 

Dickkopf genes comprise an evolutionary conserved small gene family of four members (DKK-1-4) and 

a unique Dkk3-related gene, Dkkl1 (soggy).  

DKKs are glycoproteins of 255–350 amino acids (aa) and a calculated MW between 24 and 29 kDa for 

DKK-1, 2 and 4 and 38 kDa for DKK3.  

DKK-1 produced in SK-LMS-1 and HEK 293T cells, have an apparent MW of 40, 35, and around 45 kDa, 

respectively (Glinka et al., 1998; Fedi et al., 1999; Krupnik et al., 1999). The protein is probably N-

glycosylated at a single site at the N-terminus (Fedi et al., 1999; Krupnik et al., 1999). DKK-1 contains 

two conserved cysteine-rich domains (Cys-1 and Cys-2) separated by a linker region (Krupnik et al., 

1999). In contrast to the conserved cysteine-rich domains, the linker region between Cys-1 and Cys-2 is 

highly variable between hDKKs and it is notably larger in hDKK-1, -2 and -4 (50–55 aa) compared with 

DKK-3 (12 aa). Four potential sites of N-linked glycosylation in hDKK-3 are conserved in chick and mouse 

DKK3. These sites are not conserved in other DKK family members. Both human and murine DKK-1 have 
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one conserved potential N-glycosylation site located close to the C-terminus of the protein (Krupnik et 

al., 1999, Fedi et al., 1999). 

DKK-1, the founding member of the family, was originally identified as embryonic head inducer and 

Wnt antagonist in Xenopus (Glinka et al., 1998). The co-injectiong of DKK-1 mRNA with BMP inhibitors 

led to the induction of complete head structures in Xenopus embryos. In contrast, injection of anti-DKK-

1 antibodies leads to microcephaly. The importance of DKK-1 in development is demonstrated by loss-

of-function studies. Xenopus embryos injected with an anti-DKK-1 antibody (Glinka et al., 1998) and 

DKK-1 knockout mice (Mukhopadhyay et al., 2001) lack anterior head structures. In mouse embryos, 

DKK-1 is expressed from gastrula to neurula in the anterior visceral endoderm, the anterior 

mesendoderm, and foregut endoderm, respectively, tissues which are all associated with anterior 

specification. Mice mutant for DKK-1 lack head structures anterior to the mid-hindbrain boundary 

(Mukhopadhyay et al., 2001). The head-inducing activity of DKK-1 is mediated through the inhibition of 

the Wnt/β-catenin posteriorizing activity in early gastrula embryos (Kazanskaya et al., 2000).  

 

4.1.4 Strategies adopted to overcome hDKK-1 embryo lethality 

In order to test the involvement of hDKK-1 in AD, a transgenic line expressing the hDKK-1 was 

developed. To prevent any possible interference of the hDKK-1 transgene expression during mouse 

embryonic development, a human DKK-1cDNA was subcloned into the inducible vector pBI-G ( (pTREbi-

hDKK-1cDNA/LacZ) (Section 2.5.3). Despite the inducible system, no founders were generated over a 

period of 1.5 years (Table 4.5). This result was thought to be due to a low level basal activity of hDKK-1 

expression that was probably occurring even in the absence of the transactivator and whose expression 

might have started even before the physical integration of the transgene in to the DNA of the one cell 

embryo. 

New approaches were developed to overcome this problem. In one strategy the aim was to produce 

transgenic mice using stable transfection of mouse embryonic stem cell (mES) with the pTREbi-hDKK-

1cDNA/LacZ fragment and subsequent transfer of the genetically modified mES cells into mouse embryos 

by aggregation of blastocyst injection (Section 4.2.3).  

Another approach was to subclone the hDKK-1cDNA in a newer version of the tet-inducible plasmid Ptight 

(Section 4.3.2) that had been engineered to provide a reduced background expression and high 

induction when compared to the original inducible plasmid (pBI-G). Ptight, is a tet-inducible plasmid that 

has a modified version of the tetracycline response element (TREmod) and lacks the enhancer part of the 

complete CMV promoter. Consequently, pTREtight (tetOtight-) should ensure tighter control of transgene 

expression. An additional plan was to subclone the hDKK-1cDNA directly under the control of the CamKIIα 

promoter (Section 4.3.3). This should have ensured the silencing of the transgene during embryonic 

development since the CamKIIα promoter is inactive during the embryonic life (Burgin et al., 1990). 
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4.2 Results  

4.2.1 Generation of hDKK-1 transgenic mice using the mouse embryonic stem cell route  

As mentioned in Section 1.18.2 there are a number of factors that can influence the capability of the 

mES to contribute to germline transmission. Among them are the quality of the foetal bovine serum 

(FBS) and the contamination of the mES cells culture with mycoplasma. FBS batches were tested  and 

mES cells screened to ensure that cells were mycoplasma-free. 

 

4.2.1.1 FBS testing 

Serum is an inherently heterogeneous and undefined product that has batch to batch variability and 

whose properties can influence mouse embryonic stem cell differentiation (mES). Therefore FBS batches 

were screened for their ability to sustain mES growth in an undifferentiated state, which was defined 

using alkaline phospatase staining (Section 1.18.1) (Fig.4.3). A total of seven FBS batches (2 from Lonza, 

2 from Hyclone, 3 from Biosera) were tested at 10% (v/v), 15% (v/v) and 30% (v/v) concentration in D-

MEM media.  

The concentration at 30% was used to exclude toxicity associated with high concentrations of serum. 

The 10% concentration was used for better judgment of small differences in quality between batches, 

while the 15% is usually the normal concentration for cell culture. The ability of each batch to support 

self-renewal colonies was compared to a known batch (Hyclone) that had been previously successfully 

used in the laboratory for growing the E14C4clone 4 mES cell line and for the generation of transgenic 

mice. I also decided to use a defined serum-free formulation medium optimized for growing and 

maintaining undifferentiated mES cells which does not need FBS but uses serum replacement.  

After six days, when colonies had grown to a size that could be readily judged, they were fixed and 

stained with alkaline phosphates stain. The best results were given from the batches of the Lonza serum 

and from the serum replacement at 15% (v/v) (Fig.4.3). In particular, the cells in serum replacement (SR) 

grew slower when compared to the ones grown in media supplemented with serum, and the overall 

number of undifferentiated cells was lower. As the generation of mouse chimeras by growing the 

E14C4mES cell line in a synthetic serum had previously been reported (Ward et al., 2002) as well as the 

establishment of mouse ES cell line in the same defined conditions (Cheng et al., 2004; Wang et al., 

2007a), it was decided to use the synthetic serum replacement (SR) for growing and engineering mES 

cells for the production of hDKK-1 chimeras. 

