Chapter 1 Introduction

1.1  Synaptic transmission in the mammalian central nervous system 

The remarkable complexity of mammalian brain largely depends on a sophisticated neural circuit network formed by an extraordinary number of neurons. Despite these neurons can be categorized into various specific types according to their detail morphology and functional properties (up to 10,000 different types in human brain), as the basic signaling units for information processing (Ramon y Cajal S. 1933. Histology, 10th ed. Baltimore:Wood), they all share similar architectures. A typical neuron consists of four distinct regions: the cell body, dendrites, the axon and presynaptic terminals. The cell body (soma) contains the nucleus as well as the endoplasmic reticulum of a neuron, thus being regarded as the metabolic center of the cell. From the cell body, two types of processes extend out: several short dendrites which conduct electrical impulses toward the cell body; and a long, tubular shaped axon which conducts electrical impulses away from the cell body. Dendrites are highly branched and usually contain numerous small membranous protrusions known as spines. The incoming electrical signals can be rapidly transmitted from the presynaptic terminals of an upstream neuron axon onto the receiving dendrites via the spine synapses (specialized cell junctions between neurons) that distribute throughout the dendritic arbor. Thus synapses allow billions of neurons to communicate with each other by rapidly passing information from a presynaptic cell to the postsynaptic target cells. 

The point at which two neurons communicate with each other is known as the synapse, a specialized intercellular junction structure found between a presynaptic axon terminus and a postsynaptic target neuron cell. The synapses can be broadly grouped into two categories: electrical synapses and chemical synapses based on the differences of their apposition structures and functional properties. At electrical synapses, the pre- and postsynaptic cells are continuously connected by the gap-junction channels that are high conductance for electrical currents flowing between the cells bi-directionally. By contrast, there is no cytoplasmic continuity between the pre- and postsynaptic nerve cells at chemical synapses. Instead, a 20-40 nm-width region, known as the synaptic cleft, separates the pre- and postsynaptic cells. Therefore the synaptic transmission at the chemical synapse depends on the release of neurotransmitters from the presynaptic neurons.

In the mammalian brain, the synaptic transmission is considered as the fundamental process for many of the complex behaviors including advanced cognitive functions. Such synaptic transmission is carried out mainly via the chemical synapse. At the chemical synapse, an action potential propagating within the presynaptic cell leads to the changes of its membrane potentials on the presynaptic terminals. As a result, a chemical neurotransmitter is released, diffuses across the synaptic cleft and binds to the postsynaptic receptors residing on the postsynaptic membrane of the target neuron, thus allowing the opening of the ion channels through which different ion currents flow in or out.

Gray and his colleagues first described in the late 1950s that there are two morphological types of synaptic connections based on the ultrastructural characteristics of presynaptic and postsynaptic appositions 
 ADDIN EN.CITE 
(Gray 1959; Gray 1961; Hamlyn 1962)
. Type I synapses are often formed on the specialized projections of the dendrites, known as spines, whereas type II synapses are found primarily on the dendrite shaft or direct contact on the cell body. Under the electron microscopy, type I synapses usually have a prominent presynaptic projection with a distinguished extensive dense postsynaptic density region, termed the postsynaptic density (PSD). In contrast, type II synapses have less obvious presynaptic projection and are often lack of the prominent dense regions on the postsynaptic membrane. 

In mammalian central nervous system (CNS), most of excitatory synapses are formed on the dendritic spines. The density and morphology of spines change during development. Various types of spine shapes have been identified including thin, stubby and mushroom spines (Bourne and Harris 2008). During the early developmental stage, neurons majorly have long, thin and dynamic filopodia structures that play essential role in synaptogenesis by initiating axonal contact and subsequently leading to synapse formation (Yoshihara, De Roo et al. 2009). Thin spines are short-lived, appearing and disappearing over a few days, while mushroom spines are relatively more stable and can last for months. Such structural changes seem crucial not only for developmental plasticity but also for many forms of experience-dependent plasticity, such as learning and memory. Moreover, many pathological brain conditions, including mental illness and neurodegenerative diseases were found to correlate with disrupted synaptic structures and spine abnormalities 
 ADDIN EN.CITE 
(Fiala, Spacek et al. 2002; Calabrese, Wilson et al. 2006)
. 

Thus, it is clear that the complexity of the mammalian central nervous system is formed mainly because of the way that nerve cells with similar properties connect with each other.
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Figure 1.1 Two morphological types (type I and type II) of synapses in the central nervous system.

1.2 Glutamate ionotropic receptors mediate excitatory synaptic transmission
Despite the various types of neurotransmitters, the functional consequence of a synaptic transmission mediated by a transmitter on the target neuron does not depend on the chemical properties of the transmitter, but is rather determined by the properties of the specific receptors on the postsynaptic membrane that recognize and bind the transmitter substance. Two major types of synaptic transmissions are identified in the mammalian CNS: excitatory and inhibitory transmission. The excitatory synaptic transmission produces an excitatory postsynaptic potential (EPSP) on the target neuron, thus having more probability of generating an action potential. In contrast, an inhibitory postsynaptic potential (IPSP) is generated following an inhibitory synaptic transmission, hence renders the postsynaptic cell less likely to generate an action potential. 

It is now well known that in the vertebrate brain, type I synapses are often excitatory and its synaptic transmission is primarily mediated by neurotransmitter glutamate, whereas type II synapses are often inhibitory and the inhibitory postsynaptic potentials in most central neurons are generated by inhibitory neurotransmitter γ-aminobutyric acid (GABA) and glycine. 
In the CNS, the vast majority of excitatory synaptic transmissions are mediated by three pharmacologically defined types of ionotropic glutamate receptors. These ligand-gated ion channels are classified originally according to the different chemical agonists that activate them: (-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA), N-methyl-d-aspartate (NMDA) and kainate receptor Use GluN, GluR etc new naming system (Dingledine, Borges et al. 1999). 
AMPA receptors are composed of four different types of subunits GluR1-GluR4 (also known as GluRA-GluRD) (Hollmann and Heinemann 1994). In the mature hippocampus two types of AMPA receptor subunit combinations appear predominant: receptors consist GluR1 and GluR2 or receptors consist GluR2 and GluR3 (Wenthold, Petralia et al. 1996). GluR4 is expressed in immature hippocampus as well as other mature brain areas.

AMPA receptors open relatively quickly in response to the binding of glutamate, allowing Na+ inflow through the channel and mediate rapid membrane depolarization, called excitatory postsynaptic potential (EPSP). By contrast, NMDA receptors open and close relatively slowly in response to glutamate. This glutamate-gated ion channel is permeable to Na+, K+ and Ca2+, and also having binding sites for glycine and Mg2+. At the resting membrane potential, Mg2+ tightly binds to the NMDA receptor-channel and acts like a plug to block current flowing. Once glutamate and the co-agonist glycine bind to the NMDA receptors and meanwhile the membrane potential is sufficiently depolarized by AMPA receptors, Mg2+ is released from its binding site, thus allowing Na+ and Ca2+ to flow through the channel 
 ADDIN EN.CITE 
(Nowak, Bregestovski et al. 1984)
. Importantly, the Ca2+ influx leads to the activation of calcium-dependent enzymes and second messengers, thus triggering the intracellular signal transduction pathway that further modifies the synaptic strength (Figure 1.2) (Lynch, Rahwan et al. 1983) (Malenka, Kauer et al. 1988). It is now known that influx of Ca2+ through activated NMDA receptors is a critical event for inducing long-term potentiation (LTP) and long-term depression (LTD), which is considered as the underlying cellular mechanism of learning and memory (Collingridge, Isaac et al. 2004). In particular, LTP induction and/or NMDA receptor activation increases GluR1 at Ser831 on its c-terminal tail by protein kinases CaMKII and PKC, increasing its open channel probability, while LTD dephosphorylates Ser845 and produces the opposite effect (Malenka and Bear 2004). 

Recently, it has become clear that the insertion and withdrawal of AMPA receptors from the postsynaptic membrane is a major mechanism for regulating synaptic strength. LTP induction stimulates AMPA receptor insertion into the membrane and increasing synaptic response, while LTD generates the opposite effect 
 ADDIN EN.CITE 
(Bredt and Nicoll 2003; Malenka and Bear 2004)
.
Kainate receptors were found distributed on both presynaptic and postsynaptic membrane. It is recently found that the activation of kainite receptors can bi-directionally modulate both excitatory and inhibitory synaptic transmissions in many regions of the nervous system. In some cases, postsynaptic kainate receptors are co-distributed with NMDA and AMPA receptors, wheareas in some area, for example in the retina, postsynaptic kainite receptors exclusively mediate synaptic transmissions (Huettner 2003). 
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Figure 1.2 Schematic representation of a glutamatergic synapse. The invading action potential at the presynaptic terminal stimulates the dock and fusion of synaptic vesicles with the presynaptic terminals and release of glutamate neurotransmitters into the synaptic cleft. Glutamate binding activates AMPA receptors, leading to an influx of Na+ and depolarization of the postsynaptic membrane. This membrane depolarization further activates the voltage-gated sodium channels and allows increase Na+ influx to amplify the membrane depolarization leading to the generation of a new action potential. NMDA receptors are activated by intense presynaptic activation, requiring both glutamate binding, membrane depolarizationg as well as the removal of Mg2+. Activated NMDA receptors allow an influx of Ca2+ which stimulates NMDA receptor complex (a large macromolecular signaling complex comprising scaffolding and adaptor protein) and its associated signaling molecules leading to the synaptic plasticity and other modifications of neural functions. 
1.3 The NMDA receptor complex (NRC) at the postsynaptic desity (PSD)

In excitatory synapses, NMDA and AMPA receptors are highly concentrated in the postsynaptic density (PSD), an electron-thickening area underlying postsynaptic membrane. And understanding the detail molecular compositions of the PSD particularly its key components such as NMDA receptor and its associated scaffolding proteins has captured much attention in the last few decades.
1.3.1 NMDA receptor structure, subunit composition and expression
Among the glutamate-gated ion channel receptors, a prominent type is NMDA receptor. Molecular cloning has revealed that the NMDA receptor is comprised by three types of subunits: GluN1, GluN2 and GluN3 
 ADDIN EN.CITE 
(Moriyoshi, Masu et al. 1991; Kutsuwada, Kashiwabuchi et al. 1992; Monyer, Sprengel et al. 1992; Ciabarra, Sullivan et al. 1995)
. To form a functional receptor complex, two obligatory NR1 subunits must be assembled with two regulatory GluN2/GluN3 subunits, however it appears that most NMDA receptors are assembled by GluN1 and GluN2 subunits, and the biophysical and pharmacological properties of NMDA receptors partly depends on what subtypes of GluN2 subunit they contain. 
Each channel subunit contains an extracellular amino-terminal (N-terminal) domain, three (-helices transmembrane domains (M1, M3 and M4), a ‘hairpin’ loop connecting the first and second transmembrane domains (M2) to form a pore lining region and an intracellular carboxy-terminal (C-terminal) domain. The GluN3 family consists of two subunits: GluN3A and GLuN3B, whereas the GluN2 family can be classified into four different subtypes: GluN2A, GluN2B, GluN2C and GluN2D. The C-terminal tail of GluN1 subunit binds to various synaptic kinases and phosphatases and structural proteins including (-actinin, calmoduling and AKAP9 (Yatiao). The GluN2 subunits also contain large intracellular C-terminal tails, of which end with a conserved peptide sequence –ESDV or ESEV. This ESXV motif is capable of binding to the first two PDZ domains of the scaffolding protein PSD-95 (postsynaptic density protein 95) family. Different GluN2 subunit confers different physiological channel properties. The GluN2A-containing receptor shows lower affinity to glutamate, distinctly faster channel kinetics and greater channel open probability and more prominent Ca2+ -dependent desensitization than the GluN2B-containing receptor. Compared with GluN2A/GluN2B, the GluN2C and GluN2D display low conductance openings and reduced sensitivity to Mg2+ block (Cull-Candy and Leszkiewicz 2004). Although it seems that GluN3 is not an essential component to assemble most of the native NMDAR, some evidence suggested that GluN3A could act as a regulatory subunit in some regions during the early developmental stage.
The NMDAR subunits expression varies with respect to different anatomical regions and developmental stages of the mammalian brain. In situ hybridization experiments showed that the GluN1 subunit is expressed ubiquitously at all stages, whereas the GluN2 subunits are expressed discretely 
 ADDIN EN.CITE 
(Monyer, Burnashev et al. 1994)
. The GluN2A and GluN2B are most widely distributed GluN2 subunits in the CNS, with higher expression in the forebrain and enriched in the hippocampus. Particularly, the GluN2B subunit expresses predominantly in the early development and later gradually decreases, whereas the GluN2A subunit expression is greatly increased during the late development, suggesting that the GluN2B-GluN2A switch may be correlated with the transition of synapses from nascent, more plastic to mature, less plastic state. 
In addition to distinct overall expression patterns of NMDAR subunits, difference in distributions of individual neurons was also noted from several studies. In the CA3 pyramidal neurons, the NMDA receptors in commissural and associational-CA3 synapses are strong affected by the GluN2A mutation, whereas GluN2B mutation exerts more effect on commissural-CA3 synapses, thus suggesting that GluN2A/2B subunit composition are sorted within a single CA3 pyramidal neuron 
 ADDIN EN.CITE 
(Ito, Futai et al. 1997; Ito, Kawakami et al. 2000)
. A similar dichotomy can be seen in layer V pyramidal neurons in the neocortex (Kumar and Huguenard 2003). 
1.3.2 Molecular diversity of the NMDA receptor complex
Recent advances in proteomic methodologies such as high-sensibility mass spectrometry and bioinformatics techniques have made it possible to comprehensively determine the protein compositions in the PSD. Using MALDI-TOF mass spectrometry, Walikonis et al., analyzed and identified ~30 proteins in the PSD fraction 


(Walikonis, Jensen et al. 2000) ADDIN EN.CITE . In contrast to their findings, several other studies have revealed that the purified PSD contains a vast quantity of proteins 


(Husi and Grant 2001; Jordan, Fernholz et al. 2004; Peng, Kim et al. 2004; Yoshimura, Yamauchi et al. 2004) ADDIN EN.CITE . Up to ~1,000 individual PSD proteins have been identified so far and can be categorized into various functional classes including ion channels/neurotransmitter receptors, scaffolding proteins, cell adhesion, actin cytoskeleton molecules, kinases and signalling molecules (Pocklington, Armstrong et al. 2006). These findings not only provided essential information of the molecular abundance in the PSD, they also suggested a highly diversified functional multiprotein complex may be formed, thus allowing individual synapses to appropriately regulate their synaptic functions. 
Although NMDA receptors are also found at extra-synaptic sites, their presence at the synaptic sites is much higher concentrated (Tovar and Westbrook 2002). This clustering at synapses is believed to correlate with a series of interactions between NMDAR with other synaptic proteins in the PSD. Purification of NMDARs and their associated proteins have shown the intense involvement of NMDARs with a large signalling complex, termed as NMDA receptor complex (NRC), with more than 100 molecules including scaffolding proteins, cytoskeleton and signalling molecules, the NRC was considered as the core complex in the PSD 
 ADDIN EN.CITE 
(Grant and O'Dell 2001)
. 

Residing on the PSD, the NMDA receptors were anchored and integrated into a complex protein network via either direct or indirect protein-protein interatctions. Through this complex molecular network, the NMDA receptor is able to couple to the downstream signalling transduction pathway. Upon the activation of NMDA receptor, large amount of Ca2+ flow into the postsynaptic neuron. To mediate the LTP, the CA2+ influx exerts its effect by activating the second messengers including CaMKII (calcium/camodulin-dependent protein kinase II), PKA or PKC (cAMP-dependent protein kinase) and MAP kinase pathway (ERK). In a simplified model, NMDAR activation results in the activation of calmodulin by the influx of large amount of Ca2+ ions. Activated calmodulin then binds to and activates CaMKII, triggering its enzymatic activity (Lisman, Fellous et al. 1998). Thus it allows CaMKII to directly phosphorylate AMPA receptors, which then leads to increased current through the AMPAR and also indirectly increase AMPAR trafficking 
 ADDIN EN.CITE 
(Malinow, Madison et al. 1988; Lisman 1989; Derkach, Barria et al. 1999; Hayashi, Shi et al. 2000)
. Increase AMPAR number or conductance is generally believed to be the molecular basis for the potentiated synapse. These changes can further modulate neuronal properties at synapses, for example, by directly altering the synaptic strength in response to glutamate, and indirectly through synapse-nucleus signalling to modify cellular transcriptional programs such as synaptic infrastructures 
 ADDIN EN.CITE 
(Malenka and Bear 2004; Blitzer, Iyengar et al. 2005)
.
1.4 NMDA receptor and its interacting proteins

Many of the NMDA receptor interactions with other synaptic proteins may involve the receptor’s C-terminal tail, which is located in the cytoplasm. A number of proteins have been identified to interact with GluN1 or GluN2 subunit, and this number will possibly grow in the future. 
One class of proteins that bind to NMDA receptor belongs to the kinase protein family. CaMKII can associate with GluN1, GluN2A and GluN2B subunits. Biochemical evidences have established that CaMKII directly interacts with NMDAR and this interaction is potentiated by NMDAR activity 
 ADDIN EN.CITE 
(Gardoni, Caputi et al. 1998; Leonard, Lim et al. 1999)
. Association of CaMKII with NMDARs is believed to occur after the autophosphorylation of CaMKII following the Ca2+ entry from activated NMDARs and induction of LTP. It is now widely believed that this association between CaMKII and NMDARs brings CaMKII into clase proximity with AMPA receptors, thus facilitating its phosphorylations. The binding of CaMKII to the ion receptors primarily occurs in GluN2B subunit and this interaction is modulated by the autophosphorylation of CaMKII (Strack and Colbran 1998). Association of CaMKII with GluN2B involves two distinct binding sites on the c-terminal tail of GluN2B: the GluN2B-P site within amino acid residues 839-1120 and GluN2B-C site within residues 1290-1309 
 ADDIN EN.CITE 
(Strack, McNeill et al. 2000; Bayer, De Koninck et al. 2001)
. Binding of CaMKII to GluN2B-P site requires CaMKII T286 autophosphorylation, whereas binding of CaMKII to GluN2B-C site only requires calcium and calmodulin activation of CaMKII. However, this interaction can be augmented by T286 phosphorylation. 

Other important kinases include the Src protein tyrosine kinase family, cyclin-dependent kinase-5 (Cdk5) and protein kinases PKA/PKC. Co-immunoprecipitation experiments using cortical brain tissue suggested that PKA/PKC associate with GluN1, GluN2A and GluN2B subunits. However, the major phosphorylation sites for PKA and PKC differ for three subunits 
 ADDIN EN.CITE 
(Leonard and Hell 1997)
. PKA can rapidly enhance NMDAR current by overcoming constitutive type 1 protein phosphatase (PP1) activity. This enhancement is accomplished by a selective anchoring PKA to NMDAR via adaptor protein AKAP9 (Yotiao), which binds to the c-terminus of GluN1 subunit (Westphal, Coffee et al. 1999).
Another group of proteins considered to be major binding partners of NMDAR are PDZ-domain containing proteins, particularly, the PSD-95 membrane-associated guanylate kinase (MAGUK) family. PSD-95 was first identified as the interaction partner of NMDAR in 1995 by in vitro yeast-two-hybrid assay (Kornau, Schenker et al. 1995). More evidence from in vitro assays such as co-immunoprecipitations in heterologous expression systems indicated that the interaction is between GluN2 subunit c-terminal tails binding motif –ES(D/E)V and the first two PDZ domains of PSD-95 family 
 ADDIN EN.CITE 
(Lau, Mammen et al. 1996; Muller, Kistner et al. 1996; Bassand, Bernard et al. 1999; Cheng, Hoogenraad et al. 2006; Cousins, Papadakis et al. 2008)
. Additional PSD-95 family members including PSD-93 (postsynaptic density protein 93 kDa, also known as Chapsyn110), SAP102 (synapse-associated protein 102) and SAP97 (synapse-associted protein 97) were further identified to interact with GluN2A or GluN2B subunit 
 ADDIN EN.CITE 
(Lau, Mammen et al. 1996; Muller, Kistner et al. 1996; Sans, Petralia et al. 2000; Al-Hallaq, Conrads et al. 2007)
. Co-expression of PSD-95, PSD-93 and SAP97 reduced NMDAR internalization rate and help to stabilise the surface expression of NMDAR 
 ADDIN EN.CITE 
(Roche, Standley et al. 2001; Lavezzari, McCallum et al. 2004; Lin, Skeberdis et al. 2004)
. Chung et al., have also found that casein kinase II (CK2) directly phosphorylates Ser 1480 within the c-terminal PDZ ligand of GluN2B subunit and this phosphorylation disrupts the interaction of NMDARs with SAP102 and PSD-95, results in reducing in surface expression of the receptors in neurons 
 ADDIN EN.CITE 
(Chung, Huang et al. 2004)
.