 

4.2.1.2 Mycoplasma testing 

DAPI staining was performed for the detection of mycoplasmas in cell cultures. The rationale behind 

this assay is that Mycoplasma-free cultures exhibit only nuclear fluorescence, while mitochondrial DNA 

is not apparent in preparations stained with DAPI (4’,6-Diamidine-2’-phenylindole dihydrochloride). On 

the other hand, mycoplasma-infected cultures display extra nuclear fluorescence. Therefore, if the cells 
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are contaminated with mycoplasma, characteristic discrete fluorescent foci are readily detected over 

the cytoplasm and sometimes in intercellular spaces. According to the results obtained mES cultures 

were found to be free of mycoplasma-free (Fig.4.3). 

 

4.2.2 Generation of stably transfected pTREbi-hDKK-1cDNA/LacZ mES cells by electroporation 

Stable transfection of the pTREbi-hDKK-1cDNA/LacZ construct into E14C4embryonic stem cells was 

achieved by electroporation. As the pTREbi-hDKK-1cDNA/LacZ plasmid did not include a resistance 

cassette, for the selection of stable pTREbi-hDKK-1cDNA/LacZ transfected colonies, a resistance gene was 

introduced in trans by co-transfection of the mES cells with linear pcDNA3.1 plasmid. Prior to carrying 

out the stable transfection of the mES cells it was necessary to determine the lowest amount of G418 

that killed all the cells over the course of 10 days (kill curve) Fig.4.5. A range of G418 concentrations 

were tested and the lowest toxic concentration was found to be at 200μg/ml therefore this amount was 

used for the selection of stably pTREbi-hDKK-1cDNA/LacZ transfected cells.  

Electroporation was performed as described in Section 2.11.7. 10x107 E14C4mES cells were 

cotransfected with the ScaI-linearised plasmid pcDNA3.1 the linear pTREbi-hDKK-1cDNA/LacZ plasmid 

(1:10 molar ratio) and were allowed to grow for 24 hours before selection with 200μg/ml of G418 

began. Knockout media supplemented with the appropriate amount of G418 was changed daily in each 

plate. Colonies that survived the G418 selection appeared visible to naked eye after 6-7 days. 

Identification of optimal colonies was done under an inverted microscope. Only ideal colonies, being 

defined as slightly smaller than the end of a 20µl pipette with well-defined edges were picked (Fig. 

4.6A).  
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      Figure 4.3| Alkaline phosphatase staining of mES cells grown in different FBS batches 

 

 

                            F igure 4.4| Detection of mycoplasma in mES cell by DAPI staining 

 

 

      

                                                                         Figure 4.5|Kill Curve 

  

  

 C                                 D                                         

 A                                  B                                         

150µl/ml           200 µg/ml            250µg/ml                  

     NC                    80µg/ml             100µg/ml                  
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4.2.2.1 Screening and genotyping of resistant mES cell colonies 

Following co-transfection and selection 140 neomycin resistant mES colonies were picked, transferred 

to a 96 well plate, expanded and then genotyped by PCR. After picking, when mES cells reached the 80% 

of confluence they were transferred into two 96 well plates and one plate was used for storage back-up 

(-80°C) and the other one for extracting DNA which was used as template for colony genotyping. The 

primers hDKK-1 F/hDKK-1R and NEOR/RCBGEOR were respectively used to amplify the hDKK-1 transgene 

(expected band 408bp) and the Neomycin cassette (expected band 608bp) (Fig. 4.6B). Out of the 140 

colonies picked, 25 resulted to be positive for hDKK-1 and Neomycin, while 115 had taken only the 

resistant transgene (Fig. 4.6C). The undifferentiated state of the 35 mES cells colonies was ascertained 

on the basis of morphological features.  

Typically undifferentiated mES colonies (Fig.4.6A) have high nucleus/cytoplasm ratios, have prominent 

three dimensional round or elliptic shapes, with smooth, strongly refractive and defined edges and cell-

colony are firmly and closely packed together. Colonies were further expanded and out of the selected 

35 colonies, 12 had the desired morphological features. In order to check background gene expression, 

the 12 pTREbi-hDKK-1cDNA/LacZ stably transfected mES cell colonies, were selected and stained for LacZ. 

As a positive control for LacZ staining was used a mES cell line, that had been stably transfected with a 

construct that drives the expression of the ß-gal under the control of SV40 promoter (Basp1 line) 

(Fig.4.7B). Results showed that the mES cells stably transfected with pTREbi-hDKK-1cDNA/LacZ had a basal 

ß-gal expression (Fig.4.7A), which, as expected was absent in the wild type mES cells  (Fig.4.7C). To 

better quantify the basal expression of the inducible promoter in the absence of the transactivator, ß-

gal expression was quantified by using a luminescence assay. The results showed that the basal ß-gal 

expression was uniformly expressed among the 12 selected pTRE-hDKK-1cDNA stably transfected clones 

(Fig.4.7D)  

 

 4.2.2.2 Karyotyping of stably transfected pTREbi-hDKK-1cDNA/LacZ mES cell colonies mES cell 

clones 

In order to exclude alteration of the normal chromosomal set of the mES cells (40 chromosomes), which 

can negatively influence the germline transmission, mES cells were karyotyped. In the attempt to find 

the parameters that ensured a sufficient and proper spreading of the chromosomes cell suspension was 

dropped onto slides previously kept at room temperature or incubated at 50°C the cells were dried at 

either at room temperature or by placing the slides on a grid placed over a steamy water bath (75°C). 

Results indicated that in general an increase of the chromosome spreads was obtained on slides 

exposed to the water vapour at 75C°, and that the adding of a few drops of glacial acetic acid on the 

slide straight after the dropping of the cell suspension increased the chromosome spreading, as it slows 

down the drying process (acetic acid evaporates slower than methanol), and increases the fragility of  
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Figure 4.7|Assaying basal transgene from stably transfected pTREbi-hDKK-1cDNA/LacZ E14C4 mES cell 

colonies  

 

 

 

    

Figure 4.6| Genotyping of stably transfected pTREbi-hDKK-1cDNA/LacZ E14C4 mES cell colonies 
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the cell membranes. However, despite the variation of these parameters, I did not succeed in obtaining 

sufficient chromosome spreading for reliable chromosome counting. 

Since it was not possible to assess the health of mES cell clones cytogenetically, selection of the most 

suitable clones among the 12 stably transfected with the pTREbi-hDKK-1cDNA/LacZ plasmid, was made by 

evaluating their morphology.  

 

4.2.3 Production of mouse chimeras by blastocyst injection and aggregation 

Over a period of 6 months, 23 aggregation sessions were pursued using seven different stably 

transfected mES cell clones (A2, E2, F5, F10, G5, H9, H12). These procedures resulted in the transfer of 

729-morulae embryos (C57BL/6:CBA, agouti coat colour), previously co-cultured with stably targeted 

pTREbi-hDKK-1cDNA/LacZ mES cells (E14Tg2a, chinchilla coat colour, which is recessive in the presence of 

an agouti locus) (Fig.4.8A). These embryos were transferred into 31 mouse recipients and 61 pups were 

born (8%).  