Besides the binding motif –ES(D/E)V for MAGUKs, the NMDARs may bind to these scaffolding proteins via additional sites other than the first two PDZ domains, as the truncations of removing the c-terminal sequences of GluN2A/2B did not completely block the association of NMDARs and PSD-95 
 ADDIN EN.CITE 
(Kornau, Schenker et al. 1995; Bassand, Bernard et al. 1999; Cousins, Kenny et al. 2009)
. Moreover, these additional PSD-95 binding domains differ between GluN2A (mapping to amino acid sequences 1382-1420) and GluN2B (mapping to residues 1086-1157) 
 ADDIN EN.CITE 
(Cousins, Kenny et al. 2009)
. These findings suggested that different GluN2 subunits interact with PSD-95-like MAGUK family proteins via distinct binding domains, and such differential bindings may lead to the regulation of NMDAR receptors targeting and localization at the synapses. Furhter studies, however, will be needed to uncover the detail mechanisms of NMDAR surface targeting and stabalization mediated by MAGUK family proteins.

1.5 The membrane-associated guanylate kinase (MAGUK) family

Many of the proteins that associate with NMDA receptors are also highly enriched in the PSD. One of the best characterized binding partners of NMDA receptors are PDZ-domain containing proteins, particularly, the PSD-95-like MAGUK family including PSD-95 (postsynaptic density protein 95, also known as SAP90, synapse-associated protein-90), PSD-93 (post synaptic density, also known as chapsyn-110 for channel associated protein of synapses-110), SAP102 (synapse associated protein 102) and SAP97 (synapse associated protein 97). Their interaction and physiological roles have been extensively studied in various brain regions and neuronal processes 
 ADDIN EN.CITE 
(Kim and Sheng 2004; Elias and Nicoll 2007; Sheng and Hoogenraad 2007; Gardoni, Marcello et al. 2009)
.

All PSD-MAGUK family proteins contain three tandem of three PDZ (PSD-95 disc large zona occludens 1) domains, a SH3 (Src Homology 3) domain and a GK (Guanylate kinase-like) domain that lacks catalytic activity (Funke, Dakoji et al. 2005). Biochemical analysis has identified other MAGUK proteins that display similar multi-domain structures in various organisms. To date, these proteins with similar domain structures are identified as a MAGUK superfamily that can be categorized into various subfamilies in vertebrates according to their different domain components. This includes, for example, the Disc Large (DLG), membrane protein palmitoylated1 (MPP1), calcium/calmoldulin-dependent serine protein kinase (CASK), Zona Occludens (ZO) and MAGUK with an inverted repeat (MAGI) (de Mendoza et al., 2010). Recently, a DLG-like, a MAGI-like and a MPP-like ancestral genes were also found in the unicellular ancestor of Metazoa, suggesting these MAGUK proteins might be originated from an unicellular linage that are most closely related to Metazoa. On the other hand, researchers also found there might be at least two distinct molecular expansions of the MAGUK family during evolution. The first expansion happened at the early metazoan evolution before sponge diverged from the rest of the metazoan. The second expansion may occur at the early evolution of vertebrates. Indeed, vertebrates presented the biggest diversity of MAGUKs. As the MAGUK superfamily rapidly expanded, their cellular functions also diversified. Members of ZO subfamily play important roles in the formation and maintenance of blood brain barrier (Wolburg and Lippoldt 2002). The simplest MAGUK protein p55 contains only one PDZ domain and was identified in erythrocytes as a scaffolding protein that stablises actin cytoskeleton to the plasma membrane 
 ADDIN EN.CITE 
(Chishti, Kim et al. 1998)
. 

Members from vertebrate DLG-MAGUK subfamily are all highly expressed in the central nervous system and believed playing key roles in synaptic functions. The mammalian MAGUK family is encoded by four genes: PSD-95 (also known as Dlg4), PSD-93 (also known as Dlg2), SAP-102 (also known as Dlg3) and SAP-97 (also known as Dlg1). The sole homologue of the mammalian PSD-95-like family proteins in Drosophila, known as Dlg, was first identified in a recessive screen for tumor suppressor genes (Stewart, et al., 1972). Immunohistochemical analysis showed that Dlg was localized to glutamatergic synapses at the Drosophila neuromuscular junction and was associated with both presynaptic and postsynaptic membranes. Molecular cloning studies on dlg mutant flies revealed the altered expression of Dlg and striking changes in postsynaptic specialization at synapses, indicating that Dlg is important for normal synaptic structure in Drosophila (Lahey, Gorczyca et al. 1994).  

1.5.1 Primary sequences of PSD-95 family proteins

As described above, the PSD-95 family proteins (PSD-95, PSD-93, SAP97 and SAP102) are homologous, to the Drosophila Dlg protein both in sequence and domain structural organization. The fly Dlg, encoded by a tumor suppressor gene dlg is essential for the assembly of septate junctions and neuromascular junctions 
 ADDIN EN.CITE 
(Woods and Bryant 1991; Lahey, Gorczyca et al. 1994)
. The peptide sequences of mammalian PSD-95 family are highly conserved, sharing a ~70% similarity 
 ADDIN EN.CITE 
(Brenman, Christopherson et al. 1996; Muller, Kistner et al. 1996)
 (Figure 1.3). At the amino-terminus, each family member contains three tandem PDZ domains, followed by a SH3 domain and GK domain at the carboxy-terminal region 
 ADDIN EN.CITE 
(Cho, Hunt et al. 1992; Kistner, Wenzel et al. 1993; Muller, Kistner et al. 1995; Brenman, Christopherson et al. 1996; Muller, Kistner et al. 1996)
 (Table 1.2). Furthermore, evolutionary studies revealed that the three PDZ domains within PSD-95 family members (Dlg1-3 for SAP97, PSD-93 and SAP102, respectively) can be closely clustered together, suggesting a rapid PDZ domain duplication occurred during the structural evolution. Interestingly, by a comprehensive domain-by-domain analysis, it appeared that DLG1 (SAP97) first branched off within the PSD-95 family, leaving DLG2 (PSD-93) and DLG3 (SAP102) more closely related to each other (te Velthuis, Admiraal et al. 2007). 

5.2 Alternative splicing of PSD-95 family members

Despite the high similarity in the canonical domain structure, all PSD-95 family members are alternatively spliced, creating different isoforms. PSD-95, PSD-93 and SAP97 are all expressed in the brain with one of the two N-terminal alternative splicing isoforms that contain either an N-terminal cysteine doublet of which is normally palmitoylated (named as the (-isoform) (Topinka and Bredt 1998) or an N-terminal L27 domain (named as the (-isoform) 
 ADDIN EN.CITE 
(Chetkovich, Bunn et al. 2002; Parker, Zhao et al. 2004)
. In the brain, the major endogenous PSD-95 is in (-isoform and the majority of SAP97 is expressed as (-isoform 
 ADDIN EN.CITE 
(Schluter, Xu et al. 2006)
. 

The palmitoylation of (-isoforms involves addition of palmitate via a labile thioester linkage and is essential for the clusterings of PSD-95 and SAP97 at the PSD 
 ADDIN EN.CITE 
(Craven, El-Husseini et al. 1999)
. Interestingly, the synaptic targeting of PSD-93 does not require the N-terminal cysteines palmitoylation but the sequences situtated within the first 30 residues of PSD-93 
 ADDIN EN.CITE 
(Firestein, Craven et al. 2000)
. The L27 domain of (-isoforms of PSD-95 and SAP97 mediates their binding to CASK, a plasma membrane protein, via hetero-multimerization. The L27 domain has been also suggested to facilitate the homo-oligomerization of (-isoforms SAP97. Therefore, it appeared that differential synaptic localization might occur due to the distinct N-terminal sequence of two isoforms. 

Such alternative N-terminal domains have also been found crucial for these PSD-MAGUKs trafficking and synaptic targeting. Using a molecular replacement strategy by acute knocking down the endougenous PSD-95 followed by the overexpression of a certain isoform of these two molecules, Schlueter et al. found that overexpressing (-isoforms of SAP97 rescued the effect of acute loss of PSD-95 and greatly enhanced the synaptic levels of AMPA receptors in organotypic slices. In contrast to the significant enhancement induced by (-isoforms, the replacement by (-isoforms of PSD-95 or SAP97 only rescued the AMPA receptor EPSCs back to control cell levels, furthermore, this rescue was prevented in the presence of D-APV. Therefore, these data demonstrated that the (-isoforms of PSD-95 and SAP97 influence excitatory synaptic strength independent of activity, while the effect of (-isoforms is CaMKII-dependent 
 ADDIN EN.CITE 
(Schluter, Xu et al. 2006)
. However, it is still not clear whether such regulation of AMPA receptors is mediated by the physical direct bindings of SAP97 isoforms at synapses or an indirect effect from their interaction during AMPA receptor trafficking. 
To answer this question, Waites et al. used live imaging and electrophysiology to further evaluate the spatial and dynamics of SAP97 isoforms and how the distributions of these isoforms affect the cell-surface retention of AMPA receptors. They found that the (-isoforms of PSD-95 and SAP97 are less mobile in the dendritic spine than the (-isoforms. Light fluorescence microscopy also revealed that in cultured neurons, two SAP97 isoforms displayed distinct localization at dendritic spines with palmitoylated (-isoform targeting to the PSD and the L27 domain-containing (-isoform primarily locating at the non-PSD, perisynaptic regions. As a result, by directly regulating the synaptic localization and dynamics of AMPA receptor, the (- and (- SAP97 isoforms differentially influence the synaptic strength in response to the neurotransmitter glutamate 
 ADDIN EN.CITE 
(Waites, Specht et al. 2009)
. Sequence analysis revealed that (-isoform of SAP97 shares nearly identical N-terminal sequence with the (- isoforms of PSD-95 and PSD-93, as a result, they exhibited similar functional properties including the palmitoylation of N-terminus, localization at the PSD and regulation of the synaptic strength 
 ADDIN EN.CITE 
(Craven, El-Husseini et al. 1999; Okabe, Kim et al. 1999; El-Husseini, Craven et al. 2000; Firestein, Craven et al. 2000; Kuriu, Inoue et al. 2006)
. 
On the other hand, SAP102 lacks the N-terminal palmitoylation or L27 domain sequences. Instead, it contains an alternatively spliced insert I1 region at the N-terminus 
 ADDIN EN.CITE 
(Muller, Kistner et al. 1996)
. Chen B-S et al. recently found that the two naturally occurring N-terminal splice variants are developmentally regulated and associated with distinct types of dendritic spines. Furthermore, the two SAP102 variants differential bind to GluN2B, in particular, the I1 region-containing variant induces an NMDA-dependent lengthening of dendritic spines 


(Chen, Thomas et al.) ADDIN EN.CITE , suggesting that the N-terminal alternative splicing of SAP102 play important roles during synaptogenesis. 
Taken together, these findings on functional diversity in the N-terminal alternative splicing of PSD-95 family members suggested that the sequence variations provide an important basis for the molecular diversity.
1.5.3 Domain structures of PSD-MAGUK family proteins.

In the following text, more details for the core domains (PDZ, SH3 and GK domains) of PSD-MAGUK family will be described, with a major focus on PSD-95.

PDZ domains

The PDZ domains usually contain 80-90 amino acids. X-ray crystallography demonstrated that the PDZ domains of PSD-95 are composed of two ( helices and six ( strands which are folded into an overall six (-stranded sandwich 
 ADDIN EN.CITE 
(Daniels, Cohen et al. 1998; Hung and Sheng 2002)
. Typically the PDZ domains bind to specific c-terminus of targeted proteins 
 ADDIN EN.CITE 
(Kim, Niethammer et al. 1995; Kornau, Schenker et al. 1995)
. Each PDZ domain binds a peptide ligand, and the c-terminal peptide sequence of target proteins binds to the groove between the second ( strand and second ( helix. In addition, this binding is also most likely dependent on the sequence specificity of PDZ ligands. As mentioned above, a good example is the first and second PDZ domains of PSD-95 can bind to the c-terminal peptide sequence of NMDA receptor GluN2 subunit and Shaker-type potassium channels 
 ADDIN EN.CITE 
(Kim, Niethammer et al. 1995; Kornau, Schenker et al. 1995; Niethammer, Kim et al. 1996)
, with preferential binding to the GluN2 subunit c-terminal peptide –ESXV motif. Another example is seen in the binding of SAP97 with AMPA receptor GluR1. A tripeptide sequence SSG residues at the position (-9) to (-11) of GluR1 c-terminus plays an essential role in its binding to the second PDZ domain of SAP97 
 ADDIN EN.CITE 
(Cai, Coleman et al. 2002)
. The binding of PDZ domains to the c-terminal target protein can be also regulated by the phosphorylation of residues within the c-terminal sequences. The serine phosphorylation at the c-terminus of inward rectifier potassium channel by protein kinase A abolishes its association with the PDZ domains of PSD-95  ADDIN EN.CITE 
(Cohen, Brenman et al. 1996)
. Apart from the typical binding to c-terminal sequences of target proteins, PDZ domains can also interact with internal sequences with T/SXV motifs and non-carboxyl-terminal cyclic peptides  ADDIN EN.CITE 
(Gee, Sekely et al. 1998)
. Brenman and his collegues showed that the second PDZ domain of PSD-95 can bind to a similar motif within the internal sequence of neuronal nitric oxide synthase (nNOS)  ADDIN EN.CITE 
(Brenman, Christopherson et al. 1996)
. 

SH3 and GK domains

The function of SH3 domain in DLG family is still less clear. Classically, the SH3 domain binds peptide sequence with PXXP motif. However, several lines of evidence from biochemical analysis or yeast-two-hybrid experiments have shown that the SH3 domains of neuronal MAGUKs interact with GK domains, which lack a canonical binding motif for SH3 domain. The SH3-GK domain binding can occur either in an intra- or intermolecular manner  ADDIN EN.CITE 
(Masuko, Makino et al. 1999; McGee and Bredt 1999; Nix, Chishti et al. 2000; Shin, Hsueh et al. 2000)
. Crystallographic studies showed that the SH3 domain of PSD-95 contains an incomplete set of ( strands, with the first four strands (1-4 forming the core domain. The fifth and sixth ( strands sequences are contributed from the GK domain, which is separated from core SH3 domain by a long ( helix and flexible loop region (also known as the hook region)  ADDIN EN.CITE 
(McGee, Dakoji et al. 2001; Tavares, Panepucci et al. 2001)
. By this arrangement, the GK domain can fold back and tether together with SH3 domain forming a complete set of six ( strands. McGee and colleagues showed that artificially stiffening the helix-loop flexible linker (probably by ligand binding in vivo) could disrupt the intramolecular SH3-GK interactions, instead swapping the SH3 domain binds to the GK domains from other molecules. These findings proposed a possible model that the intermolecular bindings between SH3 and GK domains could contribute to the formation of a MAGUK network, thus facilitating the scaffolding proteins to cluster receptors, ion channels and signalling molecules on the postsynaptic membrane. In addition, using surface plasmon resonance spectroscopy, Paarmann et al., identified a calmodulin (CaM) binding site in the hook regions of DLG family member SAP-97, implying the hook region may be a potential regulation site for SH3-GK domain interactions  ADDIN EN.CITE 
(Paarmann, Spangenberg et al. 2002)
. Biochemical analysis studies have also identified additional regulations for the GK domain binding activity. For instance, Brenman et al. showed that the PDZ domains inhibit intramolecular GK domain interaction activity, whereas the GK domain binding activity with MAP1A can be strikingly activated after ligands binding to the PDZ domains  ADDIN EN.CITE 
(Brenman, Topinka et al. 1998)
. Using yeast-two-hybrid and ELISA binding assays, Wu et al. found that the intramolecular SH3 and hook region may interfere with GK domain binding to GKAP in SAP97. However, the N-terminal sequence of SAP97 may prevent this inhibition and facilitate the GKAP binding. Therefore, it appears that the GK domain-GKAP interaction is regulated by a series of intramolecular interactions involving mask or unmask the SH3 domain and hook region  ADDIN EN.CITE 
(Wu, Reissner et al. 2000)
. Recently, there are more evidence comes from the application of advanced imaging techniques. Taking advantage of the two-photon microscope to track the photoactivate GFP (PAGFP)-tagged PSD-95 molecules in organotypic rat slices, Sturgill and his colleagues observed that exogenous PSD-95 lacking the SH3 and GK domains is competent to enter the PSD but is less stable at synapses  ADDIN EN.CITE 
(Sturgill, Steiner et al. 2009)
. Although these indirect assays have efficiently demonstrated the importance of regulated SH3-GK domain interaction for multimerizing MAGUKs at synapses, direct X-ray crystallography data are still needed to provide straghtforward evidence for these domain structural conformation changes. 
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Figure 1.4 Schematic presentation of PSD-95 protein family domain structures and peptide sequence alignments. (A) All family member contains three amino-terminal PDZ domains, followed by a SH3 and GK domain at the carboxy-terminus. Black lines of each protein indicated the scaled sequence length. Adapted from  ADDIN EN.CITE 
(Zheng, Seabold et al. ; Fujita and Kurachi 2000)
. (B) shows peptide sequence alignments among mammalian (human and mouse) MAGUK family members.

1.5.4 Overall distributions of PSD-95 family proteins

Although the four MAGUK proteins are all highly expressed in the mammalian CNS, in situ hybridization and immunohistochemical studies have revealed their distinct spatiotemporal distribution pattern in the brain  ADDIN EN.CITE 
(Fukaya, Ueda et al. 1999; Fukaya and Watanabe 2000)
. Using specific antisense oligonucleotide probes, Fukaya et al. found that PSD-95, PSD-93 and SAP102 mRNA were all highly expressed in the telencephalon of the adult mouse brains, where hippocampal pyramidal cell layers displayed highest expression levels. Intense signals of PSD-95 and SAP102 mRNA can be also detected in the cerebellar cortex, with low to moderate signals detected in thalamus, hypothalamus and brainstem region. By contrast, PSD-93 mRNA was detected in the Purkinje cell layer of the cerebellum and at low levels in the hypothalamus and brainstem. Few signals of its mRNA are detected in the thalamus. The overall distributions of MAGUK family proteins were also investigated by immunoperoxidase analysis using affinity-purified polyclonal antibodies, which against less homologous peptide sequence among PSD-95, PSD-93 and SAP102. With a similar patterns to their mRNA detection, all three PSD-MAGUK proteins showed high expression levels in the adult telencephalon including the cerebra cortex, hippocampus, olfactory bulb and stratum, whereas SAP97 is highly expressed in the cerebellum  ADDIN EN.CITE 
(Muller, Kistner et al. 1995)
. It was also noted some difference in certain brain regions among the three family members. For example, thalamic nuclei were intensively labelled for SAP102, weakly for PSD-95 but almost negatively for PSD-93. Particularly in the hippocampus, all three MAGUKs displayed high immunoreactivies in the dendritic layers including strata radiatum and oriens within the CA1 region. Intensive stainings of PSD-95 were also detected in the stratum lucidum of the CA3 region. 

1.5.5 Subcellular localizations of PSD-95 family members

Despite the fractionation analyses suggested the PSD-95 family proteins are concentrated on the postsynaptic density  ADDIN EN.CITE 
(Muller, Kistner et al. 1996; Brenman, Topinka et al. 1998)
, early initial immunohistochemistry experiments hoping to probe the subcellular localization of PSD-95 often generated uncertain conclusions. Several contradict findings were observed using immunoflurescent staining combined with either light or electron microscopy  ADDIN EN.CITE 
(Cho, Hunt et al. 1992; Kistner, Wenzel et al. 1993; Laube, Roper et al. 1996)
. Until 1996, Hunt et al. employed immunogold electron microscopy to examine the rat forebrain synaptsomes and confirmed the PSD-95 association with the PSD (Hunt, Schenker et al. 1996). Another breakthrough for probing PSD-95 synaptic localization was achieved by Fukaya and his colleagues in 2000, using improved immunohistochemical detection method (Fukaya and Watanabe 2000). By carefully performing a pepsin treatment of the brain sections prior to the immunostaining, they elegantly showed that the detailed morphology of three PSD-MAGUKs (PSD-95, PSD-93 and SAP102) as tiny, punctuate-like structures that occupying the neuropil. In particular, the double immunofluorescence experiments performed in the cerebral cortex and hippocampus using an antibodies against PSD-95, GluN2A or GluN2B, showed that a substantial population of PSD-95-immuoreactive puncta were overlapped with GluN2A- or GluN2B- labelled puncta.

Electronmicroscopic (EM) data also confirmed that PSD-95, PSD-93 and SAP102 are clustered directly over the thick PSD at asymmetric synaptic junctions in adult rat brain, while SAP97 also occurred at presynaptic membranes  ADDIN EN.CITE 
(Zheng, Wang et al. ; Aoki, Miko et al. 2001)
. During the ultrastructal studies, Aoki and her colleagues also detected a weak but positive correlation between the PSD-95-immunolabelled particle number with the PSD length  ADDIN EN.CITE 
(Aoki, Miko et al. 2001)
. Such low correlation was most likely due to the heterogeneity in PSD-95 expression within individual synapses, as they found that some PSDs express high levels of PSD-95, whereas others express lower levels. Moreover, a proportion of synapses exhibited an absence of PSD-95 labellings. These observations provoked a possibility that some PSDs may lack one or several types of MAGUK proteins.