Accordingly to the coat colour only 1 pup (0.1%) of the 61 born showed more than 50% chimerism 

(Table 4.1) and was named King (Fig.4.8B). From the injection of pTREbi-hDKK-1/LacZ transgenic mES 

cells into 52 blastocysts (blastocyst injection), that were transferred in three pseudopregnant recipients, 

a total of 20 pups were born (10%). 1 out of 20 (0.5%) showed mES cell contribution. This chimera which 

had a small mES cell contribution (~5%) (Table 4.1) was named Kate (Fig.4.8). 

 

4.2.3.1 Testing chimeric mice for germline transmission 

In order to ascertain the contribution of the mES cell to the germline, the chimeras obtained were with 

bred to 129P2/OlaHsd mice (the same strain from which the mES cell line where derived). The 

129P2/OlaHsd is homozygous for the chinchilla allele of the c locus (albino) and pink-eyed dilution allele 

of the p locus. If the mES cells contributed to the germline the coat colour of resulting pups would be 

chinchilla. Chimeric mice were bred for a period of 6 months. However, since all the mice born (~100) 

had an agouti coat colour the breeding was stopped.  

 

 

 

 

 

 

 

 

 

Table 4.1 Outcome of aggregation and blastocyst by using the pTREbi-hDKK-1cDNA/LacZ  

Technique Aggregation Blastocyst injection 

mES cell Clones H9  F5 

Total Embryo transferred  729 52 

Recipient 31 3 

No pups born 61 20 

% birth 8% 10% 

% chimeras  0.1% 0.5% 

Chimeras  King ♂ (F5) Kate ♀ (H9) 

Data provided by Dr Kim Moorwood 
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Figure 4.8| Chimeras obtained by aggregation and blastocyst injection 

E14C4 mES cells (chinchilla coat colour; c/c recessive) stably transfetcted with pTREbi-hDKK-1cDNA/LacZ were 

transferred into embryos with agouti traits (agouti coat colour; C/C dominant) (A). E14C4 mES cells stable 

transfected with the pTREbi-hDKK-1cDNA/LacZ were used for producing chimeric mice by aggregation and blastocyst 

injection (B-C). By aggregation was obtained the chimera King (B), while by blastocyst injection was generated the 

chimera Kate (C). 
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4.3 Alternative strategies for producing hDKK-1 transgenic mice 

4.3.1 Generation of hDKK-1 transgenic mice using the mouse embryonic stem cells route 

Following the unsuccessful attempts to create an inducible hDKK-1cDNA mouse line using the standard 

tet-system, the hDKK-1cDNA was subcloned into a newer version of the tet-inducible system (TREtight) 

which ensures a tighter expression of the transgene, (Section 2.5.5). The human hDKK-1cDNA was excised 

from the pENT D-TOPOhDKK-1cDNA using the restriction enzymes AscI (filled in) and NotI and directionally 

ligated into the linear pTREtight (tetOtight) (NotI-HindIII). The ligation reaction was used to transform 

chemocompetent cells. The next day colonies were screened by colony PCR using the primers hDKK-

1F/hDKK-1R, with an expected PCR product of 408bp. 20 out 60 proved to be positive (data not shown).  

To ascertain directional cloning of the hDKK-1 fragment into the tetOtight vector a single recombinant 

colony was grown. The plasmid DNA was isolated and digested with the restriction enzyme ScaI which 

would have given products of different sizes depending on the direction of the hDKK-1 orientation 

(2.2Kb and 1.2Kb in the correct orientation or 2.2Kb and 1.6 Kb in the wrong orientation). The lengths of 

the digested fragments were as expected for an insert in the correct orientation (Fig. 4.9). 

 

4.3.1.1 Subcloning of hDKK-1 IRES-EGFP-CAAXpa into the pTREtight-hDKK-1cDNA plasmid 

As no reporters genes (e.g LacZ, EGFP) were present in the pTREtight-hDKK-1cDNA plasmid (3.4Kb) to 

include one, a cassette containing an IRES-EGFP and a polyA signal cassette (CAAXpa), was subsequently 

cloned into the pTREtight-hDKK-1cDNA plasmid, downstream the hDKK-1cDNA region (Section 2.5.4). The 

IRES-EGFP-CAAXpa cassette (1.8Kb) was excised from the p3E-IRES-EGFP. 

CAAXpa plasmid (Invitrogen, UK) using the restriction enzymes XbaI and EcoRV and subcloned into the 

linear pTREtight-hDKK-1cDNA (XbaI and HpaI). Chemocompetent cells were transformed with the ligation 

reaction and the next day 60 resistant colonies were screened by PCR using EGFP primers GFP F/GFP R, 

with an expected size of 225bp. 55 out of 60 proved to be positive (data not shown).  

To further confirm the results obtained by the PCR reaction and to check the direction of the insertion, 

two of the 55 positive-PCR colonies were grown, plasmid isolated and digested with the restriction 

enzyme ApoI. As expected for a recombinant plasmid with an insert in the correct orientation the length 

of the digested products gave products of 2.3Kb, 1.6Kb, 0.9Kb and 0.3 Kb (Fig.4.10). 

 

4.3.1.2 Generation of stably transfected R1 mES cell with the rt-TA protein (R1rt-TA) 

R1 mES cells were electroporated and stably transfected with the ScaI-Tet On linear plasmid which 

constitutively expresses the rt-TA protein from the CMV promoter (Fig.2.6). The rt-TA is a modified 

version of the tTA protein which can bind to the TRE only in the presence of doxycycline.   
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Figure 4.9| Subcloning of hDKK-1cDNA into the tet-inducible vector pTREtight  

The pTREtight-hDKK-1cDNA plasmid digested with ScaI released two bands of 2.2kb and 1.2kb for a recombinant 

plasmid with an insert in the correct orientation and separated on an agar gel alongside a 1kb marker. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10| Subcloning of the IRES-EGFP-CAAXpa into the pTREtight-hDKK-1cDNA plasmid 

The pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid was digested with ApoI and separated on an agar gel 

alongside a 1kb marker. As expected for a recombinant plasmid with an insert in the correct orientation the ApoI 

digestion released 4 bands of 2.3kb and 1.6kb, 0.9kb and 0.3 kb. 
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The Tet On plasmid has a neomycine resistance cassette (Fig.2.6), therefore cells were selected with 

200µg/ml of G418. After 10 days selection, 12 colonies were picked and expanded. Then, mES colonies 

were split into three different 96-well plates. The 96-well plate in which the cells were seeded for 

expansion was a normal 96-well plate (Nunc), instead to test luciferase activity, cells were seeded in 

black 96-well plates cell culture (Greiner BiO One) and were transiently transfected by lipofection 

(Section 2.11.13) with the pTRE-Luc plasmid (Fig.2.7).  

To test gene induction the media in one of the two plates was supplemented with doxycycline 

(1µg/ml) (Sigma). Luciferase activity was assayed 24 hours after lipofection. Wild type cells, treated with 

and without dox, were used as control. All the colonies exibited inducible luciferase expression apart 

from the colonies numbered 6 and . Weak luciferase activity was detected in all the colonies even in the 

absence of doxycycline. Colony number 5 (R1rt-TA5) was chosen for expansion as it showed the a greatest 

inducibility (Fig.4.11). 

 

4.3.1.3 Assaying EGFP expression from the pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid 

In order to assay the expression of hDKK-1 and EGFP from the pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa 

plasmid (Fig. 2.5), this plasmid was transiently transfected in the mES cells line R1rt-TA, which 

constitutively expresses the transactivator protein (rt-TA) (Tet On system) (Fig.4.12A-B). EGFP transgene 

expression, from cells treated with and without doxycycline (1µg/ml), was assessed 24 four hours after 

transfection by screening the cells under a fluorescent microscope. The EGFP signal was detected only in 

the cells treated with doxycycline, even if the overall signal proved to be not very intense (Fig.4.12C). 

 

4.3.1.4 Assaying hDKK-1 expression from the pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid  

To exclude basal expression and inducibility of the hDKK-1cDNA from the pTREtight-hDKK-1cDNA -IRES-EGFP-

CAAXpa plasmid, total RNA was extracted from the transiently lipofected R1rt-TA5 previously induced or 

not with doxycycline. The retrotranscribed mRNA (cDNA) was used as template for an RT-PCR reaction 

(Section 2.6.2) using the primers hDKK-1R1/hDKK-1F1. The hDKK-1 signal was detected only in the R1rt-TA 

mES cells treated with doxycycline, consistent with the expected tight control of gene expression 

(Fig.4.13).  

 

4.3.2 Production of transgenic hDKK-1 mice by pronuclear injection of the pTREtight-hDKK-

1cDNA-IRES-EGFP-CAAXpa plasmid (- 

The pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid (abbreviated as pTREtight-hDKK-1cDNA plasmid)) was 

linearized using XhoI and the resulting digestion products of 3.2Kb and 2Kb were separated on an 0.8% 

agarose gel. The 3.2Kb band corresponding to the pTREtigh promoter driving the bicistronic cassette 

hDKK-1cDNA-IRES-EGFP-CAAXpa (3.2Kb), was used for pronuclear injection. 
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 Figure 4.11I Measurement of induction of luciferase activity in stably transfetcte R1rt-TA 

mES cells 

  

Figure 4.12 Assaying EGFP expression from pTREtighDKK-1cDNA in R1rt-TA mES cells  

 

A   Tet On Plasmid expressing rt-TA  

 

 

 

B                                                                                     

 

Figure 4.13 Assaying hDKK-1 expression from pTREtighDKK-1cDNA in R1 mES cells 
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In six pronuclear injection sessions an overall of 467 injected zygotes was transferred into 19 recipient 

mice females resulting in 59 live-born pups. Survival of the microinjected embryos transferred to 

pseudopregnant females was therefore around 12%. Of the 73 pups born 6 (~8%) were transgenic, and 

3 (~2%) gave germline transmission of the transgene (Table 4.2). At the age of 3 to 4 weeks, offspring 

born from the pronuclear injection sessions were weaned and pups identified by ear punching. Ear and 

tail biopsies were collected and used for extracting DNA which was used for genotyping.  

To amplify the hDKK-1 transgene the primers hDKK-1F/hDKK-1R were used (expected band 408bp). The 

PCR genotyping showed that by pronuclear injection five potential founders were produced and they 

were given an informal name starting with the letter “E”: Erminio, Eolo, Egidio, Eraora and Enea. 

 

 

 

 

 

 

 

 

 

 

 

I  

 

In order to establish whether these animals were founders and able to transmit the transgene to their 

offspring, they were crossed with wild type F1 C57BL/6:CBA mice. 

 Eolo, Egidio and Erminio were found to transmit the transgene to a proportion of their offspring and 

three independent transgenic lines were therefore established. The Eolo founder transmitted the 

transgene to more than 50% of its progeny (77%), having a significant deviation from a Mendelian 

transgene transmission as confirmed by the X2 test (p=0.02) (Table 4.3), while the Erminio founder, as 

expected, transmitted the transgene to around  50% of its progeny.  

On the other hand the Egidio founder transmitted the transgene to some of its offspring, however it 

produced a maximum of three pups from each pregnancy and DKK-1 transgenic mice of the Egidio line 

when crossed to TgCamKIIα-tTA failed to produce double transgenic animals. The breeding of this line was 

therefore stopped. TghDKK-1-tetO/CamKIIα-tTA were produced from Erminio and Eolo lines and double 

transgenic of these lines were analysed to check gene expression. 

 

 

Table 4.2  Outcome of pTREtight-hDKK-1cDNA pronuclear injection experiment 

Pronuclear injection fragment Linear  pTREtight-hDKK-1cDNA  

No.Embryos transferred 467 

Pups live-born 59 

%Transferred embryos resulting in pups 12 

No.Transgenic (potential founders) 5 

% Live-Live-born pups which are transgenic ~12% 

No. Germline transmission 3 (~5% of pups born) 

 

                                                                                                                      Data provided by Dr Kim Moorwood 
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Table 4.3 Chi-squared test of transmission of the transgene from the Eolo founder  

 Transgenic Wild type 

Observed 31     9 

Expected 20    20 

Deviation (d=o-e) 11   -11 

Deviation 
2 

(d
2
) 121   121 

d
2
/e 6.05   6.05 

X
2
=12.1    d.f=1 critical 3.8   p-value =0.02 

 

Total RNA was extracted from the frontal brain regions and was converted into cDNA using reverse 

transcriptase. Selective primers for tTA, EGFP, hDKK-1 and mouse DKK-1 (mDKK-1) were used to amplify 

the three transgenes and also to check the expression of endogenous mDKK-1 in the brain. The RT-PCR 

confirmed the expected outcome, showing the expression of the transgenes exclusively in the double 

transgenic mice and the absence of the endogenous DKK-1 in the wild type mice, while a faint band of 

the endogenous mDKK-1 was detected in the double trangenic mice (Fig.4.14). 

 

4.3.3 Generation of mice with non-inducible brain-specific expression of hDKK-1   

In parallel to the approach of subcloning hDKK-1cDNA into the pTREtight promoter, another strategy 

adopted to produce the hDKK-1cDNA transgenic mouse line was to subclone the hDKK-1cDNA directly under 

the control of the CamKIIα promoter (CamKIIIα-hDKK-1cDNA-IRES-EGFP plasmid 14.2Kb). The cloning was 

done as described as described in Section 2.5.2. The linear SfiI CamkIIα-hDKK-1cDNA-IRES-EGFP plasmid 

(14.2Kb) was used for pronuclear injection. In three pronuclear injection sessions an overall of 245 

injected zygotes was transferred into 10 recipient mice females (Table 4.4) resulting  

 

 

                 

 

 

 

 

 

Table 4.4  Outcome of pronuclear injection experiments using the CamKIIα-hDKK-1cDNA 

Pronuclear injection fragment Linear CamKIIα-hDKK-1cDNA 

No.Embryos transferred 245 

Pups live-born 24 

%Transferred embryos resulting in pups 9 

No.Transgenic (potential founders) 2 (1 infertile) 

% Live-Live-born pups which are transgenic 9% 

No. Germline transmission 1(4% of pups born) 

                                                                                                

                                                                                                                                                Data provided by Dr Kim Moorwood                          
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Figure 4.14| RT-PCR on the brains of Erminio and Eolo line 

RT-PCR on the brain samples on 1-3 months-old mice of Erminio and Eolo line, was done by using the EGFP 

(GFPF/GFPR, 225bp expected band), hDKK-1 (hDKK-1F/hDKK-1R, 408bp expected band), mDKK-1 (mDKK-1F/mDKK-

1R 423bp expected band) and tTA primers (908bp). The housekeeper gene actin was used as internal control for 

RT-PCR. Transgenes were detected in the transgenic mouse line (A) and were absent in the wild type mouse (B). A 

faint band accounting for the endogenous mDKK-1 was detected in the transgenic mouse line while it was absent 

in the wild type mouse (B). (Dbl=double Tg mouse). 