It is now widely accepted that the PSD-MAGUK proteins play crucial roles in the formation of NMDA receptor-assoicated signalling complex, therefore such MAGUKs diversity at individual synapses might lead to the variations in ion channel receptors clustering, EPSP amplitude difference and tendency for facilitation and depression following specific input activity. Need to explain more!
On the other hand, in recent years many investigators also characterized the subcellular distributions of the three MAGUKs in vitro by culturing dissociated embryonic neuronal cells from rodent forebrains. Taking advantage of the novel imaging techniques such as super resolution STED microscopy (Stimulated Emission Depletion microscopy), researchers were able to examine the very fine clustering structure (approximately 100nm) of PSD-95 and SAP102 at single spine synapse (Zheng, Wang et al.). Interestingly, Zheng and colleagues also noted a heterogeneity in PSD-95 and SAP102 concentrations within a single synapse. By dual immunofluorescent labelling using PSD-95 and SAP102 antibodies in cultured hippocampal neurons, they found that both PSD-95 and SAP102 were enriched in spines. Additionally, in mature culture, the thin, oval shaped PSD-95 clusters with a size of 100nm width and 500nm length sometimes overlap and locate on top of the SAP102 clusters, which usually had relatively larger size than the PSD-95 clusters.  
It has been also reported that PSD-95 family members were distributed at non-synaptic sites such as the cytoplasm or associated with extrasynaptic glutamatergic receptors  ADDIN EN.CITE 
(Petralia, Wang et al. ; Zheng, Petralia et al. ; Petralia, Wang et al. 2002; Kneussel 2005)
. These findings raise the questions such as, whether these MAGUKs are pre-assembled and involved into trafficking vesicles that also packed glutamatergic receptors that remained to be answered in the future. 

1.5.6 Developmental expression profile

Developmental changes of PSD-95, PSD-93 and SAP102 were also examined by in situ hybridizations  ADDIN EN.CITE 
(Fukaya, Ueda et al. 1999)
. Prominent expressions of PSD-95 and SAP102 mRNA were detected as early as E13 in various brain regions. Although the signal intensity of PSD-95 temporarily decreased after birth between P1 or P7, it significantly increased afterwards, while SAP102 mRNA expression seemed to remain a relative lower level in the postnatal stages. The mRNA expression of PSD-93 was also detected from E13, but the level was relatively lower than the other two PSD-MAGUK members. PSD-93 expression in the forebrain area started to increase around E18 and P1, and intensity progressively enhanced until reaching a peak plateau around P14-P21. 

Sans and colleagues also comprehensively examined the developmental expression profiles of NMDA receptors and their associated PSD-MAGUKs (PSD-95, PSD-93 and SAP102) in the postnatal mouse hippocampus  ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
. Using quantitative immunogold electron microscopy and biochemical analyses, they found that SAP102 was highly expressed at postnatal day 2, whereas the expression levels of PSD-93 and PSD-95 were low. By contrast, SAP102 expression level greatly decreased at 6 month, while PSD-93 and PSD-95 expressions significantly increase during this period. Furthermore, ultrastructral studies suggested that such increase in PSD-95 might be primarily due to an increase in the number of synapses containing PSD-95. Intriguingly, the authors also noted a correlation appeared between GluN2A and PSD-95/PSD-93 as well as GluN2B and SAP102. In particular, the GluN2B expression coincided with SAP102 profile at early developmental stage, whereas the expression level of GluN2A increased at later stage coincided with PSD-95 and PSD-93 expressions. Co-immunoprecipitation experiments also showed a binding preference for GluN2A with PSD-95 and GluN2B with SAP102, although no strict relationship between these bindings were found. These findings were consistent with several previous reports in whole brain by western blotting or in situ hybridization methods  ADDIN EN.CITE 
(Muller, Kistner et al. 1996; Wenzel, Fritschy et al. 1997; Fukaya, Ueda et al. 1999)
. However, a recent biochemical study performed by Al-Hallaq et al. showed that the isolated di-heteromeric GluN1/GluN2A and GluN1/GluN2B associate with PSD-95, PSD-93 and SAP102 with similar affinities in the CA1/CA2 regions of rat hippocampus (Al-Hallaq, Conrads et al. 2007). Therefore, it appears that the seemingly preferential associations of GluN2 subunit with different MAGUKs may not solely depend on their intrinsic biochemical affinities, but might be also affected by other factors, for instance, their involvement with different neural circuitry network. The exact molecular mechanism governing this processes still remains to be identified.
1.5.7 Protein-protein interactions of PSD-95 family members

Previous studies have shown that PSD-95 family proteins interact with a variety of membrane proteins such as ionotropic receptors, cell-adhesion molecules, as well as different intracellular proteins including other scalffolding proteins and signalling molecules (Table 1.2)  ADDIN EN.CITE 
(Husi, Ward et al. 2000; Kim and Sheng 2004; Montgomery, Zamorano et al. 2004)
. In the following part, I will discuss the recent studies on their protein-protein interactions with the focus on a well-studied PSD-MAGUK protein PSD-95.
Association with ion channels and receptors

PSD-95, PSD-93 and SAP102 are all found in the cell membrane fraction of tissue protein extract  ADDIN EN.CITE 
(Sans, Prybylowski et al. 2003)
. The co-immunoprecipitation experiments showed that three PSD-MAGUK proteins associate with their corresponding glutamate receptors. PSD-95, PSD-93 and SAP102 can be co-immunoprecipitated with NMDA receptors but not AMPA receptors, whereas SAP-97 is found to co-immunoprecipitate with AMPA subunits but not NMDA receptors  ADDIN EN.CITE 
(Lau, Mammen et al. 1996; Muller, Kistner et al. 1996; Garcia, Mehta et al. 1998; Leonard, Davare et al. 1998; Sans, Racca et al. 2001; Cai, Coleman et al. 2002)
. The similar temporal expression patterns of SAP102 with GluN2B and PSD-95 with GluN2A were also re-examined by co-immunoprecipitation analysis, which showed slightly more SAP102 co-immunoprecipitates with GluN2B and more PSD-95 co-immunoprecipitates with GluN2A.

The bindings between the first two PDZ domains of MAGUKs and the C-terminal tails of GluN2A or GluN2B were hypothesised to be critical for the clustering and synaptic localizations of NMDA receptors. In support of this idea, co-expression of the Shaker-type K+ (Kv1.4) channel or NMDA receptors with PSD-95 or PSD-93 in COS7 cells significantly induced the clusters of receptors or channels  ADDIN EN.CITE 
(Kim, Niethammer et al. 1995; Kim, Cho et al. 1996)
. However, evidence derived from primary neuronal culture or acute brain slices using membrane-permeable peptides or antibodies showed that the clustering of PSD-95 was dispersed, but not the clustering of NMDA receptors  ADDIN EN.CITE 
(Passafaro, Sala et al. 1999; Lim, Merrill et al. 2003)
. Overexpression of PSD-95 in hippocampal cultures, on the other hand, did not alter the NMDA receptors synaptic expression but increase the amount and activity of AMPA receptors  ADDIN EN.CITE 
(El-Husseini, Schnell et al. 2000)
. In addition, the NMDA receptors synaptic clusterings in the PSD-95 knockout mutant mice seemed normal  ADDIN EN.CITE 
(Migaud, Charlesworth et al. 1998)
. Roche and colleagues noted that the surface clustering of NMDA receptors might depend on their internalization. They found that the NMDA receptors were robustly internalized in both heterologous and cultured neuronal cells and co-expression with PSD-95 blocked the internalization. When deleting the PDZ domain-binding sequence of GluN2B, its internalization enhanced in cultured neurons  ADDIN EN.CITE 
(Roche, Standley et al. 2001)
. Therefore, it appeared that the interaction of PSD-95 with NMDA receptors helps stabilizing receptors within the plasma membrane. Additional experiments will be needed to further clarify the in vivo mechanism of NMDA receptors stabilization and its interaction with PSD-95. 

Binding with cell-adhesion molecules

Apart from the binding to glutamate receptors, PSD-MAGUK proteins also bind to other less abundant tranmembrane cell adhesion molecules. For example, PSD-95, PSD-93 and SAP102 interact with the C-terminus of neuroligin, a neuronal cell adhesion molecules that tightly binds to the presynaptic (-neurexins to form intercellular junctions bridging the synaptic cleft  ADDIN EN.CITE 
(Irie, Hata et al. 1997)
. The binding between neuroligins and PSD-95 is mediated by the third PDZ domain of PSD-95. Postsynaptic neuroligins are encoded by four genes (NL1-4) and largely expressed in most of neurons  ADDIN EN.CITE 
(Ichtchenko, Hata et al. 1995)
. In particular, neuroligin 1 has been found to locate at the postsynaptic membrane of excitatory membrane, whereas neuroligin 2 is predominantly localized to the inhibitory synapses  ADDIN EN.CITE 
(Song, Ichtchenko et al. 1999; Varoqueaux, Jamain et al. 2004; Chih, Engelman et al. 2005)
. Using expression of recombinant neuroligin1 tagged GFP in cultured hippocampal neurons, Dresbach et al. reported that neuroligin1 targeting to synapses through its internal sequence (a 33 amino acid sequence close to neuroligin1 transmembrane domain) rather than its PDZ domain binding sequence (Dresbach, Neeb et al. 2004). As a result, the postsynaptic targeting of neuroligin1 is independent of its interactions with PSD-95. These observations suggested that the targeting to the postsynaptic membrane of neuroligins and PSD-95 might be two independent events. Indeed, neuroligins were believed to be recruited to synapses at an early stage of synaptogenesis (Scheiffele, Fan et al. 2000), while PSD-95 is recruited to synapses at a relatively late phase when presynaptice specializations probably have started to form (Vardino-Friedman et al., 2000). Time-lapse imaging on artificially introduced neuroligin in vitro patching assay revealed that both PSD-95 and NMDA receptors could be recruited by neuroligin1  ADDIN EN.CITE 
(Barrow, Constable et al. 2009)
. Taken together, these data implied that neuroligins may function as a putative upstream molecule to PSD-95 during the synapse formation and maturation.

SAP102 was also identified as a binding partner for neurone glial-related cell adhesion molecule (NrCAM) by GST-pull down assay and tandem affinity purification. In COS-7 and cerebellar granule cells, SAP102 is colocalized with NrCAM. Furthermore, disrupting the PDZ binding domain of NrCAM not only prevented SAP102 binding but also reduced the neuronal cell neurite outgrowth, suggesting their involvement in the developmental process  ADDIN EN.CITE 
(Davey, Hill et al. 2005)
. 

Interacting with cytoplasmic signalling molecules

In addition to the interactions with membrane protein, PSD-95 also binds to various cytoplasmic signalling molecules and play an essential role in organizing signalling complexes on the PSD. For instance, an abundant synaptic protein that interacts with PSD-95 is synaptic RAS GTPase-activating protein (SynGAP), a GTPase-activating protein (GAP) for the Ras  ADDIN EN.CITE 
(Chen, Rojas-Soto et al. 1998; Kim, Liao et al. 1998)
. Both PSD-95 and SAP102 associate with SynGAP in vivo. Immunocytochemical experiments showed that SynGAP is highly concentrated at the excitatory synapses and colocalized with PSD-95 and SAP102. PSD-95 interacts with the c-terminus (-QTRV) of SynGAP via its three PDZ domains. It has been also reported from in vitro experiment that SynGAP is activated by Ca2+/calmodulin-dependent protein kinase II (CaMKII) through its phosphorylation at Ser765 and Ser1123 sites, which in turn leads to the stimulation of GTPase enzymatic activity of Ras and regulation of Ras/ERK pathway  ADDIN EN.CITE 
(Krapivinsky, Medina et al. 2004; Oh, Manzerra et al. 2004)
. Genetic disruption of SynGAP gene in homozygous mutant mice resulted in postnatal lethality (Kim, Lee et al. 2003), while studies on SynGAP-/+ heterozygous mice exhibited strong reduction of LTP in the CA1 region of hippocampus and impaired spatial learning  ADDIN EN.CITE 
(Komiyama, Watabe et al. 2002)
, indicating that SynGAP may play important roles in synaptic plasticity. Particularly in one study, Komiyama and colleagues examined the SynGAP-/+/PSD-95-/- double mutant mice and found the double mutant displayed identical LTP deficit as seen in PSD-95-/- mutants. Therefore, these findings suggested that PSD-95 couples NMDA receptor and its downstream SynGAP for the postsynaptic signalling pathway. 

In addition to SynGAP, all four members of PSD-95 family can also bind to an abundant protein family GKAP (guanylate kinase-associated protein, also names as SAPAP for SAP90/PSD-95 associated protein) in the PSD  ADDIN EN.CITE 
(Kim, Naisbitt et al. 1997; Takeuchi, Hata et al. 1997; Hirao, Hata et al. 2000)
. The c-terminus of GKAP in turn binds to the PDZ domains of a scaffolding proteim family ProSAP and Shank  ADDIN EN.CITE 
(Boeckers, Winter et al. 1999; Naisbitt, Kim et al. 1999)
. The latter proteins then associate with group I metabotrophic glutamate receptors (mGluR1) via a cytoplasmic adaptor protein Homer  ADDIN EN.CITE 
(Brakeman, Lanahan et al. 1997; Naisbitt, Kim et al. 1999; Tu, Xiao et al. 1999)
. Through these interactions, the PSD-MAGUK scaffolding proteins thus link the NMDA receptor complex with mGluR1-mediated signalling pathway. 

[image: image53.wmf]Table 1.3 PSD-MAGUK family (PSD-95, PSD-93 and SAP102) interacting proteins. 

1.5.8 Physiological functions of PSD-95 family members
Regulating synaptogenesis

Previous studies have suggested that PSD-95 family members play important roles in synaptogenesis. Their roles for synapse formation may be first hinted by the developmental expression profiles. As mentioned above, SAP102 is highly expressed in late embryonic development and early postnatal life, and decrease with one month of age; while PSD-95 and PSD-93 expressions are low during early postnatal live but greatly increase with age  ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
. These findings suggested that SAP102 might have essential roles for synapse formation, whereas PSD-95 and PSD-93 might be important for synapse maturation in mature animal brains. Indeed, overexpression of PSD-95 in dissociated neurons accelerates development and increases the size of synapses  ADDIN EN.CITE 
(El-Husseini, Schnell et al. 2000)
. This overexpression also enhanced postsynaptic clustering and activity of glutamate receptors, as well as the synaptic accumulation of PSD-95-associated proteins, such as GKAP. Furthermore, increased size of presynaptic terminals that are contacting the postsynaptic cells overexpressing PSD-95 was observed, suggesting PSD-95 may convey a retrograde signal for promoting presynaptic development. On the other hand, it has been reported that mutations in human SAP102 gene (DLG3) cause mental retardation, which is usually associated with dendritic spine abnormalities  ADDIN EN.CITE 
(Zanni, van Esch et al. ; Tarpey, Parnau et al. 2004)
. By overexpressing SAP102 in dissociated neurons, Chen et al. found that the overexpression promoted synapse formation  ADDIN EN.CITE 
(Chen, Thomas et al.)
. Interestingly, one of the SAP102 splicing variants that contains the N-terminal alternatively spliced I1 region is highly expressed during early postnatal life and preferentially promotes the synapse formation on long spines. These data suggested that SAP102 isoforms may serve as temporal-specific regulators for synapse formation. 
Evidence from in vivo studies on the roles of PSD-95 family proteins during synaptogenesis, however, remains undefined. The PSD-95, PSD-93 or SAP102 knockout mutant mice all exhibited apparently normal synaptic structures and brain anatomies, although mice lacking full-length SAP97 died early after birth and display a cleft palate and other mid-line defects  ADDIN EN.CITE 
(Caruana and Bernstein 2001)
. The normal observations in synaptic development from each individual PSD-MAGUK mutant mice are presumably because of the molecular compensation among these closely related family members, since PSD-95 and PSD-93 double knockout mice showed clear developmental impairments. At one month after birth, these mice are significantly smaller than control littermate, display impaired gait and are notably hypokinetic  ADDIN EN.CITE 
(Elias, Funke et al. 2006)
.  
Glutamate receptors trafficking and clustering
As described above, individual PSD-95 family members have been suggested to incorporate into distinct complexes with varied glutamate receptor subtypes. For example, PSD-95, PSD-93 and SAP102 can be co-immunoprecipitated with NMDA receptors but not AMPA receptor subunits, and the reverse results were found for SAP97  ADDIN EN.CITE 
(Lau, Mammen et al. 1996; Muller, Kistner et al. 1996; Leonard, Davare et al. 1998; Sans, Racca et al. 2001; Cai, Coleman et al. 2002)
, although an indirect association between PSD-95 and AMPA receptors via the adaptor protein stargazin was later found. 
In addition to the interactions between NMDA receptor and PSD-95 family proteins in the PSD, they can also form complexes at non-synaptic sites during intracellular trafficking such as ER and Golgi apparatus  ADDIN EN.CITE 
(Sans, Wang et al. 2005)
. For example, SAP102, NMDA receptor form a complex with the modular protein mPin (a mammalian homologue of Drosophila melanogaster partner of insecuteable)in the ER, and the interaction between SAP102 and mPins further enhance the NMDA receptor-SAP102 complex membrane targeting. 

Regulation of synaptic plasticity

It is now clear that AMPA receptors carry most of the depolarizing current which creates ‘basal’ synaptic transmission, while calcium influx through NMDA receptors is required to trigger the changes in synaptic strength, a procedure known as synaptic plasticity. Two well-studied forms of synaptic plasticity are LTP and LTD, both of which are believed to closely correlate with regulating the numbers and properties of synaptic AMPA receptors. Given the central roles of PSD-95 family members in clustering ion channel receptors and organizing signalling protein complex, it is reasonable to speculate the importance of these MAGUKs in modulating synaptic LTP and LTD. Indeed, overwhelming evidence from studies of in vitro dissociated neurons and in vivo studies of genetically modified animals have shown that all four PSD-95 family members are necessary for the synaptic function and plasticity. 

Previous studies on the effects of overexpressing PSD-95, PSD-93 or SAP102 in dissociated neurons or organotypic slice cultures showed selective enhancements in AMPA receptor mediated excitatory postsynaptic currents (EPSCs)  ADDIN EN.CITE 
(El-Husseini, Schnell et al. 2000; Schnell, Sizemore et al. 2002; Elias, Funke et al. 2006)
, whereas the observations on overexpressing SAP97 seems conflicting and depending on the specific isoforms overexpressed or the relative abundance of other PSD-95 family members in the PSD  ADDIN EN.CITE 
(Schnell, Sizemore et al. 2002; Schluter, Xu et al. 2006)
. These findings are surprising as SAP97 is the only PSD-MAGUK family member directly binds to AMPA receptors and such interaction has been considered to be crucial for the clustering of AMPA receptors at synapses. On the other hand, although lacking the direct interaction with AMPA receptors, PSD-95 can also regulate the synaptic number of AMPA receptors through its interaction with stargazin. 

To further clarify the functional roles of PSD-95 family proteins, several loss-of-function experiments using either acute knocking-down in dissociated neurons or genetically knocking-out mutant animals have been performed. Studies applying shRNA-mediated acute knockdown of PSD-95 or PSD-93 revealed a significant reduction in AMPA receptor transmission  ADDIN EN.CITE 
(Nakagawa, Futai et al. 2004; Elias, Funke et al. 2006)
. Furthermore, electrophysiology analysis revealed that such reduction in AMPA receptor EPSCs was due to a large decrease in the event frequency, suggesting a synapse-specific withdrawal of AMPA receptors from non-overlapping subsets of synapses. Thus these findings revealed that the molecular heterogeneity of PSD-95 family proteins occurred at non-overlapping, different subset of excitatory synapses determines the synaptic number of AMPA receptors.

Knocking down of endogenous SAP102 with shRNA in wildtype mature slices showed no phenotype on basal synaptic transmission. However, expressing SAP102 shRNA in PSD-95-/-/PSD-93-/- double knockout mutant slices or wildtype immature slices displayed dramatic reduction in the remaining synaptic transmission. These findings suggested that individual PSD-95 family members play differential functional roles in synaptic plasticity during development  ADDIN EN.CITE 
(Elias, Funke et al. 2006)
. 

Several lines of evidence from in vivo studies using knockout mutant mice also revealed the importance of PSD-95 family proteins in modulating synaptic strength. Genetic abolishment of PSD-95, PSD-93 and SAP102 has shown deficits in various types of synaptic plasticity (see Table 1.2). The PSD-95 mutant mice exhibited significant enhancement in LTP, whereas LTD was found to be absent in the mutant animals  ADDIN EN.CITE 
(Migaud, Charlesworth et al. 1998)
. These results are in line with knocking down experiments in which acute removal of PSD-95 resulted in blocked LTD. In striking contrast to PSD-95 functional role in synaptic plasticity, PSD-93 mutant mice exhibited decreased LTP in several paradigms  ADDIN EN.CITE 
(Carlisle, Fink et al. 2008)
. The molecular mechanism that underlies such opposing effect is still unclear, however, it is conceivable that PSD-95 and PSD-93 may cluster/organize different receptor protein complexes and convey differential synaptic functions. In comparison to PSD-95, SAP102 knockout mutant mice displayed no deficit in basal transmission and also showed enhancement both in high frequency induced LTP and spike-timing-dependent LTP  ADDIN EN.CITE 
(Cuthbert, Stanford et al. 2007)
. Nevertheless, further studies implied that the signalling pathways that underlie the enhanced LTP are different in the PSD-95-/- and SAP102-/- mutant mice. In SAP102 knockout mice, inhibiting the ERK signalling pathway blocks the increased LTP, while the enhancement of LTP in PSD-95 null mice is not blocked by the inhibition of ERK signalling pathway. These data therefore suggested that PSD-95 and SAP102 could be incorporated into different molecular mechanisms of LTP induction and maintenance.

The germline truncation of SAP97 leads to an embryonic lethal phenotype and experiments on conditional deletion of SAP97 gene showed no deficits in either glutatmergic transmission or long-term potentiation (Howard, Elias et al.), suggesting that SAP97 may not be an essential component in regulating synaptic plasticity.
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Basal transmission Decreased/not affected Not affected Not affected Not affected

High frequency stim-LTP Enhanced Decreased Enhanced n.a.

Theta burst stim-LTP Enhanced Decreased n.a. n.a.

Spike-timing-dependent

LTP 1AP pair 10Hz

Enhanced Normal Enhanced n.a.

Spike-timing-dependent

LTP burst pair 10Hz

Enhanced Decreased Normal n.a.

Low frequency stim-LTD Deficient Normal n.a. n.a.


Table 1.3 Individual PSD-95 family mutant mice display different electrophysiological phenotypes in synaptic plasticity. Adapted from Xu, W. 2011(Xu).

1.6 Synapse heterogeneity in the mammalian brain

Early morphological studies to classify central synapses into Gray I and Gray II types have revealed that all synapses are not equivalent. It was later realized that the morphological descriptions of mammalian central synapses involved in the extreme complex neural circuitry network is not sufficient and it will be necessary to include molecular information for a more detailed synapse classification. As a result, the mammalian central synapses were categorized into three types (Glutamatergic, GABAergic and cholinergic) according to the difference in the participating neurotransmitters. 

In recent years, it has become increasingly clear that even within one neurotransmitter type of synapse, there is a substantial molecular diversity in the expression of many synaptic proteins including neurotransmitter receptors, scaffolding proteins and signaling molecules. This is best exemplified by a study using comparative genomics and proteomic analysis to examine the MAGUK-associated signaling complex (MASC) of Drosophila and mouse central synapses. The authors found the increased behavioral complexity in mammals correlates with a evolutionary molecular expansion of synaptic proteins (MASC proteins) that are involved in upstream signaling pathways, such as ion channel receptors, scaffolding proteins, kinases and adhesion molecules  ADDIN EN.CITE 
(Emes, Pocklington et al. 2008)
. Another more recent study was performed on a transgenic mouse line expressing cell-specific YFP combined with immunofluorescence using a high-resolution proteomic imaging method array tomography (AT) to determine the composition of glutamate and GABA syanpses in somatosensory cortex  ADDIN EN.CITE 
(Micheva, Busse et al.)
. This study revealed even more variability in molecular components of individual synapses within the broad category of excitatory and inhibitory synapses.
Indeed, differential expression patterns of distinct NMDA receptor GluN2 subunits have been already found in the excitatory synapses of various brain regions as well as during developmental stages. In particular, compared with GluN2A and GluN2B high expression levels in the hippocampal synapses, GluN2C is present at high expression levels only in the cerebellar granule cells (Wenzel, Fritschy et al. 1997). Similar to NMDA receptors, a highly selective expression pattern of certain AMPA receptor subunits can be observed in the adult hippocampus synapses (Wenthold, Petralia et al. 1996). 

Other than the regional expression difference, such selective synaptic diversity can be also observed between dendrites or subcellular parts of the same dendrite. This is exemplified well by the NMDA receptor composition and electrophysiological properties of mossy fiber versus commissural/associational synapses on hippocampal CA3 pyramidal neurons. The commissural/associational-CA3 synapses generate LTP that is dependent on the activation of NMDA receptors, whereas the LTP at mossy fiber-CA3 synapses is independent of NMDA receptor activity (Nicoll and Malenka 1995). Moreover, the NMDA receptor-mediated conductance is smaller at mossy fiber-CA3 synapses than at commissural/associational-CA3 synapses  ADDIN EN.CITE 
(Jonas, Major et al. 1993)
. Such variation in electrophysiology might be derived from the differences in postsynaptic levels of various NMDA receptor subunits detected by a sensitive method of immunohistochemistry  ADDIN EN.CITE 
(Fritschy, Weinmann et al. 1998; Watanabe, Fukaya et al. 1998)
. The postsynaptic GluN1 and GluN2A were detected at low abundance at mossy fiber synapses, and GluN2B was almost undetectable, while all three subunits were highly expressed at synapses to commissural/associational fibers. This selective postsynaptic localization can be explained by two possible cellular mechanisms: such variations could be generated during specific developmental stage or be continuously regulated by specific afferent input signals. 

To better understand the ionotropic receptors cell/synapse-specific expression, much effort has been made recently by biochemical analysis and newly developed imaging techniques hoping to unravel the rules that govern the ion channel receptors trafficking and their differential synaptic targeting. Washbourne and colleagues first applied time-lapse imaging of fluorescently tagged receptor subunits in cultured rat cortical neurons at young ages to monitor the real-time trafficking of NMDA and AMPA receptors. They found that NMDA and AMPA receptor subunits are both present in mobile transport packets that are rapidly and independently recruited to the sites of contact between presynaptic axon and postsynaptic dendrite shafts before and during synaptogenesis. Furthermore, the NMDA receptor containing mobile transport packets that travel along the dendrite exhibited a fast velocity of about 4 (m/min, whereas the average mean velocity of AMPA receptor transport packets was much slower (Washbourne, Bennett et al. 2002). Such variation in the trafficking velocity may be due to the involvement of different motor proteins that facilitate the travelling along the dendrites. Kinesin KIF17, a plus-end-directed motor protein, is reported to transport NMDA receptor (in particular GluN2B) packets by forming a protein complex comprising of adaptor protein mLin-10, mLin-7, mLin-2 as well as the saffolding protein SAP97 and SAP102  ADDIN EN.CITE 
(Setou, Nakagawa et al. 2000; Guillaud, Setou et al. 2003; Jeyifous, Waites et al. 2009)
. In contrast, kinesin KIF5 or KIF1, together with multiple PDZ domain-containing proteins GRIP1/ABP forms a protein complex for the trafficking of AMPA receptors  ADDIN EN.CITE 
(Setou, Seog et al. 2002; Wyszynski, Kim et al. 2002)
. The precise key signal that governs where these trafficking receptors eventually stop and form synapses, however, is still unclear. Other than the mysterious cellular cues that result in synapse-specific expression manner, the exact mechanism for the maintenance of differential synaptic targeting of these ion receptors also remains unknown. The major NMDA receptor binding partners PSD-95 family proteins emerged as the primary candidate. It has been found that co-expression of PSD-95, PSD-93 and SAP97 decreased NMDA receptor internalization rate in the heterologous expression system 

(Roche, Standley et al. 2001; Lavezzari, McCallum et al. 2004; Lin, Skeberdis et al. 2004) ADDIN EN.CITE . More evidence came from biochemical analysis and high-resolution light microscopy revealed that different NMDA receptor GluN2 subunits preferentially bind to specific PSD-95 family member 

(Sans, Petralia et al. 2000; Zhang and Diamond 2009) ADDIN EN.CITE . Thus, the specific interactions between NMDA receptor and PSD-95 family proteins may play crucial roles for the differential synaptic localization of NMDA receptors. 

A remarkable molecular heterogeneity can also occur within a single synapse. This molecular diversity may be largely determined by the activity changes of individual synapses, and a good example is the variability of AMPA receptors located on the postsynaptic membrane of excitatory synapses. Several lines of evidence have shown that at the early developmental stages, a significant population of excitatory synapses seem to contain only NMDA receptors but not AMPA receptor and termed as ‘silent synapses’ due to the fact that these synapses transmit little electrophysiology information at resting membrane potentials 

(Durand, Kovalchuk et al. 1996; Liao and Malinow 1996; Isaac, Crair et al. 1997) ADDIN EN.CITE . To establish the precise functional connections, such synapses must acquire AMPA receptors. Indeed, Zhu et al., found that the spontaneous activity (without the requirement for CaMKII activation) in immature hippocampal slices is sufficient to trigger the synaptic delivery of GluR4-containing AMPA receptors (Zhu, Esteban et al. 2000). On the other hand, by expressing recombinant homomeric AMPA receptors and using electrophysiological tagging to monitor their synaptic delivery, a number of studies have shown that AMPA receptors, in particular, those containing GluR1 can be driven to synapses by LTP or the activation of CaMKII 

(Hayashi, Shi et al. 2000) ADDIN EN.CITE . More recently, electrophysiological experiments that were aimed to examine the endogenous hetero-oligomeric AMPA receptors found these receptors also can be delivered into the synapses during LTP and triggered by experience 

(Shi, Hayashi et al. 2001; Takahashi, Svoboda et al. 2003) ADDIN EN.CITE . Furthermore, it is found that AMPA receptors comprising of GluR1/GluR2 are delivered to synapses during plasticity whereas receptors comprising of GluR2/GluR3 subunits serve to continuously recycle existing synaptic receptors and do not require synaptic activity 

(Shi, Hayashi et al. 2001) ADDIN EN.CITE , these data thus again support the view that regulated by the changes of synaptic activity, the specific compositions of AMPA receptor subunits may control their differential synaptic delivery and maintenance.

1.7 Arc/Arg3.1

In glutamatergic synapses, persistent changes of synaptic strength such as LTP or LTD are dependent on rapid gene expressions. Initial investigations that explore the relationship between intense synaptic activity and rapid transient gene expression revealed a novel category of genes termed as immediate-early genes (IEGs) 
 ADDIN EN.CITE 
(Morgan and Curran 1991; Lanahan and Worley 1998)
. In general, the IEGs can be defined as a subset of genes that are rapidly and transiently induced at the transcriptional level immediately following robust synaptic, neurotransmitter or growth factor stimulations, and before any de novo protein synthesis (Tzingounis and Nicoll 2006). After the first IEG encoded transcription factor c-Fos was discovered in specific neuronal nuclei after pharmacological stimulation and physiological context 
 ADDIN EN.CITE 
(Greenberg and Ziff 1984; Morgan, Cohen et al. 1987; Saffen, Cole et al. 1988; Sagar, Sharp et al. 1988)
, a large number of other IEGs have been identified (for review see (Okuno) 2011). And it is later found that IEGs encode a wide range of proteins including transcription factors, structural proteins, secretory growth factors and intracellular signalling molecules. In contrast to the IEG encoded transcription factors which function to regulate transcription of other gene, those non-transcription factor IEGs excute a variety of cellular functions involving cellular growth, neutotransmission, synaptic modification and synaptic structural changes, cellular signalling and plasticity, thus these IEGs are termed as effector IEGs 
 ADDIN EN.CITE 
(Lanahan and Worley 1998; Guzowski 2002; Shepherd, Rumbaugh et al. 2006)
. Among those IEGs that might be involved with neuronal process such as learning and memory, an effector IEG Arc (activity-regulated cytoskeleton associated protein, also known as Arg3.1) received much attention recently. Arc/Arg3.1 was first identified by two research teams concomitantly and independently 
 ADDIN EN.CITE 
(Link, Konietzko et al. 1995; Lyford, Yamagata et al. 1995)
. Using differential cloning techniques to detect rapidly induced mRNA in hippocampus after a maximum electroconvulsive seizure, Paul Worley group successfully identified Arc 
 ADDIN EN.CITE 
(Lyford, Yamagata et al. 1995)
, while almost at the same time, another group led by Dietmar Kuhl also isolated Arc, under the name as Arg3.1 (Link, Konietzko et al. 1995). 

1.7.1 Molecular sequence of Arc/Arg3.1

The mouse Arc/Arg3.1 gene, located on chromosome 15, is a single-copy gene coding for a single protein 
 ADDIN EN.CITE 
(Lyford, Yamagata et al. 1995)
. The Arc gene product is found not only in the nucleus but also in the neuronal processes as well as in the PSD 
 ADDIN EN.CITE 
(Husi, Ward et al. 2000; Steward and Worley 2001; Steward 2002; Nishimura, Yamagata et al. 2003)
. Comparison of sequence with GeneBank showed that Arc lacks homology with any other genes and does not belong to any gene family, except its carboxy-terminus (aa155-316) shares weak to modest homology with the actin-binding protein α-spectrin. 

Several enhancer regions that upstream of the transcription initiation site were reported to mediate activity-dependent Arc generation: a serum response element (SRE) at ~2 kb upstream 
 ADDIN EN.CITE 
(Waltereit, Dammermann et al. 2001)
; a second synaptic activity response element (SARE) sequence at the most distal region of ~7 kb which consists of a cyclic AMP response element-binding (CREB) site and an SRF-binding site that flanks a MEF2 (myocyte enhancer factor 2)-binding site (MRE) 
 ADDIN EN.CITE 
(Inoue, Yagishita-Kyo et al. ; Kawashima, Okuno et al. 2009)
. In particular, the integrity of CREB, SRF and MEF2 binding sites is required for complete activity dependency of Arc, suggesting the incorporation of these three binding sites are essential for SARE activation 
 ADDIN EN.CITE 
(Kawashima, Okuno et al. 2009)
. The 3’-untranslated region (UTR) of Arc contains a 350 nucleotide cis-acting element that is required for the dendritic targeting of Arc mRNA 
 ADDIN EN.CITE 
(Kobayashi, Yamamoto et al. 2005)
. In addition, two conserved intron regions found in the 3’-UTR of Arc were identified as exon junction complexes (EJCs). In mammals, EJCs located downstream of an ORF (open reading frame) can trigger nonsense-mediated mRNA decay (NMD) (Conti and Izaurralde 2005). By virtue of two EJCs situated on the 3’-UTR, Arc mRNA becomes a natural target for NMD. This translation-dependent decay of Arc mRNA thus functions as crucial brakes on activated neurons to generate precisely controlled burst of protein synthesis 
 ADDIN EN.CITE 
(Giorgi, Yeo et al. 2007)
. 

1.7.2 Activity-regulated Arc/Arg3.1 transcription

Using Northern blot to analyze Arc mRNA expression level, Worley and Kuhl groups found that the basal expression level of Arc is at low abundance, while following MECS the Arc mRNA level in hippocampus and cortex is rapidly elevated 
 ADDIN EN.CITE 
(Link, Konietzko et al. 1995; Lyford, Yamagata et al. 1995)
. Furthermore, the authors found that such increase was blocked by systematic administration of NMDA receptor antagonist MK-801, suggesting that Arc transcription is induced by excitatory synaptic activity and dependent on NMDA receptor activation. However, NMDA receptor activation is not the only cue to induce Arc expression. In PC12 cells and primary cultures of hippocampal neurons, Arc can be induced by cAMP and calcium and this induction requires the activity of PKA and mitogen-activated protein kinase (MAPK), suggesting that Arc induction also depends on the MAPK/ERK kinase signalling pathway 
 ADDIN EN.CITE 
(Waltereit, Dammermann et al. 2001)
. 

To tracking Arc mRNA expression dynamics at different time points in the brain, Guzowski and coworkers have developed a sensitive fluorescent in situ hybridization method termed cellular compartment analysis of temporal activity by fluorescent in-situ hycridization, or catFISH 
 ADDIN EN.CITE 
(Guzowski, McNaughton et al. 1999)
. Without stimulation, Arc RNA was only occasionally detected in a few neurons located at the hippocampus and cortex of rat brain. Within 2-5 minutes of MECS stimulation, a dramatic increase in Arc RNA active transcription that observed as intense intranuclear foci appeared in most of the neurons and this intranuclear fluorescence began to decrease at 15 minutes post MECS, while meantime Arc RNA was first detected in the cytoplasm. By 30 minutes, the percentage of neurons displaying intranuclear foci decreased to the basal level, and majority of Arc mRNA was observed in dendritic regions. At 60 minutes, the dendritic Arc mRNA levels were similar to the control levels. Although catFISH could not provide real-time information on Arc expression changes, it could be used to infer the activity history of individual neurons that could not be obtained previously by electrophysiological recording methods.

Similar to RNA, Arc protein is translated at very low levels at rest basal condition. Ramirez-Amaya et al. investigated the correlations between the temporal dynamics of Arc protein and behavioural induction in which rats explore a novel environment. Using immunofluorescent staining with Arc antibody on brain slices, the authors found that the spatial exploration induced significantly increase of Arc protein expression in the cytoplasm of a subset neurons in CA1, CA3, DG and cortex. The dynamics of induced Arc protein expressions in the hippocampus and cortex showed a similar pattern. In these regions, Arc protein expression was greatly elevated between 30 minutes and 2 hours, reaching a peak around 1 hour after induction and returning to the basal levels equivalent to those of caged control rats at time points from 3 to 6 hours (Figure 1. 5) 
 ADDIN EN.CITE 
(Ramirez-Amaya, Vazdarjanova et al. 2005)
. Interestingly, it is found that there is a more sustained Arc expression in granule cells of the dentate gyrus at 8 hours after exploratory behaviour, however, its significance is not yet clear.

In addition to the MECS stimulation, the expression of Arc mRNA and protein can be induced by a wide range of stimuli such as LTP 
 ADDIN EN.CITE 
(Link, Konietzko et al. 1995; Lyford, Yamagata et al. 1995; Waltereit, Dammermann et al. 2001)
 and behavioural paradigms that test spatial memory 
 ADDIN EN.CITE 
(Gusev and Gubin ; Gusev, Cui et al. 2005; Fletcher, Calhoun et al. 2006)
, fear-conditioning memory 
 ADDIN EN.CITE 
(Barot, Chung et al. 2009; Mamiya, Fukushima et al. 2009)
 and olfactory memory (Desgranges, Ramirez-Amaya et al.) as well as different types of operant learning 
 ADDIN EN.CITE 
(Carpenter-Hyland, Plummer et al. ; Rapanelli, Lew et al. ; Kelly and Deadwyler 2003)
. Vazdarjanova et al. recently reported that behaviour induces Arc in the CaMKII-positive principal neurons of the hippocampus, neocortex and dorsal striatum 
 ADDIN EN.CITE 
(Vazdarjanova, Ramirez-Amaya et al. 2006)
. These results, together with the in vitro findings that Arc interacts with CaMKII, strongly suggested that Arc and CaMKII act as plasticity partners to promote synaptic functions that accompany learning and memory.

[image: image6.wmf]
Figure 1.5 Exploration induced Arc protein translation. Low magnification confocal images of neurons expressing Arc protein (red) from CA1 (A, B), CA3 (C, D), DG (E, F), and cortex (G, H) from caged control rats (left column) and from rats that were sacrificed 1 hour after exploration (right column) are shown. Nuclei are counterstained with Sytox green. In all regions examined, the exploration rats showed greater numbers of cells with Arc protein compared with caged control. Scale bar, 100 (m. Adapted from 
 ADDIN EN.CITE 
(Ramirez-Amaya, Vazdarjanova et al. 2005)
.
1.7.3 Cellular functions of Arc/Arg3.1

Studies on the heterologous model system revealed that Arc interacts with a variety of dendritic proteins. Fujimoto T.  et al. showed that Arc localizes to the somatodendritic region in the cultured hippocampal neurons. Using an in vitro cosedimentation assay in PC12 cells, they found that Arc interacts with polymerized microtubules and microtubule-associated protein 2 (MAP2). Interestingly, upon Arc overexpression as well as Arc induction by seizure, the in vivo dendritic stainings of MAP2 was found decreased. These findings suggested a role of Arc in destablizing the cytoskeleton 
 ADDIN EN.CITE 
(Fujimoto, Tanaka et al. 2004)
. Donai H et al. reported that Arc interacts with CaMKII in neuroblastoma cells by immunoprecipitation and this interaction further promotes neurite outgrowth of neuroblastoma cells (Donai, Sugiura et al. 2003). However, further functional studies are needed to understand the mechanistic relationship between Arc and CaMKII.

Recently it is found that Arc interacts with two core endocytic proteins: endophilin 3 and dynamin 2 
 ADDIN EN.CITE 
(Chowdhury, Shepherd et al. 2006)
. Initially identified by yeast-two hybrid screen and later confirmed in HEK293 cells, Arc was found assoicated with these two proteins at early endosomes in HeLa cells and neurons. Moreover, neurons overexpressing Arc resulted in a large reduction of surface GluR1, and such effect was prevented when the transgene was mutated and could not bind endophilin and dynamin. On the other hand, cultured hippocampal neurons derived from Arc knockout mice showed a ~2-fold increase of surface GluR1 levels. Thus these findings strongly suggested that Arc plays a key role in facilitating AMPA receptor endocytosis. Based on these results, Shepherd et al. further showed that Arc protein expression is regulated by neuronal activity in primary hippocampal and cortical neurons. Long-term treatment with tetrodotoxin (TTX) to block neuronal activity resulted a significant reduction in Arc expression, whereas bicuculline treatment, which blocks GABAA receptor-mediated inhibitory neurotransmission and increase neuronal activity, remarkably increase Arc expression. Additionally, isolated primary neurons from Arc knockout mouse failed to exhibit any changes in surface GluR1 levels after long-term treatment of TTX or bicuculline 
 ADDIN EN.CITE 
(Shepherd, Rumbaugh et al. 2006)
. These observations therefore supported a hypothesised model in which Arc regulates surface AMPA receptor equilibrium via endocytic pathway, which activity is tightly coupled to the neuronal excitability changes, and Arc could play a critical role in homeostatic synaptic scaling of AMPA receptors. However, studies on acute brain slices prepared from Arc knockout mouse have found that the Arc knockout mutant displayed similar basal synaptic transmission and identical mEPSC amplitudes and frequency when compared with wildtype slices 
 ADDIN EN.CITE 
(Plath, Ohana et al. 2006)
. Such observational discrepancy could be due to different experimental approaches. When assaying Arc overexpression in cultured neurons, the dominant effect of transgene might obscure the contribution of other AMPA receptor trafficking regulators and resulted in extreme phenotypes. For instance, MAGUK proteins such as PSD-95 have been suggested playing important roles for AMPA receptor anchoring in the synaptic membrane 
 ADDIN EN.CITE 
(Elias, Funke et al. 2006)
, evidence from in vivo biochemical analysis also suggested that Arc physically interacts with one MAGUK family member PSD-95 
 ADDIN EN.CITE 
(Fernandez, Collins et al. 2009)
. Therefore it is reasonable to speculate that Arc may incorporate with PSD-95 (or even more synaptic proteins) on influencing AMPA receptor endocytosis. Future studies are needed to further clarify the relationship between Arc and PSD-95 during AMPA receptor trafficking.