 

            

Figure 4.15| RT-PCR on the brain of Cicerone line mouse 

RT-PCR on brain samples of 1.5 months-old mice of Ciceorne line was done using the EGFP (GFPF/GFPR, 225bp 

expected band), hDKK-1 (hDKK-1F/hDKK-1R, 408bp expected band) and mDKK-1 (mDKK-1F/mDKK-1R 423bp 

expected band) primers. The housekeeper gene actin was used as internal control for RT-PCR. Transgenes were 

detected in the transgenic mouse line (A) and were absent in the wild type mouse (B). A faint band accounting for 

the endogenous mDKK-1 was detected in the transgenic mouse line,  while it was absent in the wild type mouse 

(B). 

 A                                B 
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in 24 live-born pups. Survival of the microinjected embryos transferred to pseudopregnant females was 

therefore around 10%. Out of the 24 pups born, 2 (~8%) were transgenic and 1 (4%) gave germline.  

At the age of 3 to 4 weeks, offspring born from the pronuclear injection sessions were weaned and 

pups identified by ear punching. Ear and tail biopsy samples were collected and DNA extracted and used 

for genotyping. Ear-extracted DNA was used for PCR genotyping and to amplify the hDKK-1 transgene 

the hDKK-1F/hDKK-1R primers were used.  

Two potential founders were detected by PCR and an informal name was given to each of them. In this 

study they will be referred to as Cicerone and Concetta, or “C” line mice.  In order to confirm that these 

animals were founders and able to transmit the transgene to their offspring, they were crossed with 

wild type F1 (C57BL/6:CBA) mice. Cicerone was able to transmit genotypically, Concetta however, was 

very small and died during pregnancy. Therefore, only the Cicerone line was established. RT-PCR, made 

on total RNA brain extracts from a 2 months-old mouse of the Cicerone line was used to check the 

expression of the EGFP and hDKK-1 transgenes expression. RT-PCR confirmed the expression of the two 

transgenes, and a weak band, accounting endogenous mDKK-1 expression, was detected in the 

transgenic mouse. However, endogenous mDKK-1 was absent in the wild type mouse (Fig.4.15B).  

 

 

4.3.3.1 Transgene expression in the “E and C” line 

To ascertain expression of the transgenes at a protein level, Western blot analysis were made using 

brain protein extracts from brains of 2-months old mice of the “E” and “C” line. The western blotting 

readily detected expression of the EGFP protein in the Erminio double line, yet only a weak band was 

present in the Eolo line and no signal was detected in the Cicerone line (Fig.4.16). Under fluorescence 

dissecting microscope EGFP expression was also visualized, in the cortex,  

 

 

Table 4.5 Comparison among rate of success obtained by pronuclear injection using three different hDKK-

1 constructs   

 pTREbi-hDKK-1 pTREtight-hDKK-1 

 

Camk2α-hDKK-1 

No. Embryos transferred 670 467 245 

Pups live-born 37 59 24 

%Transferred embryos resulting in pups 5 12 9 

No.Transgenic (potential founders) 0 5 2 

% Live-Live-born transgenic mice 0 ~12 ~9 

No. Germline transmission 0 5% of pups born 4% of pups born 

                                                                                                                                                                                                                          

Data provided by Dr Kim Moorwood                          
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             A                                           B    

 Double Tg Erminio                 Wild type  

Figure 4.16I EGFP western blot of protein extracted from brains of the “E” and “C” lines 

Figure 4.17I Direct visualization of EGFP in the Erminio line 

Figure 4.18I hDKK-1 western blot of brain protein samples from mice of the Erminio line  

Erminio line western blot 

EGFP western blot on hDKK1 Tg mice lines 
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hippocampus and amygdale of the brain of double transgenic mice of the Erminio line (Fig.4.16A), while 

fluorescence was not detected in the control brain (4.17B). According to the RT-PCR and EGFP western 

blot results, Erminio line seemed to have the best profile of gene expression, therefore this 

line was expanded and considered for further studies. The presence of hDKK-1 protein in this line was 

also confirmed by western blot analysis. Membranes were probed with an antibody that recognised 

hDKK-1. The western blot showed a clear expression of the hDKK-1 protein (~26KDa) in the double 

Erminio mice, while the correspondent band was missing in the control mice (Fig.4.18). hDKK-1 

immunoistochemistry experiments on brains of the double mice of the Erminio line confirmed the 

presence of the hDKK-1 protein in the brain regions according to CamkIIα promoter pattern, while it was 

not detected in the wild type mice (Fig. 4.19).To ascertain Wnt signalling inactivation the activation of 

GSK-3β was monitored. Activation of GSK-3β is dependent on the phosphorylation of Tyr216 (Fig. 

4.20A). An antibody recognizing the phosphorylation of Tyr216 was probed with membranes loaded 

with brain protein extracts from controls and double transgenic mice of the Erminio line (Fig 4.20B-C). 

The western blot showed an increase of activated GSK-3β protein.  
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Figure 4.20| Assessing GSK-3β activation in the brain of Erminio line 

In neurons, overexpression of DKK-1 might lead to τ hyperphosphorylation through the activation of GSK-3β. The 

inhibition of Wnt signalling should cause the activation of GSK-3β which is facilitated by tyrosine phosphorilation 

on Tyr-216 (Kda 47) and leads to β-catenin degradation (A). Western blot membranes with brain protein of the 

Erminio line (4-7 months old) were probed with antibodies that recognised the active form of GSK-3ß when 

phosphorylated at Tyr-216 (B). The data are representing four similar experiment done with the same samples and 

in the graph are represented the quantitative summary of all the four the experiments (C). GAPDH was used as a 

protein loading control (36KDa) (t=student test ⋆ p>0.05).  
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4.4 Generation of a stable inducible pTREtight-hDKK-1cDNA/R1rt-TA mES line 