1.7.4 Functional studies of Arc

The functional role of Arc was initially studied by using intra-hippocampal infusions of antisense oligodeoxynucleiotides (ODN) to inhibit Arc protein expression and investigate its effect on both LTP and spatial learning 
 ADDIN EN.CITE 
(Guzowski, Lyford et al. 2000)
. The authors found that the disruption of Arc protein selectively block LTP maintenance but had no effect on LTP initial induction. Further, ODN-mediated abolishment of Arc expression also specifically impaired long-term memory consolidation without affecting task acquisition or short-term memory in the spatial learning behavioural paradigm. These results suggested that Arc is essential for LTP maintenance and memory consolidation.

Plath N. et al. recently generated a strain of mutant mice carrying germline deletion of Arc gene using a genetic approach 
 ADDIN EN.CITE 
(Plath, Ohana et al. 2006)
. The Arc-/- mutant mice are vital, breed normally and displayed brain morphology with normal appearance of synapse and PSDs under the EM. However, in several behavioural paradigms including spatial water maze task, cued and contextual fear conditioning, conditioned taste aversion and object recognition, Arc knockout mice fail to form long-lasting memories, whereas short-term memory is not affected. In addition to the behavioural phenotypes, these mutant mice also exhibited significant enhancement in early-phase LTP of the dentate gyrus and hippocampal CA1 subregions, while the late phase LTP of these areas was deficient. The long term depression (LTD) was also significantly reduced in these mice. 
Wang et al. also reported the generation of an Arc-GFP knockin mouse line, in which the coding part of Arc gene was replaced by a GFP gene, to study the experience-dependent plasticity in the visual cortex (Wang, Majewska et al. 2006). In vivo imaging revealed that the Arc-GFP expression was induced by the visual stimuli in live heterozygous transgenic mice. It is found that the repeated exposure to the same stimulus led to the reactivation of a progressively smaller group of GFP positive neurons with greater reactivation reliability known as adaptation process. Moreover, these cells displayed a specificity of their activation patterns in response to different stimulus orientations. In the homozygous Arc-/-/GFP mice, such adaptation to the stimulus was not affected. However, the orientation specificity of GFP positive cells as well as the selectivity of neuronal spiking responses were both largely reduced. Overall, these data suggested that Arc plays an important role in the experience-dependent visual cortical plasticity.

1.8 Summary and project Aim

The initial goal of this PhD project was to analyze the in vivo molecular heterogeneity of three close-related PSD-MAGUK family members (PSD-95, PSD-93 and SAP102) in the mouse brain. 

Compelling evidence has shown that all three PSD-MAGUK family members play essential roles in various fundamental neural processes that underlie cognitive functions such as learning and memory. Although PSD-95, PSD-93 and SAP102 are all highly expressed in the mammalian brain, their relative abundance is different in various brain regions: PSD-95 was weakly detected in thalamic nuclei, where SAP102 immunoreactivity was intense, whereas the PSD-93 immunolabeling in this region was almost negative. The ultrastructural studies revealed a difference in the temporal expression patterns of PSD-MAGUK during the early and late developmental stages: SAP102 is highly expressed at postnatal day 2, whereas the expression levels of PSD-95 and PSD-93 are much lower at this stage. However, SAP102 expression level greatly decreases in the adulthood, while PSD-95 and PSD-93 expressions significantly increase during this period. On the other hand, genetic deletions of PSD-95, PSD-93 and SAP102 have shown deficits in various types of synaptic plasticity (see Table 1.2). The PSD-95 mutant mice exhibited significant enhancement in LTP, whereas LTD was found to be absent in the mutant animals. In contrast to PSD-95, PSD-93 mutant mice exhibited decreased LTP in several paradigms 
 ADDIN EN.CITE 
(Carlisle, Fink et al. 2008)
. In comparison to PSD-95, SAP102 knockout mutant mice displayed no deficit in basal transmission and also showed enhancement both in high frequency induced LTP and spike-timing-dependent LTP 
 ADDIN EN.CITE 
(Cuthbert, Stanford et al. 2007)
.
These findings supported the hypothesis that a remarkable degree of molecular heterogeneity of PSD-MAGUK proteins exists in the mammalian CNS. Despite the substantial mechanistic knowledge implying such molecular diversity, whether it occurs at individual synapses is still not clear. To answer this question, integrated approaches including gene targeting, ES cell engineering and confocal fluorescence imaging were utilized during this dissertation, with the aim of generating three knock-in mouse lines that express enhanced green fluorescent protein (EGFP), monomeric Kusabira Orange2 (mKO2) and monomeric Cerulean blue (mCER) in-frame fusion with the wildtype PSD-95, PSD-93 and SAP102 genes, respectively. These knock-in reporter mice, therefore, will allow detailed yet straightforward observations for the in vivo MAGUK heterogeneity.  

In addition to the three MAGUKs mouse lines, using the above strategies, a fourth strain of knock-in mouse line, in which a variant of yellow fluorescent protein Venus in-frame fused to the activity-regulated cytoskeleton protein Arc, was also generated. It is clear now that Arc expression is highly dynamic and tightly correlated with neuronal activity, thus this reporter mouse line will allow conveniently mapping of the activated synapse population following various stimuli. Taking advantage of modern imaging techniques, this mouse line will open the door for in vivo real-time monitoring of synaptic heterogeneity.

Chapter 2 Materials and Methods
2.1 General procedures and materials

Molecular biological procedures were performed as described in (Sambrook and Russell, 2001) except as detailed below. All chemicals were analytical grade and purchased from Sigma-Aldrich except where specified. All oligonucleiotides were purchased from Sigma-Aldrich.

General molecular cloning was performed in DH10B E.coli electrocompetent cells or One Shot® Mach1™-T1R Chemically Competent E. coli (Invitrogen). For transformation of plasmids larger than 10 kb, electrocompetant DH10B were prepared as described in (Sharma and Schimke 1996), or One Shot® TOP10 Electrocomp™ E. coli (Invitrogen) were used. Transformation of commercially available E. coli cells was performed according to manufacturer’s protocols. Recombineering was performed in EL350 strains as specified (Liu et al., 2003).

Mice were treated in accordance with UK animals (Scientific Procedures) Act, 1986 and all procedures were approved by the British home office inspectorate.

2.2 Restriction digestion and DNA fragment purification

DNAs were digested with the type II restriction endonucleases, purchased from New England Biolabs. Certain amount of DNAs were mixed with digestion buffer (one tenth of final volume) and appropriate volume of water to provide the proper pH and salt concentration before adding restriction enzyme (10 unit enzyme per 1 (g DNA). After a brief centrifugation of digestion mixture, digestion reaction starts by incubating mixture at the appropriate temperature (usually 37(C) for at least 30 minutes. Restriction fragments were size separated by agarose gel eletrophresis on a mupid electrophoresis system (Eurogentec) and purified from the gel Wizard® SV gel and PCR clean-up kit (Promega). 
2.3 Ligation and transformation

DNAs were ligated using Quick Ligation Kit (New England Biolabs, NEB) at room temperature (20-25(C) for 5 minutes or 1 unit of T4 DNA ligase (NEB) at 16(C overnight. 
In the case of chemical transformation of bacteria, 1-3 (l of ligation reaction was mixed with 1 vial of chemically competent One Shot® Mach1™-T1R Chemically Competent E. coli (Invitrogen), incubated on ice for 30 min and then heated for 30 sec in a water bath according to manufacturer’s instruction. The cells were then mixed in 250ul room temperature SOC medium (Invitrogen) and incubated at 37oC for 1hr with shaking at 250 rpm before being spread onto LB agar plates containing the appropriate antibiotic(s) and incubated at the same temperature overnight.
For electrical transformation of bacteria, 1 (l of ligation reaction was mixed with 50 (l electrocompetent DH10B E.coli which were produced as described in (Sharma and Schimke, 1996). The mixture were transferred to an ice-cold, 1mm-gap electroporation cuvette (Bio-Rad) and subjected to an exponentially decaying pulse of 1.8 kV and 200 (F in a Gene Pulser Xcell electroporation unit (Bio-Rad). The cells were immediately mixed with 1 ml room temperature LB medium or SOC medium (Invitrogen) and incubated at 37(C for one hour with shaking at 250 rpm before being spread onto LB agar plates containing appropriate antibiotics and incubated at the same temperature overnight. Antibiotics were used as the following concentrations:

Ampicillin

100 (g/ml

Kanamycin

30 (g/ml

Tetracycline

14 (g/ml

Chloramphicol

12.5 (g/ml 
2.4 Plasmid DNA preparation and sequencing

Single E.coli colonies were picked from agar plates into 3ml LB containing the appropriate antibiotic(s) at the concentrations above and incubated at 37(C overnight with shaking.
DNA was extracted using the Wizard® Plus Minipreps DNA Purification System (Promega), or the Qiagen Plasmid Midiprep Kit, according to standard protocols. Routine plasmid sequencing from unique primers was performed by the Wellcome Trust Sanger Institute Small-Project Sequencing Facility, using standard dideoxy methods.
2.5 Polymerase Chain Reaction (PCR) Amplification
Oligonucleotides for use as PCR primers were designed using the web-based program Primer3 (Rozen and Skaletsky 2000), or the web-based OligoPerfect™ Designer (Invitrogen). All PCR reactions were carried out in a GRI (MJ Research).

Oligonucleotide sequences are listed in Appendix 1.

General amplification: 

PCR for amplification of DNA probes for genotyping mice with short amplication products was performed as follows:

1 µg genomic DNA template in a reaction containing 1.5 units of hotstarTaq DNA polymerase (Qiagen), 1x amplification buffer (Qiagen), 200 µM equally mixed dNTPs (Thermo Science) and 0.5 µM of forward and reverse primers. A single reaction was carried out in a volume of 25 µL which was made up by double distilled water.The cycling protocol is shown in Table 2.1
	Temperature ((C)
	Time (s)
	Cycle Number

	95
	900
	1
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Interacting proteins

MAGUK domain

Interacting  sequence

Experimental system

Reference

NR2A

PDZ2

C-terminal PDZ binding domain

Co-immunoprecipitation in COS7 

cells and rat hippocampus

Hoe, H.S. et al., 2006; Al-

Hallaq, R.A. et al., 

2007;Cousins SL, et al., 2008

NR2B

PDZ2

C-terminal PDZ binding domain

Co-immunoprecipitation in COS7 

cells and rat hippocampus; GST 

pulldown in HEK293 cells

Hoe, H.S. et al., 2006; Al-

Hallaq, R.A. et al., 

2007;Kornau, HC. Et al., 1995

Cript

PDZ3

C-terminal sequence X-S/T-X-V-

COOH

Yeast two hybrid and coIP in brain

Niethammer, M. et al., 1998

Cypin

PDZ1 and PDZ2

C-terminal PDZ binding domain

GST pull down in brain extracts

Firestein, B.L. et al., 1999

GKAP

GK

N/A

Yeast two hybrid & expression assay 

in neurons

Kim E. et al, 1997; Takeuchi M. 

et al., 1997

IRSp53

PDZ2

C-terminal PDZ binding domain

CoIP from HEK293 cells

Soltau M. et al., 2004

Adam22

C-terminal half containing 

PDZ3

C-terminal PDZ binding domain

CoIP from COS7 cells and rat brain 

extracts

Fukata Y. and Fukata M. et al., 

2006

Neuroligins

PDZ3

C-terminus

Yeast two hybrid and affinity 

chromatography from brain 

homogenates

Irie M. et al., 1997

ErbB4

PDZ

C-terminus

CoIP from HEK293 cells and rat PSD 

fraction. 

Huang YZ. et al., 2000; Garcia 

RA et al., 2000

Maguin

PDZ domains

C-terminal PDZ binding domain

CoIP from rat synaptosome extracts

Yao I. and Takai Y. et al., 1999

Densin-180

PDZ1

C-terminal PDZ domain

CoIP from rat synaptosome extracts

Ohtakara K. et al., 2002

PSD-93

N-terminal domain

N-terminal domain

CoIP from COS7 cells and rat brain 

extracts

Kim E. et al., 1996;Hsueh YP, 

et al., 1997 

SAP102

SH3 and GK 

a binding site near SH3 domain

CoIP from COS7 cells

Masuko N. and Saya H. et al., 

1999

SPAR

GK 

C-terminal GK binding domain

CoIP from COS7 cells and whole 

brain lysate in rat

Pak DT. et al., 2001

SSCAM

GK 

PDZ domains

GST pull down from COS7 cells and 

rat synaptosome

Hirao K., et al., 2000

Stargazin

PDZ

C-terminal PDZ binding domain

CoIP from COS7 cells and neurons

Chen L., et al., 2000

SynGAP

PDZ1-3

C-terminal TRV motif

CoIP from brain membrane extracts

Kim JH., et al., 1998; 

Komiyama NH et al., 2002

Arc/Arg3.1

N/A

N/A

CoIP from brain extracts

Husi H et al., 2000;Fernandes 

E. et al., 2009

NR2A

PDZ2

C-terminal PDZ binding domain

Co-immunoprecipitation in COS7 

cells and rat hippocampus

Hoe, H.S. et al., 2006; Al-

Hallaq, R.A. et al., 

2007;Cousins SL, et al., 2008 

NR2B

PDZ2

C-terminal PDZ binding domain

Co-immunoprecipitation in 

COS7/HEK293 cells and rat 

hippocampus; 

Hoe, H.S. et al., 2006; Al-

Hallaq, R.A. et al., 

2007;Kornau, HC. Et al., 1995; 

Cousins SL, et al., 2008

ErbB4

PDZ

C-terminus

Yeast two hybrid

Huang YZ. et al., 2000; Garcia 

RA et al., 2000

Maguin

PDZ domains

C-terminal PDZ binding domain

Yeast two hybrid

Yao I. and Takai Y. et al., 1999

Neuroligins

PDZ3

cytoplasmic COOH termini

Yeast two hybrid

Irie M. et al., 1997

GKAP4

GK

N/A

Yeast two hybrid 

Takeuchi M. et al., 1997

Cript

PDZ3

N/A

GST 

in vitro

 binding assay

Niethammer, M. et al., 1998

PSD-95

N-terminal domain

N-terminal domain

CoIP from COS7 cells and rat brain 

extracts

Kim E. et al., 1996;Hsueh YP, 

et al., 1997 

Stargazin

PDZ

C-terminal PDZ binding domain

CoIP from COS7 cells and neurons

Chen L., et al., 2000; Dakiji et 

al., 2003)

NR2A

PDZ2

C-terminal PDZ binding domain

Co-immunoprecipitation in COS7 

cells and rat hippocampus

Hoe, H.S. et al., 2006; Al-

Hallaq, R.A. et al., 

2007;Cousins SL, et al., 2008 

NR2B

PDZ2

C-terminal PDZ binding domain

Co-immunoprecipitation in COS7 

cells and rat hippocampus

Al-Hallaq, R.A. et al., 

2007;Cousins SL, et al., 

2008;Sans et al., 2003

ErbB4

PDZ

C-terminus

Yeast two hybrid

Huang YZ. et al., 2000; Garcia 

RA et al., 2000

Sec8

PDZ

C-terminal PDZ binding site

Yeast two hybrid and CoIP from 

brain exacts

Sans N. et al., 2003

Stargazin

PDZ

C-terminal PDZ binding domain

CoIP from COS7 cells and neurons

Chen L., et al., 2000

Cypin

PDZ

C-terminal PDZ binding domain

CoIP from COS7 cells and brain 

exacts

Firestein BL. et al., 1999

GKAP

GK

N/A

Yeast two hybrid

Kim E. et al, 1997

SynGAP

PDZ

C-terminal TRV motif

Yeast two hybrid and CoIP from 

brain exacts

Kim JH., et al., 1998; 

Komiyama NH et al., 2002

Calmodulin

SH3 

N/A

GST pull down 

Masuko N. et al., 1999

Neuroligins

PDZ3

cytoplasmic COOH termini

Yeast two hybrid

Irie M. et al., 1997

PSD-95

a binding site near SH3 

domain

SH3 and GK

Yeast two hybrid and GST pull down 

Masuko N. and Saya H. et al., 

1999

PSD-95

PSD-93

SAP102


	

	94
	45
	

	55
	45
	30

	72
	60
	

	
	
	

	27
	600
	1


Table 2.1 Taq recycling programme.

High fidelity PCR amplification:

In the case of constructing targeting vectors where accurate amplification of target gene’s homology arms is required for recombineering, high fidelity Platium Pfx DNA polymerase (Invitrogen) was used.

Approximately 50 ng plasmid DNA or 1 (g genomic DNA was added in a reaction containing 3 units of Pfx polymerase, 1x Pfx amplification buffer, 0.3 (M of forward and reverse primers, 400 (M pre-mixed dNTPs and 1 mM MgSO4. A single reaction was carried out in a volume of 25 (l made up with double distilled water. Table 2.2 shows the cycling condition for this assay.

	Temperature ((C)
	Time (s)
	Cycle Number

	95
	120
	1

	
	
	

	94
	15
	

	55
	30
	26

	68
	45
	

	
	
	

	68
	120
	1


Table 2.2  High fidelity PCR cycling protocol with Platium Pfx polymerase.
ES cell genotyping (long range PCR amplification):

To identify correctly targeted embryonic stem cell colonies, long range PCR amplification was performed using the Expand Long Template PCR system (Roche), utilising a mixture of thermostable Taq DNA polymerase and thermostable Tgo proofreading DNA polymerase. Approximately 1 (g of genomic DNA was added in a reaction containing 1.75 units polymerase mix, 1x Expand amplification buffer 3, 0.2 (M of each forward and reverse primer and 200 (M of each dNTPs (Invitrogen). A single reaction was carried out in a final volume of 50 (l made up with double distilled water. For each PCR reaction, the genomic DNA, dNTPs, forward and reverse primers were first mixed and made up to 25 (l with double distilled water. The mixture was first incubated at 95 (C for 15 min, then the pre-mixed polymerase and amplification buffer in a volume of 25 (l made up with double distilled water was immediately added to the previous mixture. The combined mixture was then subjected to the long range PCR cycling programme, as shown in Table 2.3.

	Temperature (oC)
	Time (s)
	Cycle Number

	94
	120
	1

	
	
	

	93
	10
	

	65
	30
	10

	68
	180
	

	
	
	

	94
	15
	

	65
	30
	20

	68
	180 & 20s/cycle
	

	
	
	

	68
	420
	1


Table 2.3 Long range PCR cycling condition with Expand Long Template PCR System (Roche).
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EGFP F

CGGCGCTCTAGAGGTGGCGGTAGTATGGTGAGCAAGGGCGAGGAGCTG

EGFP R

AACCGTTGATCATCACTTGTACAGCTCGTCCATGCCGAG

Neo F

GCCTCTGAGCTATTCCAGAAGTAG

Psd95 R

GGCGGCAGCATTTCCTGTCCTC

Neo F1

TACAAATAAAGCAATAGCATCAC

Exon F2

CAAAGTGAAACGTGTCATCGAAG

Psd95 UTR R1

GAAGAAAGGCTAGGGTACGAAGG

EGFP F2

AACCACTACCTGAGCACCCAGTC

SAP102 5HA F

CATATATGCGGCCGCGTGATAACGAGGTAGATGGACAGG

SAP102 5HA R

GTCTATGCTAGCGAGTTTTTCAGGGGATGGGAC

SAP102 3HA 5mini F

GCCGCGGAGGCGCGCCAGAATCCCCTCCAAGCATTCTC

SAP102 3HA 5mini R

GGCCGGCCAATCAGATAGACGTCAGATCCTTTCTGTAGCCGTTACG

SAP102 3HA 3mini F

GACGTCTATCTGATTGGCCGGCCTGTCCCTGTTTACATGCCTTTTC

SAP102 3HA 3mini R

GCCGCCGCAAGCTTGGGATAGAGACAAAGAAGCACAC

mKO2 F

CGGCGCGCTAGCGGTGGCGGTAGTATGGTGAGCGTGATCAAGCCCGAG

mKO2 R

AACCGTCCTGCAGGTCAGGAGTGGGCCACGGCGTCCTCCAC

SAP102 5' F

GGACCCTGTGTATAATATCTG

mKO2 neo R

ACTTGGTAAAAACTCTGTGGC

Neo F1

TCATCAATGTATCTTATCATGTC

Exon F2

CATCACAGGAGGGTCGTTACTAG

SAP102 UTR R1

GGGACAAGAACAGTAGTCATTTG

mKO2 F3

GCCAGATGAAGACCACCTACAAG

mCER F

CGGCGCGCTAGCGGTGGCGGTAGTATGGTGAGCAAGGGCGAGGAGCTG

mCER R

AACCGTCCTGCAGGTCACTTGTACAGCTCGTCCATGCCGAG

PSD93 5HA F

CATATATGCGGCCGCCGGTCCAAGATGAAGCCTTAACAG

PSD93 5HA R

GTCTATGCTAGCTAACTTCTCCTTTGAGGGAAT

PSD93 3HA 5mini F

GCGGCGGAGGCGCGCCATTAGCTACTGCACCTCTGACAAC

PSD93 3HA 5mini R

GGCCGGCCAATCAGATAGACGTCAACTAAGCAATCATCCTCCCCTG

PSD93 3HA 3mini F

GACGTCTATCTGATTGGCCGGCCATTTCATACTCCATGTGTCCGTG

PSD93 3HA 3mini R

GCCGCCGCAAGCTTCTAAAAGCCAAGATGACAATATG

PSD93 5' F

CACAGATGGCAAGGAGACAGGTTC

mCER R

CCTCGCCCTTGCTCACCATACTAC

Neo F1

ATCAATGTATCTTATCATGTCTGG

PSD93 UTR R1

TGTTCTTCTAAATGCTCTTCTGTC

Exon F2

AAGATATTTACAACCAATGCAAGC 

mCER F3

AACCACTACCTGAGCACCCAGTCC

Venus F

CGGCGCGCTAGCGGTGGCGGTAGTATGGTGAGCAAGGGCGAGGAGCTG

Venus R

AACCGTCCTGCAGGTCACTTGTACAGCTCGTCCATGCCGAG

pneo F3

GCCTCTGAGCTATTCCAGAAGTAG

Arc 4R

GCCAGGACTAGGTTGGACAGTCTG

Neo F1

TACAAATAAAGCAATAGCATCAC

ArcExon F2

CAGAGGATGAGACGGAGGCACTC

ArcUTR R2

AGGGGCTTCTTGATGTTCAGTCC

Venus F3

AACCACTACCTGAGCTACCAGTC

PSD95-EGFP

SAP102-mKO2

PSD93-mCER

Arc-Venus

Mouse genotyping

ES clone screening

Mouse genotyping

Molecular cloning

ES clone screening

Primers (5' ----> 3')

Mouse genotyping

Molecular cloning

ES clone screening

Molecular cloning

ES clone screening

Mouse genotyping

Molecular cloning


Table 2.4 Primer sequences for knockin mice generation.

2.6 Recombineering in E.coli
The recombineering procedure was performed as described previously (Liu P. et al., 2003). 

The homology arms for PSD-93 and SAP102 targeting vector construction were retrieved by gap repair from the bacterial artificial chromosome (BAC). BAC clone bMQ-338M14 for PSD-93 and clone bMQ312G21 for SAP102 were acquired from the Wellcome Trust Sanger Institute.

The BAC DNA was transformed into E.coli strain EL350 cells by electroporation. To prepare the electrocompetent EL350 bacteria, the cells were cultured in 5 ml LB medium at 32 (C overnight, followed by centrifugation at 5,000 rpm for 6 min at 4 (C. The cell pellets were then resuspended with 1 ml ice-cold double distilled water.

The above process was repeated for further two times before the cell pellets were finally resuspended with 100 (l of ice-cold water. 3 (l of BAC DNA was immediately added to the electrocompetent EL350 cells on ice. The mixture was then transferred into an ice-cold, 1 mm-gap elecporation cuvette (Bio-Rad) and subjected to an exponentially decaying pulse of 1.8 kV and 200 (F in a Gene Pulser Xcell electroporation unit (Bio-Rad). After electroporation, the cells were then incubated at 32 (C for one hour before spreading on LB agar plates that were supplemented with chloramphenicol and incubated at 32 (C overnight.

The linearlised retrieval intermediate vector was transformed into the EL350 cells harboring the desired BAC DNA. In principle, the EL350 cells were culture in 5 ml LB medium at 32 (C overnight. The following day, 1 ml of overnight culture was added to 19 ml fresh LB medium in a soap-free flask and grown with shaking at 32 (C for 2-3 hours until its ODA600 value reached ~0.5. Ten milliliters of the culture were then transferred into a new soap-free flask and shaken at a speed of 180 rpm at 42 (C for 15 min to induce the ( phage genes (red(, red( and redγ) expression. The remainder culture were kept shaking at 32 (C as a negative control for recombineering. The flask was then immediately chilled on the wet ice for 10 min with initial manual shaking followed by a further non-shaking incubation on ice for 20 min. The cells were transferred into a centrifuge bottle and subjected to a centrifugation of 6,000 rpm at 2 (C for 5 min. After centrifugation, the supernatant was carefully removed and the cell pellets were gently resuspended with 1 ml ice-cold water. The cell suspension was then transferred into a 1.5 ml ice-cold Eppendorf tubes and centrifuged at 10,000 xg for 1 min at 2 (C. After the supernatant was carefully discarded, the cell pellet was gently resuspended with 1 ml ice-cold water again. The above procedures with centrifugation and resuspending were repeated for further twice until the cell pellet was finally resuspended with ~20 (l of ice-cold water, resulting in a total volume of 50 (l cell suspension. These electrocompetent cells were briefly mixed with 100 ng of linearised retrieval vector. The mixture was then subjected to electroporation as described above. Once electroporated, the cells were then incubated at 32 (C for 1 hour followed by being spread on LB agar plates supplemented with ampicillin. 

The transformation of un-induced EL350 cells that were only grown at 32 (C  should result in the absence of recombination events due to its failure expression of the ( phage genes. As such, no colonies would grow after plating on LB plates with antibiotics. Whereas the DNA transformation in the induced cells which were grown at 42 (C and induced abundant expression of redα, redβ and redγ recombinases, homologous recombination between linearised retrieval vectors mini homology arms with the homologous sequence of BAC DNA would occur. The linearised retrieval vector therefore should be filled by gap repair and form a circular intact plasmid, thus allowing the expression of antibiotic resistance gene. As a result, transformation of induced cells would produce large amount of colonies after plating.

2.7 Embryonic stem cell culture and targeting

Embryonic stem (ES) cell culture and gene targeting were performed as described previously (Nagy et al., 2003). All cell culture reagents were purchased from Invitrogen unless otherwise specified.
Murine ES cell line E14 TG2a were maintained on 0.1% gelatine -coated plastic multiple well plates or Petri-dishes in ES medium containing GMEM (Glascow’s Modified Eagle’s Medium), 10% ES-culture serum (Stem Cell Tech), 1% nonessential amino acid, 1% sodium pyruvate, 2 mM L-glutamine, 100 (M 2-mercaptoethanol and supplemented with 1000 U/ml leukemia inhibitory factor (LIF) (Chemicon International) at 37(C in humidified air with 5% CO2. 
Frozen ES cells were quickly thawed at 37 (C and immediately diluted and washed with ES cell medium before plating with 10 ml of ES medium and grown at 37 (C incubator humidified air with 5% CO2. Culture media were replaced every 24 hours and 2-3 hours before passage.

For gene targeting, 1 x 107 ES cells were electroporated with 100 (g of linearised and purified targeting vector in a 0.4 mm gap electroporation cuvette (Bio-Rad) at 0.8 kV, 3 (F using a Gene Pulser Xcell electroporation unit (Bio-Rad). After electroporation, cells were plated on 90 mm petri dishes and grown at 37 (C. Three hundreds microgram per millilitre of G418 were added to the ES cell culture 24 hours after plating for positive selection. Single G418-resistant colonies were picked up 5-7 days after G418 selection. Surviving colonies were expanded and duplicated into two 48-well plates for either analysis after genomic DNA extraction or freezing. To freeze ES cell culture, ES cell media were replaced with freezing media which contains 10% DMSO and 20% FBS.  For blastocyst injection, frozen positive clones were thawed and further expanded, then passaged a final time into medium without G418 before trypsinising, washing and then resuspending into fresh G418-free medium for injection. Blastocyst injection of targeted clones was performed as described 
 ADDIN EN.CITE 

(Ramirez-Solis, Davis et al. 1993)
 .

2.8 DNA extraction from mammalian tissue

For long-range PCR screening of ES cell positive colonies, and PCR genotyping of mice, genomic DNA was extracted from either ES cell colonies grown in 48 well plates, or mouse ear-punches (~0.5cm in diameter) using the high-throughput Wizard® SV 96 Genomic DNA Purification System (Promega) according to standard protocols, with a 96 well robot system. Approximately 1 μg of genomic DNA was used for genotyping according to the appropriate PCR protocol.
2.9 Mouse colony management

Establishing a colony: 

Chimeras were produced by injecting modified E14 embryonic stem cells (derived from 129P2 mice) into C57Bl/6J blastocysts. The first heterozygote(s) were produced in the F1 generation from chimera crossings with C57Bl/6J wild-type mice. The mice were then backcrosses onto CMV-Cre deleter transgenic to excise the positive selection cassette. Six back-crosses were set up in pairs or trios using F2 and F3 heterozygotes with C57Bl/6J wild-types which are allowed to litter until at least eight male and eight female heterozygotes were produced.
Colony Maintenance: 

Two or three heterozygotes were each crossed with C57Bl/6J wild-type mice and allowed to produce 3-4 litters. A Mendelian ratio of 1 : 1 (heterozygotes : wild-types) is assumed. Backcrosses were set up every 3 months using heterozygotes from the previous back-cross.
2.10 Forebrain protein extraction

To prepare forebrain protein extraction for western blot, mutant or wildtypes mice were sacrificed by cervical dislocation. The head and scalp were removed, and the brain was extracted quickly. All the following procedures were performed on ice to keep tissues at a low temperature for better preservation of protein samples. The brain was placed on a plastic platform, covered with filter paper.  The olfactory bulb, midbrain, and cerebellum was dissected and discarded. The remaining forebrain was either homogenised immediately, or frozen on liquid nitrogen and stored at -80 (C until further use. Frozen brains were homogenised within 30s of being removed from -80 (C. Forebrains were individually homogenised using a dounce homogeniser with 7mL of fresh, chilled, DOC buffer containing (per 10mL stock): 500uL of 1M Tris pH 9, 6.75mL double distilled water, 1mL NaF, 1 µL 200mM, 250 (L 20mg/ml PMSF (in EtOH), 200mM NaVandate, one 25 X Complete Protease Inhibitor Cocktail Tablet (Roche), and 1ml 10% sodium deoxycholate (DOC). Homogenates were centrifuged at 25,000 rpm for 25 min at 4(C in an ultracentrifuge. The supernatant was then aliquoted into eppendorf tubes on ice and then frozen on liquid nitrogen. All protein samples were stored at -80(C and thawed on ice before use. No protein extract aliquot was thawed more than twice. Extracts were quantified using a bicinchoninic acid assay (Pierce), according to manufacturers instructions and using a spectrophotometer (Amersham Biosciences).

2.11 Western blot

At least an equal volume of 2x Laemmlin buffer (with 5% 2-mercaptoethanol) (Bio-Rad) was added to each protein sample to normalize protein sample concentration to 1 mg/ml. The samples were boiled at 90(C for 5 min, and then cooled to room temperature and centrifuged at 13,000 rpm for 10s to collect condensation. Samples were then analysed immediately by SDS-PAGE. NuPAGE 4-12% Bis-Tris gels 10 wells 1.5 mM (Invitrogen) were used to perform separation of all proteins with a molecular weight less than ~130kDa. 1x NuPAGE MOPS running buffer (Invitrogen) was used for running Bis-Tris gels. The SDS-PAGE gels were run in Invitrogen Xcell SureLock Mini-cells (Invitrogen) with wells facing into the central chamber. The seals were closed and the central chamber filled with the appropriate running buffer. The running buffer was also added to the outside chamber until it was higher than the foot of the gel. Any residual storage buffer was flushed out from the wells with running buffer before loading samples. Ten microliter of Precision-Plus Kaleidoscope pre-stained standards (Bio-Rad) were loaded into lane 1. 30 (l of each 1mg/mL protein sample (i.e. 30 ug) was loaded into each of lane 2-9 of the gel. The X-cell SureLock Mini-cell tank was then connected to a power supply (Bio-Rad) and run at 100V for 10 min, and then 140V for 80 min, or until the dye front reaches the foot of the gel.

Once finished the running, 1X NuPAGE transfer buffer with 20% methanol was used for transfer. The transfer buffer was chilled on ice before use. A PVDF Hybond-P membrane (GE Healthcare) was activated in methanol for 10 sec and then put into cold transfer buffer. Transfer sponges (Bio-Rad) and 3mm blotting paper (Whatman) were soaked in cold transfer buffer. The gel cassettes were cracked open with a gel knife (Invitrogen) and the gel carefully removed from cassette. The western transfer stack was assembled in a Mini-Transblot Electrophoretic Transfer Cell (Bio-Rad), taking care to avoid the introduction of air bubbles between the PVDF membrane and gel.  The transfer cell assembly was as follows: (2 sandwiches per tank) 

Black side of cassette 

1 sponge 

1 blotting paper 

SDS-PAGE Gel 

1 PVDF membrane 

1 blotting paper 

1 sponge 

Clear side of cassette 

If only one gel was to be transferred, a spare cassette was used with sponges in order to fill up space in the transfer tank. An ice block and active magnetic stirrer were placed in the transfer tank, which was then filled with cold transfer buffer. The tank was placed on a magnetic stirrer plate. The tank was connected to a power source (Bio-Rad) and transfered at 100V for 90 min.

The PVDF membrane was removed from the western transfer assembly and put directly into a tray of PBS to prevent dessication. The membrane (6.5cm X 7.5cm) was inserted without overlap into a roller bottle (Sarstedt).  Ten millilitre 5% milk PBS-T was added to the membrane, which was blocked for 1-2 hr at RT on rollers. The primary antibody was diluted in 5 ml 1% milk PBS-T and incubated on rollers at 4oC overnight. The blot was rinsed quickly in PBS-T and then washed for 15-20 min in PBS-T (3 x 20 ml).  The secondary horseradish peroxidase (HRP) conjugated antibody was diluted in 5 mL 1% milk PBS-T and incubated on rollers at room temperature for 1 hr. The blot was rinsed quickly in PBS-T and then washed for 15-20 min in PBS-T (3 x 20 ml). Finally, the blot was rinsed once in PBS for 5 min (1 x 20 ml). 

Immobilon Western HRP Substrate (Millipore) was used to activate chemiluminescence. Equal volumes of both reagents were mixed 1:1 in a Falcon tube and protected from light. A total volume of 2 mL (i.e. 1mL luminol + 1mL peroxide) was used per membrane in each roller tube. The final PBS wash was poured off, and 2 mL of detection reagent to each roller bottle containing 1 membrane. The membrane was incubated on rollers for 2 min. The reagent was then poured off and membrane removed from the roller bottle. The excess reagent was quickly drained onto tissue paper, and the blot was then wrapped in plastic cling-film (Saran), with the protein side facing down on a smooth surface and protected from light. The membrane was immediately exposed using a Kodak image station 4000M with Kodak Molecular Imaging Software Version 4.0. The membrane position was ‘previewed’ in the image station with lid open in order to adjust field of view/zoom to fit membrane. Several exposures were performed per blot, typically 10 sec, 1 min, and 5 min. The exposure of best apparent resolution was reported for each blot.
2.12 In vitro differentiation of ES cells derived neurons (ESN)

In vitro differentiation of ES cells derived neurons was performed according to a well-established protocol in our lab based on the previous publication (Stavridis and Smith 2003). Wild type and PSD95-EGFP targeted ES cells were grown on 0.1% gelatin-coated T25 flasks in normal ES media. After becoming fully confluent, ES cells were briefly trypsinized and transferred to bacterial culture dishes to allow the formation of embryoid body (EB). EBs were then grown for 3 days in the absence of LIF and subsequently plated on new dishes with media supplemented with 10 (l/ml retinoic acid. The EB growing media were carefully replaced every other day. After 5 days, cells were trypsinized, titrated to a single-cell suspension and seeded on laminin-coated Petri-dishes or coverslips (No. 1.5, VWR International) in the overnight plating media containing equal amount of DMEM and F12 Ham (Invitrogen) supplemented with 1% B27 and 0.1% FGF. The following day, the overnight plating media was replaced by complete neurobasal media (Neuronal Base Medium without L-Glutamine (Invitrogen) supplemented with 0.5% L-glutamine (Invitrogen) and 2% B27 (Life Technologies Ltd.)). One third or half of the complete neurobasal media were replaced every 3 to 4 days. 

2.13 Primary neuronal culture

Twenty-four well plates with coverslips placed in each well were first coated with Poly-D-lysine (PDL) solution overnight at 37 (C (Sigma-Aldrich). The following day, PDL solution was aspirated and culture vessels were washed with PBS (Invitrogen) twice. Frozen stocks (50 (l) of mouse laminin (Life Technologies Ltd.) were slowly thawed by incubating the vials on ice. Once completely thawed, the laminin was further diluted by 8 ml of PBS. Three hundreds fifty microliter of Laminin solution was added into each well and the plates were incubated at 37 (C overnight. On the day of plating neurones, laminin solutions were aspirated from each well, followed by two times washing with PBS. One millilitre of complete neurobasal media was then added to each well and incubated 37 (C in the incubator until plating. 

Primary cortical neurons were obtained from E17.5 mouse embryos. Pregnant female mice were sacrificed by cervical dislocation, the abdomen were carefully cut to avoid damanging the foeti. Individual foeti were taken and placed in ice-cold PBS. The brains of each embryo were dissected under a dissection microscope. Forebrains were further isolated and placed in ice-cold PBS. The forebrain tissues were then subjected to enzymatic digestion using 1 ml, pre-warmed papain solution (Worhtington Biochemical Corp) incubating at 37 (C for 22 min.  The digested tissues were immediately transferred into a new 15 ml Falcon tube which contains pre-warmed 1 ml of washing media (DMEM supplemented with 10% FCS, 1% Penicillin/streptomycin (PAA Laboratories). A gentle titration by an Eppendorf pipette tip pipetting 8-10 times was performed to disperse cell clumps from connective tissues. The cell suspensions were centrifuged at 1,500 rpm for 3.5 min and the supernatants were carefully removed without disturbing cell pellets. The cell pellets were then resuspended with washing media and the above centrifugations were repeated. After the final washing, the cell pellets were gently resuspended with complete neurobasal media. The cell suspension was then incubated at 37 (C supplemented with 5% CO2 until plating. An aliquot of cell suspension (10 (l) was taken and diluted with 90 (l washing media to make up an uniform 1:10 dilution. Cell densities of the diluted cell suspension were then manually counted by a haematocytometer.  Dead cells were ignored during the counting. 2x105 cells were seeded into each well on 24 well plates with complete Neurobasal media (Neurobasal media (Invitrogen) supplemented with 2% B-27 (Life Technologies Ltd.) and L-glutamine (0.5mM, Invitrogen). The cells were grown in a humidified at 37(C with 5% CO2. One third or half of the culture media were replaced every 3 to 4 days.

2.14 Immunocytochemistry

Cultured neurons were fixed in ice-cold methanol (Sigma-Aldrich) for 7 min. Fixed cells were briefly rehydrated with PBS before placing into a PBS blocking buffer which contains 3% Bovine serum albumin (Sigma-Aldrich) and 0.2% Triton X-100 (Sigma-Aldrich) for 1 hour blocking at room temperature. 

Fifty to sixty microliter of the following primary antibodies which was diluted with the above blocking buffer were then added and incubated for 1 hour at room temperature:

Chicken anti-GFP (1:1000, Abcam Cat No. ab13970) 

Mouse IgG1 anti-Synaptophysin (1:1000, Chemicon Cat No. MAB5258)

Chicken anti-MAP2b (1:5000, Abcam Cat No. ab5392)

Rabbit anti-SAP102 (1:500, a gift from Dr. Watanabe)

Mouse IgG1 anti-PSD93 (1:500, NeuroMab Cat No. 75-057)

Mouse IgG1 anti-VGlut1 (1:500, NeuroMab Cat No. 75-066)

Rabbit anti-NR1 (1:1000, Thermo Cat No. PA3-103)

After washing in PBS, cells were then incubated with cyanine 3-, cyanine 2- and cyanine 5- or Alexa Fluor 488 / 546 /633 conjugated secondary antibodies (Jackson Immunoresearch Laboratories, Invitrogen). 

2.15 Intracadial perfusion of mice and tissue preparation

The handling and treatment of all the mice in my project is in accordance with the UK animals act (Scientific Procedures) 1986 and all procedures were approved by the British home office.

Heavily sedated mice by intraperitoneal injection of prewarmed Avertin (2-2-2 Tribromoethanol) at a dose of 250 mg/Kg were checked by firstly pinching the tail tip, then the toes and cornea to confirm lack of response to pain stimulus. Once the animal were thoroughly anesthetized, it was placed on corked surface. The thorax was open until the heart was fully exposed and easy to access. An small incision was made in the right atrium of heart, and the animal was transcardially perfused by inserting a fine needle into the left ventricle, slowly rinsed with 10 ml of PBS followed by 10 ml of fixative (4% paraformaldehyde (PFA, Sigmal-Aldrich) in 0.1M PB, pH 7.4).  