To create a double inducible stably transfected mES line, the pTREtight-hDKK-1cDNA -IRES-EGFP-CAAXpa 

plasmid was transfected into the R1rt-TA5 mES cell line. The pTREtight-hDKK-1cDNA -IRES-EGFP-CAAXpa 

plasmid (5.2Kb) did not have a resistance cassette (Fig.2.5); while the R1rt-TA mES cell line which had 

stably integrated the Tet On plasmid was resistant to neomycin (Fig.2.6). It was therefore necessary to 

co-transfect the pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa plasmid with a vector expressing a resistance 

cassette different from neomycin. For this reason a plasmid expressing a hygromycine resistance 

cassette was engineered as described in Section 2.5.1 (Fig.2.1). The linear XmnI-pSK-Hygro plasmid 

(4.6Kb) and the linear AseI-pTREtight-hDKK-1cDNA-IRES-EGFP-CAAXpa were co-transfected by 

electroporation (Section 2.11.7) in the R1rt-TA5 mES cells. The hygromicin selection (300µg/ml) was 

started 24 hours after electroporation. 10 days after electroporation 96 mES cell resistant colonies were 

picked. When confluent, mES cell colonies were split into three different 96 well plates. One plate was 

used as back up while the other two plates were used to test induction of gene expression using EGFP 

intensity as a measure. One of the two 96 well plates was supplemented with doxycycline (1µg/ml) 

(Sigma) and fluorescence measured 24 hours later. For each colony the difference of the fluorescence 

values with and without doxycycline was calculated.  

Out of 96 mES cell colonies, 26 colonies had a negative fluorescence readout and were not taken into 

consideration, whereas 82 colonies had a positive value. For each colony the value of the difference with 

and without doxycycline was plotted (Fig.4.21). The mean of all the differences was calculated and 

colonies with a fluorescence value above the average were considered to have a sufficient induction. 51 

colonies had a value below the mean (red line), while 31 colonies had a value above this mean. One 

colony showed a considerable higher inducible gene expression and was expanded.  
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Figure 4.21| Generation of a stable inducible pTREtight-hDKK-1cDNA -IRES-EGFP-CAAXpa/ R1rt-TA5mES cell line 

R1rt-TA5 mES cell line was transiently transfetced with the pTREtight-hDKK-1cDNA -IRES-EGFP-CAAXpa plasmid and 

induced with 1µg/ml of doxycycline. After 24 hours the fluorescence intensity was measured. 82 colonies had a 

positive fluorescent readout. For each of the 82 colonies the difference between the uninduced (no dox) and 

induced (+dox) value was plotted. The mean of all the differences was calculated and colonies with a fluorescence 

value above this average (red line) were considered to have a sufficient induction. 51 colonies had a value below 

the mean (red line), while 31 colonies had a value above the mean. Among them one colony showed a 

condsiderable higher inducible gene expression..  
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4.5 Discussion 

4.5.1 Problems associated with the Tet System  

Inducible systems allow expression to be turned on or off in the desired cell or tissue at specific times. 

This permits flexibility and allows assessing the function of the transgene(s) in health and disease. 

Moreover, inducible systems can circumvent transgene expression during development, which is 

particularly important when transgene expression is associated with embryonic lethality. Among the 

systems available for the inducible regulation of transgene expression (Mills, 2001), the tet-system is 

one of the most widely used (Jerecic et al., 1999) (Section 1.16).  

Some of the characteristics that distinguish an ideal inducible system are a tightly regulated transgene 

expression, such that “leaky” expression does not obscure experimental results, and high levels of gene 

induction in response to the inducer (Mills, 2001). Since it is known that ectopic expression of DKK-1 can 

impair embryonic development (Glinka et al., 1998; Kazanskaya et al., 2000), this aspect was taken into 

account when planning the cloning of DKK-1 transgene construct. pBI-G plasmid was chosen among the 

available inducible tet-regulated plasmids, mainly because the same plasmid was previously used for the 

successful generation of brain-specific inducible GSK3-ß transgenic mice (Lucas et al., 2001).  

Despite subcloning DKK-1 into the inducible system (pTRE-hDKK-1), no founders were generated over a 

period of 1.5 years. It was thought that DKK-1 transgene expression was beginning even before the 

physical integration of the transgene into the DNA of the one cell embryo and this might have 

accounted for the low number of pups live-born (Table 4.5). In support of this idea, in one of the litter 

that did survive, two pups with exencephaly were observed. This is consistent with the role of DKK-1 as 

a head inducer (Semenov et al., 2001). However, both pups proved to be wild type according to PCR 

genotyping using tail tissue. 

 

4.5.2 Strategies to overcome hDKK-1 embryonic lethality 

To overcome embryonic lethality, potentially associated with DKK-1 transgene expression in the very 

early embryo, the mES cell route was considered as a valid alternative to pronuclear injection 

transgenesis. The pTRE-DKK-1cDNA transgene was introduced by random transgenesis into mES cells 

(E14tg2A). LacZ staining of pTREbi-DKK-1cDNA/LacZ mES cell colonies showed β-gal transgene expression 

was occurring even in the absence of the transactivator (tTA) (Fig 4.6), confirming the already described 

leakiness associated with the tet-based inducible system (Zhu et al., 2001). Selected mES clones were 

introduced into mouse embryos (C57BL/6:CBA) by blastocyst injection and aggregation methods (Table 

4.1). The greatest advantage of using aggregation is that it does not require the use of sophisticated and 

expensive micromanipulatory equipment, which is necessary for embryo injections, and since at that 

time the micromanipulator was not working properly, aggregation was preferred to blastocyst injection. 

The transfer of 729 embryos transferred by aggregation led to the production of a male chimera (King) 

(0.1%), while a female chimera (Kate) was obtained from blastocyst injection of 52 embryos (0.5%). 
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These two chimeras were produced from two different mES cell clones (mES cell clone H9 for King and 

mES cell clone F5 for Kate, Table 4.1) and exhibited, varying degrees of mES cell contribution as judged 

from the extent of chinchilla coat colour. According to the coat colour, King had a higher degree of 

chimerism (~60%), whereas Kate had little contribution from mES cells (~5%). This difference in 

chimerism might be dependent on the techniques used since it as been reported that precompaction 

embryos are more suitable for generating embryos with high embryonic stem cell contribution (Peli et 

al., 1996). Moreover, the rate of chimeras and chimerism can be influenced by the number of mouse 

embryonic stem cells introduced in the embryo as well as by the genetic background and combination of 

mES cell and host embryo and the (Lallemand and Brulet, 1990). The chimeras obtained were bred with 

129P2/OlaHsd mates, however the transgene was not transmitted to offspring in either case suggesting 

that the mES cells did not colonize the germline of the chimeras. Another possibility is that the 

transgene was present in the germline of the chimeras, however basal expression of pTRE-DKK-1cDNA 

might have been lethal for the transgenic mice during development. Moreover, as karyotyping was not 

successful, it cannot be excluded that chromosome abnormalities had occurred in the injected mES cell 

clones as this is a parameter that is known to interfere with germline transmission (Liu et al., 1997). 