After removed from the skull, the brain was immediately post-fixed in the same fixative (4% PFA) for 3-4 hours at 4(C. Fixed samples were then transferred into a new vial containing 30% sucrose (w/v in 0.1M PB, Sigma-Aldrich) and incubated at 4 (C for at least 24 hours. 

2.16 Tissue sectioning

Mice brains were fixed and cryoprotected by 30% sucrose as described above. Brains were divided into two hemispheres. Single hemisphere was mounted on the cooling stage of a sliding microtome (Leica) in order to freeze the tissue. Once the sample was completely frozen, twenty-five or 30 (m of coronal or parasaggittal sections were cut. Selected sections were picked up and kept in the PBS at 4 (C for further use.

2.17 Fluorescent immunohistochemistry

Parasagittal and coronal brain sections were washed briefly with PBS and blocked with 5% bovine serum albumin (BSA) in TBS containing 0.2% Triton X-100 for 30 minutes at room temperature. Sections were then incubated with the following primary antibodies diluted in TBS containing 3% BSA in 0.2%Triton overnight at 4 (C:

Chicken anti-GFP (1:250, Abcam Cat No. ab13970) 

Mouse IgG1 anti-Synaptophysin (1:250, Chemicon Cat No. MAB5258)

Chicken anti-MAP2b (1:1000, Abcam Cat No. ab5392)

Rabbit anti-SAP102 (1:100, a gift from Dr. Watanabe)

Mouse IgG1 anti-PSD93 (1:250, NeuroMab Cat No. 75-057)

Mouse IgG1 anti-VGlut1 (1:100, NeuroMab Cat No. 75-066)

Rabbit IgG Anti GluR1 (1:100, Chemicon Cat No. AB1504)

Rabbit IgG anti-NR2A (1:200, Serotec Cat No. AHP1880)

The specificity of PSD-93 antibody has been validated with immunohistochemical staining in PSD-93 knockout mice. 

After washing with TBS containing 0.2% Triton X-100 for three times, sections were added Cyanine 3- and Cyanine 5- or Alexa Fluor 488/546/633 conjugated secondary antibodies and incubated for 30 minutes at room temperature with gentle agitation. Slices were then washed three times with TBS containing 0.2% Triton X-100, transferred to slides, air-dried and mounted with mounting media (Prolong gold antifade reagent, Invitrogen, P36930).

2.18 Confocal laser scanning microscopy

Fixed neuronal cells and brain sections were immunofluorescent stained as described above. Samples were then examined by a Zeiss confocal laser scanning microscope LSM510. The LSM510 set is equipped with an inverted Axiovert microscope combining a UV laser (405 nm), an argon laser (458/488/514 nm, 25mW), a green helium laser (543 nm, 1mW), a red helium laser (633nm, 5mW) and a mercury arc lamp. Before image acquisitions, the confocal laser system was warmed up and stabilized for 45 minutes to avoid severe photopower fluctuations. For optimal visualization of emissions from different fluorephores, the microscope detector PMT was also carefully adjusted to maintain a working linear range. When examine multiple fluorescence stained samples, each fluorescence channels were sequentially switched after frame acquisition in order to prevent fluorescence ‘bleed through’.  EGFP was excited by 488nm laser and its emission read using a 515-530nm bandpass filter. Antibodies conjugated with red fluorephores (Cy3 or Alexa546) or mKO2 fluorescent proteins were excited using 543nm laser and its emission using 560-610nm bandpass filter. Antibodies conjugated with infra red fluorephores (Cy5 or Alexa633) were excited using the 632nm laswer and read using a 640- nm bandpass filter. Venus (EYFP) was excited by 514nm of the argon laser and its read using a 530-560nm bandpass filter. The majority of the images in this dissertation were obtained using a zeiss Plan-Apochromat 63X oil-immersion objective (NA 1.4) with a frame size of 1024x1024 pixels, some images were taken by a 40X oil-immersion objective with the frame size of 1024 x 1024 pixels. During image acquisition, pinhole sizes of each fluorescence channel were carefully adjusted to obtain optimal optical sections of the sample. Scale bars were added to the representative images employing a LSM510 imaging software (Zeiss). Images for figures were processed by linear contrast enhancement by Adobe Photoshop software.

2.19 Wide field fluorescence microscopy

Low magnification (either 5x, 10x or 20x) images were acquired by a wide field epifluorescence light microscope Zeiss Axioplan2 (Zeiss), which contains a high-speed shutter and the AxioCam MRm CCD camera. The microscope employs Axiovision 4.1 software (Zeiss) for imaging acquisition. For imaging multi-fluorescence samples, similar settings in excitation light wavelength and emission reads intensity as confocal system were applied. When examine PSD95-eGFP, SAP102-mKO2 and wildtype brain slices, fixed setting parameters such as excitation intensity and exposure time were used. Gray scale images of individual fluorescence channels were acquired and pseudo-colours were used in the represensitive figures by ImageJ or Adobe Photoshop software.

2.20 Image analysis

Digital images were analyzed by ImageJ and a customer-designed algorithm which was written by MATLAB software (personal communication, Nathan Skenes: ns9@sanger.ac.uk). Before processing by MATLAB, the original images were first adjusted to substract the background fluorescence intensity and using median filtering to further remove the nonspecific noise. Images were then subjected to the algorithm using intensity-based as well as size-based thresholds. Isolated positive puncta were then counted and measured. For double-labelled or triple-labelled immunostaining samples, the number of the puncta, as well as the overlapping proportion of different fluorephore-positive puncta were calculated.

2.21 Pentylenetetrazol (PTZ)-induced seizure in Mice

Convulsive seizures in mice were induced by using a widely-accepted chemical convulsant, pentylenetetrazol (PTZ). PTZ (Tocris) was dissolved in the sterile saline (0.9% NaCl) to prepare a fresh solution with a concentraion of 10 mg/ml on the day of procedures. The experiments were conducted on adult Arc-Venus and wildtype C57BL/6J mice according to The Jackson Laboratory protocol. All mice were weighed before the experiments and used only once during the experiment. To test animal’s sensitivity to PTZ, a group of wildtype mice were first administrated with a sub-threshold dose (40 mg/Kg) or super-threshold dose (80 mg/Kg) of PTZ by intraperitoneal (i.p.) injections.  Mice were then separately placed into a new holding cage and monitored for at least 30 minutes. Approximately 10 minutes after injections, mice started to show atypical behavior  (e.g. moving arrests) and isolated myoclonic jerks. Fully generalized seizures and tonic-hind limb extensions were observed from all the mice which were administrated with super-threshold of PTZ. After determining the appropriate dose of PTZ, adult mutant mice were induced seizure by i.p. injection of 80 mg/Kg PTZ. Immediately after injections, mice were moved into new cages and monitored the incidence of seizures. Mice that developed characteristic seizure responses were divided into two groups, one group was sacrificed at 20 minutes after injection, whereas the other group was sacrificed at 2 hours after PTZ injection.

Chapter 3 Design and generation of knockin mice
This chapter describes the design and creation of four knockin mutant mouse lines, in which different fluorescent proteins (FPs) including enhanced green fluorescent protein (EGFP), mCerulean blue (mCER), mKusabira Orange2 (mKO2) and a variant of yellow fluorescent protein (YFP) Venus, were in-frame fused with the PSD-MAGUK family members (PSD-95, PSD-93 and SAP102) as well as Arc/Arg3.1, respectively. These fluorescently tagged reporter mouse lines allow me to probe the in vivo expression of these paralogues and the PSD-95 specific interactor Arc/Arg3.1, thus shed some light on the molecular diversity of MAGUKs in the mammalian CNS.

The design and rationales of each mouse model are discussed below, followed by the description of constructing targeting vectors, gene targeting in embryonic stem cells and knockin mice colony establishment.

3.1 Experimental design rationale
Detail information about the temporal and spatial expressions of three MAGUK family members and Arc/Arg3.1 in mammalian brains will certainly provide a wealth of knowledge regarding their potential roles involved in the synaptic functions. Although classical analytical methods such as western blotting and RT-PCR assay could provide highly reliable and sensitive detection on the temporal expression of gene products, these approaches are not able to disclose any clues on the spatial expression manner of genes of interest. On the other hand, spatial expression information can be achieved from conventional approaches such as in situ hybridization and immunohistochemistry. However, these methods still have intrinsic limitations. For example, to probe the expression of individual MAGUK family proteins, the immunohistochemical stainings on tissue sections can be largely constrained by the availability of robust and reliable antibody that binds to a specific paralogue but not cross-reacts with other family members.  Moreover, these methods would be virtually unpractical provided performing an exhaustive surrey study, where large quantities of tissue sections need to be dealt with.

For last few decades, the genetically labelling by inserting various reporter gene, for example, the bacterial LacZ gene coding for (-galactosidase ((-Gal) has been widely used. Generated by either gene-targeting or transgenic techniques, the LacZ-reporter mice allowed researchers to comprehensively and rapidly analyze gene expression patterns in various domains of mice brain. Furthermore, these reporter mice can be easily studied at different developmental stages.


(Mansour, Thomas et al. 1990; Migaud, Charlesworth et al. 1998; Komiyama, Watabe et al. 2002) ADDIN EN.CITE   However, this approach is limited by a specific detection protocol of preparing exogenous substrate for the enzymatic reactions. Furthermore, the fairly large molecular weight of (-galactosidase (~135 kDa) and its tetrameric composition may interfere with the expression and appropriate folding of endogenous gene product.

Compared with LacZ gene product, GFP fluorescent protein is smaller with a molecular weight of only ~27 kDa and functions as a monomer, making it ideal for a fusion reporter. In recent years, the introduction of GFP fluorescent protein and its derivatives (Miyawaki 2003) has enormously facilitated the PSD-MAGUK protein studies on their expression patterns, protein stability, trafficking and dynamics on synapses 
 ADDIN EN.CITE 
(Okabe, Ikawa et al. 1997)
.  Most of the related researches were carried out by vector - or virus-mediated approach. However, unfortunately two potential pitfalls remain when performing these studies. First, since strong exogenous promoters are often used, the temporal / spatial expression patterns of transgene could not reflect those of endogenous proteins. Secondly, the transgene is usually expressed in much excess of its endogenous counterpart, which then leads to the anomalous subcellular distribution, protein dynamics and even aberrant cellular functions. 

These caveats were partly circumvented by the application of BAC transgenic technique, using endogenous promoters for the GFP fusion gene expression. With advanced developments in the novel methods for engineering bacterial artificial chromosomes (BACs), together with the efficient production of BAC transgenic mice, several groups have generated transgenic mice that express bright EGFP fluorescence in the mammalian CNS 
 ADDIN EN.CITE 
(Feng, Hatten et al. 1994)
. These mice allow the direct visualization of EGFP-expressing cellular morphology. Yet, the profile of GFP expression in these transgenic mice might not always faithfully reflect the endogenous protein expression in the animals under physiological conditions. The BAC transgene expression sometimes varies among different animal lines and therefore it is required careful examinations in each single case of study. Moreover, the trangenes must harbour the full transcription unit including all its upstream or downstream regulatory elements, which is sometimes difficult to predict. Particularly when engineering large gene unit, the size of BAC also raised serious concerns.

Compared with BAC transgenic and other strategies, the targeted GFP fusion gene not only maintains the same advances but further extends their benefits.  As a vital marker, GFP fluorescent protein can be observed in living organisms on a real-time basis, and only requires oxygen and appropriate excitation light to activate its fluorescent property. Importantly, only a sing-copy of reporter gene is targeted into a specific genomic locus, thus allow the faithful detection of endogenous protein expression.
Understanding the molecular heterogeneity of PSD-MAGUK and Arc/Arg3.1 proteins at individual synapses requires knowing their endogenous expressions within the physiological environment. In order to faithfully recapitulate the undisturbed expressions of these genes, targeted in-frame gene fusions with various fluorescent proteins were designed (Figure 3.1).  Based on the previously findings that the N-terminal of the candidate proteins are crucial for their cellular functions such as membrane targeting and protein-protein interactions, the C-terminal fusion strategy was applied: the fluorescent protein coding sequence was in-frame fused to the last exon of candidate gene and immediately before the stop codon (Figure 3.1).
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Figure 3.1 Design of fluorescent fusion proteins of PSD-95, PSD-93, SAP102 and Arc.  
3.2 Targeting vector construction

PSD95-EGFP

A previously constructed PSD-95 intermediate targeting vector for the generation of PSD95-95 TAP-tag mice (constructed by E. Fernandes) were used and developed into an ubiquitous vector frame work for flexible tagging in the c-terminal of PSD-95 proteins. The template vector (Figure 3.2) contains PSD-95 mini homology arms (GeneID: ENSMUSG00000020886 region: Chr:11 69857620-69858194; Chr:11 69858198-69858766) which were PCR amplified from a BAC clone derived from mouse ES clone AB2.2 corresponding to the mouse strain 129Sv.

Enhanced green fluorescent protein (EGFP) coding sequence was first amplified by PCR using corresponding primers (see Primer Table) from pEGFP-N1 vector (Clontech, GenBank Accession No. U55762). The 5’-end tail of forward primer contains an XbaI site followed by a short artificial linker sequence encoding for four amino acids (Gly-Gly-Gly-Ser) to avoid interference of tagged fluorescent protein on the folding of the endogenous PSD-95. The 5’-end tail of reverse primer contains a BclI restriction site. The ~700 bp PCR products were directionally cloned into pneoflox vector, in which EGFP coding sequence was inserted into the open reading frame of PSD-95 gene on 3’ end and immediately before its stop codon (Figure 3.2). The previously constructed pneoflox vector (constructed by P. Cuthbert) included a neomycin phosphotransferase gene (Neo) driven by a compound phosphoglycerate kinase (PGK) and EM7 promoter. The Neor gene is then followed by a mouse SV40 polyadenylation signal for kanamycin resistance in bacteria and G418 resistance in mammalian cells, respectively. Two loxP sites were designed to flank the Neor cassette, thus allowing Cre recombinase-mediated removal of the selection marker.

The DNA fragment flanked by PSD-95 mini homology arms was excised from pneoflox by XbaI and BclI enzymatic digestion and transformed into E.coli strain EL350 cells harboring the recipient vector pTargeter (constructed by P. Cuthbert) (Figure 3.3). The pTargeter vector contains a region of 3’ end genomic sequence of PSD-95 (GeneID: ENSMUSG00000020886 Region: Chr:11 69851809-69858194 and 69858198-69861135) retrieved by homologous recombination from the murine BAC DNA. A Diphtheria Toxin A (DT-A) fragment driven by an MC1 promoter with a mouse SV40 polyadenylation site was also included in the pTargeter as a negative selection cassette (Yanagawa et al., 1999). 

By homologous recombination in EL350, the EGFP gene together with Neor cassette were assembled into the pTargeter vector. This resulted in a final targeting vector contains a 5’ homology arm and 3’ homology arm of PSD-95 at the size of 6.3 kb and 2.9 kb, respectively (Figure 3.4). The final targeting vector was linearized by PvuI for gene targeting in the mouse ES cells. To make sure that no mutations were introduced during cloning procedures, all vector junctions and the PCR cloned coding sequences of PSD-95 as well as EGFP were confirmed by sequencing.
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Figure 3.2 Constructing EGFP-pneoflox intermediate vector. The EGFP coding sequence together with the linker sequence were inserted into the intermediate vector, replacing the TAP coding cassette by sequential enzymatic digestion of XbaI and BclI. 
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Figure 3.3 Retrieving PSD-95 genomic sequence from BAC by gap repair and construction of intermediate pTARGETER. The intermediate pTARGETER vector carrying HA3 and HA4 homology arms was linearized and transformed into EL350 cells containing corresponding PSD-95 BAC. The PSD-95 genomic sequence was retrieved by homologous recombination, resulting in the pTARGETER vector containing a region of 3’ end PSD-95 genomic sequence (Region: Chr:11 69851809-69858194 and 69858198-69861135).
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Figure 3.4 Construction of the final PSD-95 targeting vector. The EGFP gene together with Neor cassette, flanked by HA1 and HA2 homology arms were excised from EGFP-pNeoflox vector by restriction enzyme digestions of XhoI and NotI. The DNA fragment was then transformed into EL350 bacteria cells harbouring pTARGETER as well as the encoding sequence for heat-inducible recombinase Red  α and β. By homologous recombination in EL350, the HA1-EGFP-Neor-HA2 cassette was assembled into the pTargeter vector, resulting in the final PSD-95 targeting vector.

SAP102-mKO2

The backbone of a previously constructed vector pneoflox_delAmp (constructed by Dr. N.H. Komiyama) was modified for the generation of SAP-102 knockin mutations. 

The pneoflox_delAmp contains a neomycin phosphstrasferase gene (Neo) driven by a compound PGK and EM7 promoter followed by a mouse SV40 polyadenlytion signal, which allows kanamycin and G418 selection in bacteria and mammalian cells respectively, as previously described.

The 5’ homology arm of SAP102 gene in size of ~ 2 kb, spanning the 3’ end region of wildtype SAP102 locus (Gene ID: ENSMUSG00000000881, Region: Chr: X 98009543-98011664) was PCR amplified from a BAC clone (bMQ312G21) and inserted into pneoflox_delAmp (Figure 3.5) by enzymatic digestion with NotI and NheI.  The resulting plasmid was then digested with NheI and SbfI, which reside at the end of 5’ homology arm, and inserted with the sequence encoding for monomeric Kusabira Orange 2 (mKO2) together with a linker sequence encoding Gly-Gly-Gly-Ser, which were PCR amplified from commercial plasmid templates. Particularly, the insertion was designed to create an in-frame fusion of mKO2 coding sequence with the last exon of endogenous SAP102 gene: similar to PSD95-EGFP fusion protein creation, the 668 bp PCR product of mKO2 coding sequence was inserted immediately after the open reading frame of SAP102 gene and before its stop codon. The additional artificial peptide linker sequence encoding Gly-Gly-Gly-Ser was designed to avoid the interference of red fluorescent protein upon SAP102 endogenous protein folding. 

Two ~0.5 kb size of ‘mini’ homology arms (5miniHA and 3miniHA, with size of 472bp and 517bp, respectively) from 3’ UTR region of wildtype SAP102 locus were amplified from BAC DNA by two-step nested PCR reactions (Figure 3.6).  To ensure the sequence accuracy of mini homology arms, a high-fidelity DNA polymerase, Platium Pfx (Invitrogen) was used. The 5miniHA was selected from the region that was immediately after the stop codon of SAP102 gene (Chr: X region: 98011686-98012138). By AscI and HindIII digestion, the above PCR product was directionally cloned into the pDTA-pA vector. The resulting plasmid (pDTA-pA- SAP102mini) was then subjected to AatII and FseI digestion and electroporated into EL350 bacteria that contained the BAC DNA of SAP102 (bMQ372C21). Followed a short incubation of transformed EL350 at 42 (C to induce the expression of recombinase Red α and β,  sequence of SAP102 3’ homology arm was retrieved from BAC by gap repair (Figure 3.7). Thus the retrieval of full-length of 3’ homology arm of SAP102 (~5.7 kb), as a result, generated an intermediate targeting vector named as pDTA-pA-SAP102 3HA.

The final SAP102 targeting vector pDTA-pA-SAP102mKO2 was created by ligating the NotI-AscI digested DNA fragments that consist of ‘SAP102 5HA-mKO2-Neor’ cassette from the pneoflox_delAmp plasmid with linearized pDTA-pA-SAP102 3HA vector, as shown in Figure 3.8. The ligation products were transformed into chemically competent E.coli DH-5( cells. These cells were then plated onto kanamycin and ampicillin containing plates for positive selections of ligation products. All vector junctions and PCR-cloned coding regions of SAP102 and mKO2 were validated by sequencing. 
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Figure 3.5 Construction of intermediate vector of pneoflox_delAmp_SAP102 5HA-mKO2. The 5’ homology arm of SAP102 gene was amplified from the BAC DNA containing wildtype SAP102 genomic sequence and assembled into pneoflox_delAmp vector after enzymatic digestions of NotI and NheI, resulting in the vector named as pneoflox_delAmp_SAP102 5HA. The sequences encoding for an artificial peptide linker as well as the mKO2 fluorescent protein were amplified by PCR and cloned into the pneoflox_delAmp_SAP102 5HA vector by NheI and SbfI digestions, generating the intermediate vector pneoflox_delAmp_SAP102 5HA-mKO2.
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Figure 3.6 Assemble intermediate targeting vector for the retrieval of SAP102 3’ homology arm. Two ‘mini’ homology arms (5’miniHA and 3’miniHA, ~0.5 kb) from 3’ UTR region of wildtype SAP102 locus were amplified from BAC DNA by two-step nested PCR reactions. The PCR product was directionally cloned into the pDTA-pA vector by AscI and HindIII digestion, resulting in pDTA-pA-SAP102mini vector. This plasmid was then subjected to AatII and FseI digestion and the linear DNA fragment was electroporated into EL350 bacteria that contained the BAC DNA of SAP102. 
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Figure 3.7 Retrieval of SAP102 3’ homology arm from BAC by gap repair. The linear DNA fragment of pDTA-pA-SAP102mini was electroporated into competent EL350 cells that contained the BAC DNA of SAP102. Followed a short incubation of transformed EL350 at 42 (C to induce the expression of recombinase Red α and β,  sequence of SAP102 3’ homology arm was retrieved from BAC by gap repair, resulting in the vector pDTA-pA-SAP102 3HA.
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Figure 3.8 Construction of final targeting vector pDTA-pA-SAP102mKO2. The final SAP102 targeting vector pDTA-pA-SAP102mKO2 was created by ligating the NotI-AscI digested DNA fragments that consist of ‘SAP102 5HA-mKO2-Neor’ cassette from the pneoflox_delAmp plasmid with linearized pDTA-pA-SAP102 3HA vector.
PSD93-mCER

A strategy similar to the construction of SAP102-mKO2 targeting vector was applied to create PSD93-mCER vectors. 