Another approach used to obtained DKK-1 transgenic mice was to subclone hDKK-1 into the tight 

version of the tet-inducible system (TREtight;; tetOtight). The delivery of this linear fragment into the 

embryos by pronuclear injection led to the successful generation of hDKK-1 inducible mouse founders. 

The same positive outcome was obtained by the subcloning of the hDKK-1 under the direct control of 

the CamKIIα promoter which, as already mentioned, is silent during embryo development. Looking at 

the percentage of mice born from the pronuclear injection of each hDKK-1 construct (Table 4.6), the 

greatest success in terms of viable embryos produced came from injection of pTREtight-hDKK-1, followed 

by injection of the CamKIIα-hDKK-1 construct. By contrast, the lowest rate of success resulted from 

injection of the pTRE-hDKK-1 construct. This is consistent with the hypothesis that ectopic expression of 

DKK-1 during embryo development was the major problem associated with the generation of this 

transgenic mouse line. The greatest advantage of having succeeded in generating an inducible hDKK-1 

mouse is the flexibility that the inducible system offers as the crossing of this line with transgenic mice 

expressing the transactivator under the control of other tissue specific promoters will create further 

research models. 

However, it needs to be mentioned that generation of a tet-inducible DKK-1 mouse transgenic line 

(tetO-mDKK-1), using a non tight tet-inducible version, has already been produced (Chu et al., 2004). The 

authors describe the generation of seven transgenic founder animals with grossly normal phenotypes 

generated by subcloning the globin intron (insulator) and mouse DKK-1 cDNA in the tet-inducible 

plasmid pTRE2. The pTRE2 plasmid, apart from not being a bidirectional promoter, has the same 

properties of the original tet-inducible plasmid that was initially used in this study (pBI-G). Therefore, it 
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could be that basal expression of the human version of DKK-1 is more toxic during embryo development 

than the mouse version or that insulator ensured a tighter control of the trangene expression.  

Egidio, one of the mouse founders obtained from the pTREtight-hDKK-1-IRES-CAAXpa construct, 

transmitted the transgene to the F1 generation. However, it never produced more than 3 pups for each 

pregnancy and offspring of the F1 mice failed to produce double transgenic mice when crossed with 

CamKIIα-tTA transgenic mice. Concetta, one of the founders obtained by pronuclear injection of the 

CamKIIα-hDKK-1-IRES-CAAXpa construct, was very small and died during her first pregnancy and 

therefore failed to transmit the DKK-1 transgene. Eolo on the other hand, one of the other founder 

obtained by the pronuclear injection of the same construct, transmitted the transgene to the 77% of its 

progeny suggesting that the transgene had most probably integrated in two independent sites. Yet 

despite this, produced normal size litters. However, this does not necessarily reflect the level of gene 

expression. 

 

4.5.3 Characterization of gene expression in hDKK-1 transgenic mice 

As confirmed by RT-PCR, at a messenger level RNA transgene expression of EGFP and hDKK-1 was 

detected in all the TghDKK-1/CamKIIα-tTA (“E” line) and TgCamKIIα-hDKK-1 (“C” line) mice. In wild type mice using 

specific primers for mouse DKK-1 (mDKK-1), RT-PCR did not result in amplification of the endogenous 

mDKK-1 transcript, confirming that in normal physiological conditions DKK-1 is not expressed in the 

adult brain and therefore strengthening the hypothesis that its overexpression in the brain might be 

confined to pathological conditions (Caricasole et al., 2004). RT-PCR did result in a weak band for mDKK-

1 in transgenic mice of the double transgenic hDKK-1 lines, suggesting that exogenous expression of the 

hDKK-1 transgene might lead to activation of transcription of the endogenous mDKK-1 gene.  

Using an anti-EGFP antibody, identification of transgenic EGFP in western blots of protein extracted 

from brain gave a readily detected band only in samples of the Erminio line, while a weak band was 

visualized in the Eolo line and EGFP was undetectable in the Cicerone line (Fig.4.16). The visualization of 

a green fluorescence signal of the EGFP in brains of mice from the Erminio line except Eolo or Cicerone, 

further confirmed the results obtained from the western blots.  

Although the EGFP transgene was being actively transcribed as shown by RT-PCR, the protein was 

consequently not easily detected in all the lines. The bicistronic construct pTREtight-hDKK-1-IRES EGFP-

CAAXpa allows the expression of two separate proteins (hDKK-1 and EGFP) from one construct.  

One of the major disadvantages of using bicistronic constructs is that translation of the coding 

sequence downstream the IRES is often translated at much lower levels than the upstream transgene 

sequence (Ha et al., 2010; Martin et al., 2006).  

Although EGFP was not expressed at a sufficient level to be detected by western blot, there might still 

be considerable DKK-1 protein levels in at least the Cicerone line. The A2 sequence from the foot-and-

mouth disease picornavirus virus has been found to be more effective at achieving equivalent levels or 
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more protein encoded by bicistronic constructs (Ha et al., 2010; Martin et al., 2006). Its use might 

therefore have been a better alternative than the IRES used here. The DKK-1 transgenic mice of the 

Erminio line were chosen for expansion and further characterization. The hDKK-1 transgene was 

detected in western blots of protein extracted from brain and localized by immunohistochemistry using 

an anti-hDKK-1 antibody. The band detected by western blotting was approximately 26 KDa. Yet in 

literature, DKK-1 has been described at either 37KDa or KDa 24-29 KDa (Niehrs, 2006; Voorzanger-

Rousselot et al., 2007), and post-translational modifications might account for at least some of this 

variation (Krupnik et al., 1999).  

Immunohistochemistry, using an anti-hDKK-1 antibody detected the hDKK-1 protein in the regions 

according to the CamKIIα pattern whereas the protein was not detected in the wild type brain. The 

complete activation of GSK-3β generally requires phosphorylation at Tyr216 (Leroy et al., 2007). 

Accordingly, the results obtained by western blotting of protein extracted from brains of the Erminio 

line mice probed with an anti GSK-3β-Tyr 216 antibody, provided evidence that hDKK-1 expression is 

inhibiting Wnt signalling.  

As regard to the inducible mES cell line that has been generated, neuron-derived mouse embryonic 

stem (ES) cells, could be used for screening chemical libraries for small molecules. Many drugs that are 

promising in vitro fail to be safe and efficacious in vivo and (m)ES cells are considered a new source of 

predictive cell-based assays (McNeish, 2004). Moreover this inducible line could be used to uncover the 

mechanisms that regulate neural differentiation of mES cells by focusing on roles played by DKK-1, 

which is already known to be required for the induction of neural markers in mouse embryonic stem 

cells (Verani et al., 2007)  

 

 

 4.5.4 Future directions 

The benefits associated with DKK-1 inhibition have been confirmed by several studies (Zhang et al., 

2008; Scali et al., 2006; Caricasole et al., 2004).  

Ascertaining the ability of hDKK-1 transgenic mouse to efficiently inhibiting Wnt signalling is important 

as these mice were made to test in vivo the link between DKK-1 overexpression, GSK-3β activation and τ 

hyperphosphorylation (Caricasole et al., 2004).  

Inhibition of Wnt signalling by DKK-1, could be further investigated by examining the level of 

intracellular β-catenin. If DKK-1 is inhibiting Wnt signalling, then the intracellular levels of β-catenin are 

expected to decrease since inhibition of Wnt pathway leads to β-catenin degradation.  

In vivo the effect of DKK-1 inhibition of Wnt signalling could be monitored by crossing transgenic hDKK-

1 mice with one of the available mouse lines that have been engineered to drive LacZ gene under the 

control of the TCF/LEF promoter which is responsive to β-catenin-level (DasGupta and Fuchs, 1999; 
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Maretto et al., 2003). Above all the effect of DKK-1 on GSK-3β would be confirmed by looking at τ 

hyperphosphorylation. 

It has already been shown that stereotaxic injection of recombinant human DKK-1 protein in rat brains 

causes neurodegeneration (Scali et al., 2006). This was particularly evident in the CA1 region together 

with a loss of cholinergic neurons, while lithium chloride treatment was neuroprotective, suggesting 

that DKK-1 neurotoxicity was associated with Wnt inhibition. If this mechanism of toxicity can be 

confirmed in the hDKK-1 conditional transgenic mice, then, DKK-1 would likely be a better target than 

GSK-3β to prevent τ hyperphosphorylation. This is because GSK3 is widely expressed in the brain (Yao et 

al., 2002) and chronic inhibition of GSK-3β might have side effects in the long term. Instead the level of 

DKK-1 are low in physiologic conditions, and its overexpression is associated only with pathological 

scenarios. 

Another field of investigation would be to look at neurogenesis in hDKK-1 mice. Wnt signalling has an 

important role in adult hippocampal neurogenesis. In the hDKK-1 mice this process is predicted to be 

impaired and this might contribute to the cognitive decline seen in AD.  
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5.1 Final discussion 

In 2005 the ADIT project was funded by the EU FP6 with the aim of identifying new druggable targets 

able to halt or reverse the symptoms associated with AD. In the ADIT study the screen for finding new 

targets was based on the “amyloid hypothesis” of AD which ascribes the pathogenesis of this 

neurodegenerative disorder to accumulation of the Aβ peptide (Section 1.11). In an effort to identify 

druggable proteins that mediate Aβ toxicity in the very early events, primary rat cortical neurons were 

challenged with Aβ25-35 and examination of up-regulated proteins was done between 5 minutes and 4 

hours after Aβ challenge. This led to the identification of a pool of proteins candidate target, however, 

only proteins amenable to modulation with small compounds were considered. 

Taking into account that Aβ oligomers rather than plaques might be initially causative of AD, there is 

reason to believe that the targets identified by challenging with Aβ neurons might be those up-regulated 

in the early events in the human brain in response to Aβ. 

Among the identified targets were DKK-1, an extracellular inhibitor of Wnt signalling and S1P3, a G-

protein coupled receptor. Both were predicted to be amenable to modulation with small molecules, a 

feature necessary to cross the BBB. However, so far, none of the compounds developed at Sienabiotech 

have proved to be able to efficiently modulate DKK-1 while, there are good chances of succeeding in 

finding molecules able to modulate S1P3.  

The association of DKK-1 and S1P3 with AD pathology was validated in human AD brain tissues and in 

available mice models of AD (Rosi et al., 2010). The next step was therefore to produce corresponding 

transgenic mouse animal models. Tet-inducible mouse models for DKK-1 and S1P3 were generated by 

pronuclear injection and the production of the hDKK-1 proved to be particularly challenging most likely 

due to embryo lethality associated with expression in the early embryo transgene. An alternative 

strategy was therefore needed in order to succeed.  

The initial characterization of the hDKK-1 mouse model has confirmed previous studies that showed a 

link between DKK-1, Wnt inhibition and GSK-3β activation.  

Further research needs to be done to fully characterize this mouse model. Interestingly, τ protein is 

being revaluated in AD as more evidence accumulates that supports its role in the neurodegenerative 

process. This can be appreciated by considering that there are preclinical and clinical trials ongoing 

targeting GSK-3β.  

As regard to the S1P3 mouse model data suggest an ongoing astrocytoys. Considering that chronic 

inflammation is recognized as a prominent feature in neurodegenerative disorders, S1P3 might 

represent a potent target for therapy. If inflammation is the main event downstream of Aß that 
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reinforce the neurodegenerative process, then from a therapeutic point of view, it would be desirable to 

find methods for moving the balance towards an anti-inflammatory state. 

 

One of the challenges associated with modelling AD in mice include the inability of the AD transgenic 

mouse models to adequately recapitulate the entire pathologic traits seen in AD (Ashe and Zahs, 2010). 

Nevertheless, transgenic animal models of AD have contributed significantly to our understanding of the 

pathopathways underlying AD and hre an essential tool for biomedical research including preclinical 

studies.  

The purpose of preclinical studies is to provide evidence of product safety, efficacy and benefits 

associated with potential treatments and to establish proof-of-principle for the desired therapeutic 

effect. The often encouraging results obtained in AD mouse models have not been reproduced in clinical 

trials. The failure of clinical trials has raised justifiable concerns about how best to proceed for the 

future development of preclinical and clinical studies. 

Transparency and easy accessibility of the preclinical studies should be available to all the scientific 

community and after their publication compounds should proceed to clinical trial. Too often the paucity 

of publications precludes a more detailed review and makes difficult to have a clear picture. Moreover, 

it would be desirable to have the data published in a dedicated journal and the publishing of unexpected 

results should be strongly encouraged (Sena et al., 2010).  

Minimal guidelines on how to design, conduct and analyze results might help to narrow the gap of 

the outcome obtained in preclinical and clinical studies and filling this gap is a priority. In some cases it 

might be that inadequate preclinical studies and misinterpretation of the models could be responsible 

for at least some of the inconsistency between preclinical and clinical trials. Among studies it is often not 

specified whether the experiments are blinded; how animals are allocated to experimental groups as 

well as the gender of the animals used in the study (Jucker, 2010), which are often underpowered (Scott 

et al., 2008). Therefore preclinical studies might benefit from concise guidance on design and 

interpretation.  

For instance, considering that there is no “one model” of AD and that AD genetically modified mice 

show high variability in extent and time course of disease phenotype, extending the testing of 

compounds to multiple AD models might give more reliable results and rarely there are two or more 

mouse models examined in any given study (Jucker, 2010). Therefore before proceeding to clinical 

studies it would be beneficiary to test the compound in more than an AD mouse model. In addition, the 

use of aged non-transgenic mice models should be also considered given that aging is the main factor 

for developing neurodegenerative disorders. Where applicable, for instance in studies with genetically 

modified animals, detailed information on the animal model including genetic background and details of 

the wild-type control group should be included (Macleod et al., 2009). 
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Mouse models should at least help to predict toxicity and side effects associated with the long term 

treatment assigned to AD patients. Dose ranges and duration of the treatment should be done 

accordingly as well as the most appropriate end-points for assessing efficacy.  
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