Firstly, the 5’ homology arm of PSD-93 gene (Gene ID: ENSMUSG00000052572, Chromosome 7, region: 99590927-99593128), approximately in size of 2.2 kb, was PCR amplified from its genomic sequence of BAC DNA (bMQ-296019) and inserted into pneoflox_delAmp which is followed by digestions using restriction enzymes NotI and NheI. Similar to SAP102-mKO2 fusion protein design, monomeric Cerulean blue fluorescent protein (mCER) coding sequence together with an artificial linker sequence (encoding for amino acids Gly-Gly-Gly-Ser) were PCR amplified from a commercial vector (Plasmid 15214: Cerulean, Addgene). After double enzymatic digestions with NheI and SbfI, mCER cassette was then inserted into pneoflox_delAmp-PSD93 5HA vector, resulting in pneoflox_delAmp-PSD93 5HAmCER vector (Figure 3.9), in which mCER cassette was fused immediately after the last exon of wildtype PSD-93 gene. 

Next, to generate an intermediate targeting vector, two ~0.5 kb size of mini homology arms (5’miniHA and 3’miniHA, in size of 527bp and 637bp, respectively) corresponding to the 3’ UTR region of PSD-93 (ENSMUSG00000052572, Chromosome 7, region: 99593128-99598827) were PCR amplified using the genomic sequence from BAC DNA (bMQ-338M14) as template (Figure 3.10). The PCR product was cloned into pDTA-pA vector following digestions with AscI and HindIII restriction endonucleases. The resultant plasmid, pDTA-pA-PSD93mini was subjected to enzymatic double digestions with AatII and FseI to create linearlized DNA fragments, which were then electroporated into EL350 bacteria harbouring BAC DNA of PSD-93 (bMQ-338M14) for homologous recombination. As a result, the full-length 3’ homology arm of PSD-93, with a size of 5.1 kb, was retrieved from the BAC DNA, generating pDTA-pA-PSD93 3HA intermediate vector (Figure 3.11).

The final targeting vector was created by NotI and AscI digestions of both pneoflox_delAmp and pDTA-pA-PSD93 3HA vectors, releasing the PSD93 5HA-mCER-Neor cassette and its cloning into pDTA-pA-PSD93 3HA vector (Figure 3.12). All junctions and PCR-cloned genomic sequence of PSD-93, as well as the PCR-amplified coding sequence for mCER within the final targeting vector, pDTA-pA-PSD93-mCER were confirmed by sequencing. 
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Figure 3.9 Construction of intermediate vector pneoflox_delAmp_PSD93 5HA-mCER.The 5’ homology arm of PSD-93 was PCR amplified from its corresponding genomic sequence of BAC DNA and then cloned into the pneoflox_delAmp vector after Not I and NheI digestions, resulting in pneoflox_delAmp_PSD93 5HA vector. The mCER coding sequence together with an artificial linker sequence (coding for amino acids Gly-Gly-Gly-Ser) were PCR amplified and assembled into the pneoflox_delAmp_PSD93 5HA vector by NheI and SbfI enzymatic digestions, thus generating pneoflox_delAmp_PSD93 5HA-mCER intermediate vector.
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Figure 3.10 Construction of an intermediate vector of pDTA-pA-PSD93mini. Two ‘mini’ homology arms (5’miniHA and 3’miniHA, ~0.5 kb) from 3’ UTR region of PSD-93  gene were amplified from BAC DNA by two-step nested PCR reactions. The PCR product was directionally cloned into the pDTA-pA vector by AscI and HindIII digestion, resulting in pDTA-pA-PSD93mini vector. This plasmid was then subjected to AatII and FseI digestion and the linear DNA fragment was electroporated into EL350 bacteria that contained the BAC DNA of PSD93.
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Figure 3.11 Recombineering in EL350 to retrieve 3’ homology arm of PSD-93. The linear DNA fragment of pDTA-pA-PSD93mini was electroporated into competent EL350 cells that contained the BAC DNA of PSD-93. Followed a short incubation of transformed EL350 at 42 (C to induce the expression of recombinase Red α and β,  sequence of PSD-93 3’ homology arm was retrieved from BAC by gap repair, resulting in the vector pDTA-pA-PSD93 3HA.
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Figure 3.12 Construction of final targeting vector pDTA-pA-PSD93mCER. The final PSD93 targeting vector pDTA-pA-PSD93mCER was created by ligating the NotI-AscI digested DNA fragments that consist of ‘PSD93 5HA-mKO2-Neor’ cassette from the pneoflox_delAmp plasmid with linearized pDTA-pA-PSD93 3HA vector.
Arc-Venus

A similar design and strategy of constructing PSD95-EGFP targeting vector was applied to generate Arc-Venus vectors. A previously constructed vector, pneoflox-ArcTap (by E. Fernandes) containing Arc/Arg3.1 mini homology arms was used. These mini homology arms of Arc were PCR amplified from the genomic sequence of Arc BAC DNA (Gene ID: ENSMUSG00000022602 Chromosome 15, region: 74500995-74502425). This pneoflox-ArcTap also includes a neomycin resistance cassette, driven by a compound PGK and EM7 promoters, and followed by a mouse SV40 polyadenylation signal. As pneoflox-PSD95EGFP vector, the Neor gene cassette is also flanked by two loxP sites, which allows the Cre-mediated deletion of the selection marker.

First, the yellow fluorescent protein (YFP) variant Venus coding sequence with an artificial linker encoding for Gly-Gly-Gly-Ser at its 5’ end were amplified by PCR reactions. Following the sequential digestions with XbaI and BclI of both pneoflox-ArcTap vector and Venus PCR products, the fluorescent protein coding sequence was directionally cloned into pneoflox vector by ligation, resulting in pneoflox-ArcHA12-Venus vector (Figure 3.13).

Next, the pneoflox-ArcHA12-Venus vector was digested with XhoI and NotI to release ‘HA1-Venus-Neor-HA2’ cassette. This DNA fragment was then electroporated into EL350 competent cells that harbour the intermediate targeting vector, pTARGETER-Arc (constructed by E. Fernandes) which contains retrieved genomic sequence of Arc (Gene ID: ENSMUSG00000022602 Chromosome 15: region 74494937-74508362) (Figure 3.14). The transformed cells were incubated at 42 (C to induce the expression of recombinase and facilitate recombination between DNA fragment and the recipient plasmid. As a result, the final targeting vector pTARGETER-ArcVenus was created, in which Venus sequence is in-frame fused with the last exon of Arc/Arg3.1 gene (Figure 3.15). All junctions and genomic sequence of Arc/Arg3.1, as well as the coding sequence of Venus were confirmed by sequencing.
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Figure 3.13 Constructing Venus--pneoflox intermediate vector. The Venus (YFP) coding sequence together with the linker sequence were amplified by PCR and inserted into the pneoflox vector, replacing the TAP coding cassette by sequential enzymatic digestions of XbaI and BclI.
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Figure 3.14 Retrieving Arc/Arg3.1 genomic sequence from BAC by gap repair and construction of intermediate pTARGETER-Arc. The intermediate pTARGETER vector carrying HA3 and HA4 homology arms was linearized and transformed into EL350 cells containing the BAC DNA of Arc. The Arc genomic sequence was retrieved by homologous recombination, resulting in the pTARGETER-Arc vector.
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Figure 3.15 Construction of the final Arc-Venus targeting vector pTARGETER-ArcVenus. The Venus coding gene together with Neor cassette, flanked by HA1 and HA2 homology arms of Arc were excised from Venus-pneoflox vector by restriction enzyme digestions of XhoI and NotI. The DNA fragment was then transformed into EL350 cells harbouring pTARGETER-Arc as well as the encoding sequence for heat-inducible recombinase Red  α and β. By homologous recombination in EL350, the HA1-Venus-Neor-HA2 cassette was assembled into the pTargeter-ARc vector, resulting in the final targeting vector pTARGETER-ArcVenus.

3.3 Gene targeting and mouse generation
The above four targeting vectors were used to target the three MAGUKs (PSD-95, PSD-93 and SAP102) and Arc/Arg3.1 gene in E14Tg2A mouse embryonic stem (ES) cells, which were originated from 129P2/OlaHsd mouse strain (Hooper, M et al., 1987).  Each targeting vector was linearised by the digestion of an appropriate restriction enzyme that only recognizes and cuts at a single site on the backbone of the plasmid. One hundred microgram purified linear vector DNA was electroporated into the mouse ES cells. Targeted cells were cultured in ES media and G418 (Geneticin) incubation was usually performed for 8-10 days to select the positive ES clones that contain the Neor gene. Genomic DNA was extracted from individually picked ES cell colonies and long range PCR was applied using designed primer set to screen the correctly targeted ES clones. 

Targeted ES clones were injected into C57BL/6J mouse blastocysts. Injected embryos were then transferred into the uterine horns of an appropriate scheduled pseudopregnant female recipient mouse. Coat colour percentage was determined from 10 days after birth of the chimaeras. The ES cells derived from 129 mouse strain contain genes coding for a chinchilla coat colour, whereas the recipient C57BL/6J mouse carries genes that result in a black coat colour. Moreover, the chinchilla coat colour of 129 strain is dominant to the black coat colour of C57BL/6J strain. Therefore, when 129 ES cells are injected into C57BL/6J recipient blastocyst, the resulting chimaera will present patches of coat colours comprising dark grey and black. To start to establish the transgenic mouse colony, adult male chimaeras (~8 weeks old) with 60-70% chinchilla coat colour were selected to mate with C57BL/6J wildtype mice. Coat colours of offspring from this breeding will be either dark grey when 129 ES cells contribute to chimaeras’ germline or be black when C57BL/6J recipient blastocyst contributes to the germline. To confirm the genotypes, genomic DNA was extracted from all F1 progeny ear clip and genotyping PCR was performed using designed primer set. As expected, a proportion of chinchilla F1 pups were identified as heterozygous genotype in each mouse line. About 8 weeks old F1 heterozygous male mice were selected and bred with transgenic mice expressing Cre recombinase driven by the chicken beta actin promoter/enhancer coupled with a cytomegalovirus enhancer (CAG, imported from The Jackson Laboratory, ME stock number: 4682, CAG-Cre) or the human cytomegalovirus (CMV) promoter to excise the loxP site-flanked Neor selection marker 
 ADDIN EN.CITE 
(Schwenk, Baron et al. 1995; Hayashi and McMahon 2002)
. The Cre-mediated Neor cassette deletion in F2 generation was confirmed by genotyping PCR. Those F2 mice whose genotypes showed a mix partial deletion of Neo were backcrossed with C57BL/6J wildtype mice again to excise the selection marker. Those F2 or F3 heterozygotes were used as founder mice to establish the working mouse colony.

PSD95-EGFP

Two hundred and fifty eight G418 resistant ES cell colonies were picked and expanded. Genomic DNA was extracted from individually picked colonies and analyzed. To screen correctly integrated clones, long range PCR, which employed designed forward primer P1, which hybridises Neor cassette and reverse primer P6, which anneals with the genomic region of PSD-95 gene that is beyond the 3’ homology arm of the targeting vector (ENSMUSG00000020886, Chromosome 11, region: 69861278-69861299) (Figure 3.16 A). As a result, a product of 3388bp in size will be generated only if the engineered cassette correctly integrates into the PSD-95 gene locus. Two positive ES clones (AA1 and AD5) displaying the band with the expected size of ~3.4 kb were identified (Figure 3.16 B). The PCR products were further confirmed by enzymatic digestion to ensure the correctly targeted locus of PSD-95 (data not shown).  

Following blastocyst injection and chimaera generation, F1 progeny was genotyped by PCR using primer set P2, P3 and P5 (Figure 3.16 A). Primer P2 was designed to anneal with Neor cassette, whereas P3 was designed to hybridize to the last exon of PSD-95 gene (ENSMUSG00000020886, Chromosome 11, region:69858129-69858150). A reverse primer P5 hybridises to the 3’UTR region that is immediately after Neor cassette (ENSMUSG00000020886, Chromosome 11, region: 69858273-69858294). As a result, the wildtype allele will give rise to a product of 184bp, whereas the mutant allele will generate a 268bp product (Figure 3.16 C). Those chinchilla F1 pups that were genotyped to have both product bands (184 bp and 268 bp) were considered as successful germline transmitted heterozygotes. To remove the Neor cassette, the heterozygous PSD-95 EGFP/+ mice were bred with Cre recombinase expressing transgenic mice, driven by CMV or CAG promoter. The F2 progeny of this mating was genotyped by two PCR reactions. The first PCR reaction utilises primer set P2, P3 and P5 in order to detect any presence of Neor marker. The second PCR reaction was performed using primer set P4 and P5. Primer P4 is designed to hybridise to EGFP coding sequence. Therefore, in the absence of Neor gene, a PCR product of 377bp will be produced. Those mice that were genotyped and displayed only a wildtype band (184bp) and an EGFP band (377bp) were considered as heterozygotes with complete removal of Neor gene (data not shown).
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Figure 3.16 A) Schematic illustrations of the targeted genomic PSD-95 locus. The PSD-95 allele was targeted with the EGFP sequence inserted into its open reading frame and before its stop codon by homologous recombination. Recombination events are shown by dashed lines. neor: neomycin-resistance gene; DTA: diphtheria toxin gene. B) Example of long-range PCR screening results of correctly targeted ES clones (asterisk) using primers P1 and P6. C) Example of genotyping PCR results of genomic DNAs from PSD-95EGFP/+ and wildtype mice, using primers P2, P3 and P5.
SAP102-mKO2

About two hundred Geneticin-resistant ES colonies were individually picked and expanded until each clone reached a confluent growth in 48-well plate. Genomic DNA extracted from these colonies was subjected to a long range PCR for the screening of correctly targeted clones. A forward primer P1 was designed to hybridize to the genomic sequence of SAP102 that is beyond the 5’ homology arm of targeting vector (ENSMUSG00000000881, Chromosome X, region: 98009344-98009365). A reverse primer P4 was designed to anneal with the coding region of mKO2 (Figure 3.17 A). As a result, a product of 2551bp will be amplified only if the engineered cassette correctly integrates into the SAP102 gene locus (Figure 3.17 B). Four positive clones were identified by the long range PCR reaction and further confirmed by enzymatic digestion of the products as well as their full-length sequencing (data not shown).

After blastocyst injection with two positive ES clones (clone ID: BC8 and FD3), 9 chimaeric mice with high percentage (40% - 80%) of albino/chinchilla coat colours were generated. The F1 progeny mice were ear-clipped and tissue samples were then subjected to a genotyping PCR utilizing designed primer set P2, P6 and P5 to determine any individuals carrying germline transmission (Figure 3.17 A). Primer P2 was designed to hybridize to the Neor cassette, whereas primer P6 was designed to anneal with the last exon of SAP102 gene (ENSMUSG00000000881, Chromosome X, region:98011459-98011480). Similar to PSD95-EGFP genotyping strategy, a reverse primer P5 hybridises to the 3’UTR region of SAP102 gene that is immediately after Neor cassette (ENSMUSG00000000881, Chromosome X, region:98011753-98011777). As a result, the wildtype allele will give rise to a PCR product of 312 bp in size, whereas the mutant allele will generate a product of 192bp. Those chinchilla F1 pups that were genotyped to have both products (312bp and 192bp) were indentified as successful germline transmitted heterozygotes (Figure 3.17 C). F1 heterozygous SAP102mKO2/+ adult mice were further bred with the Cre recombinase expressing transgenic mice to remove Neor cassette. The progeny of this breeding was genotyped by two separate PCR reactions using designed primer set P2 and P5, P3 and P5, to identify the presence or absence of Neor cassette respectively. As shown in Figure 3.16A, primer P3 was designed to anneal with mKO2 coding sequence and primer P2 hybridises to the Neor cassette. Therefore, in the absence of Neor gene, only a 279bp product will be amplified from genotyping PCR (data not shown). 

Further confirmation of SAP102-mKO2 fusion protein expression by western blot, however, needs to be carried out in the future.
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Figure 3.17 A) Schematic illustrations of the targeted genomic SAP102 locus. The SAP102 allele was targeted with the mKO2 sequence inserted into its open reading frame and before its stop codon by homologous recombination. Recombination events are represented by dashed lines. neor: neomycin-resistance gene; DTA: diphtheria toxin gene. B) Example of long-range PCR screening results of correctly targeted ES clones using primers P1 and P4. C) Example of genotyping PCR results of genomic DNAs from SAP102mKO2/+ and wildtype mice, using primers P2, P5 and P6
PSD93-mCER

Approximately two hundred G418 resistant ES cell colonies were carefully picked and expanded. Genomic DNA was extracted from each individual clone and analyzed by long range PCR to determine correctly targeted clones. A similar design rationale to the screening SAP102-mKO2 targeted ES clones was employed. A forward primer P1 was designed to hybridize to the genomic sequence of PSD-93 that is beyond the 5’ homology arm of targeting vector (ENSMUSG00000052572, Chromosome 7, region: 99590866-99590890). A reverse primer P4 was designed to anneal with the coding region of mCER cassette (Figure 3.18 A). The correctly targeted ES clones therefore should give rise to a PCR product of 2.3kb in size, whereas no amplification product should be generated from the un-targeted wildtype clones. As a result, two positive clones were identified by the long range PCR reaction (Figure 3.18 B) and further confirmed by enzymatic digestion of the products as well as their full-length sequencing (data not shown).

Two correctly targeted PSD93-mCER ES clones (clone ID: 4B2 and 5A6) were then subjected to blastocyst injection and chimaeric mice generation. The F1 progeny pups derived from two chimaeric mice, which displayed 40%-60% chinchilla coat colour, were genotyped to determine germline transmission.  Similar to SAP102-mKO2 genotyping strategy, a primer set comprising an internal primer P2, hybridizing to the Neor cassette, and an external primer P5, annealing with the 3’UTR region that is immediately after Neor cassette (ENSMUSG00000052572, Chromosome 7, region: 99593152-99593176) was designed and utilized. Therefore the mutant allele carrying the Neor gene should give rise to a PCR product in size of 126bp, while no PCR product should be generated from the wildtype allele (Figure 3.18 C, left panel). Those F1 pups that were genotyped to present the 126bp product were considered as germline transmitted heterozygotes. F1 heterozygous PSD-93mCER/+ mice were further bred with Cre-recombinase expressing transgenic mice to remove the Neor cassette. The offsprings of this breeding were genotyped by two separate PCR reactions using designed primer set P2 and P5, P3 and P5, to identify the presence of Neor or mCER coding sequence, respectively. As shown in Figure 3.17A, primer P3 was designed to anneal with mCER coding sequence and primer P2 hybridises to the Neor cassette. Therefore, upon the complete removal of Neor gene, a 215bp product will be amplified from genotyping PCR. (Figure 3.18 C, right panel)

Further confirmation of PSD93-mCER fusion protein expression by western blotting needs to be carried out in the future.
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Figure 3.18 A) Schematic illustrations of the targeted genomic PSD-93 locus. The PSD-93 allele was targeted with the mCER sequence inserted into its open reading frame and before its stop codon by homologous recombination. Recombination events are represented by dashed lines. neor: neomycin-resistance gene; DTA: diphtheria toxin gene. B) Example of long-range PCR screening results of correctly targeted ES clones using primers P1 and P4. C) Example of genotyping PCR results of genomic DNAs from PSD-93mCER/+ (carrying the neor gene) and wildtype mice using primers P2 and P5, as well as PSD-93mCER/+ (after removing the neor gene) mice using primers P3, P5 and P6.
Arc-Venus

Genomic DNA extracted from ~200 individually picked G418-resistant ES clones was analyzed by long range PCR. A forward primer (internal primer P1) was designed to hybridize to the Neo cassette, a reverse primer (external primer P6) was designed to anneal with the genomic region of Arc/Arg3.1 gene that is beyond the 3’ homology arm of the targeting vector (ENSMUSG00000022602, Chromosome 15, region: 74497407-74497431) (Figure 3.19 A). Therefore, a product of 4625 bp in size will be generated only if the engineered cassette correctly integrates into the Arc gene locus. Eleven positive clones were identified by the long range PCR (Figure 3.19 B) and further confirmed by the enzymatic digestion of these PCR products (data not shown).

Blastocyst injections were carried out using two correctly targeted Arc-Venus ES clones (clone ID: DD4 and EB4). Two chimaeric mice with high percentage (40%-60%) chinchilla/albino colours were generated. The F1 progeny pups of these chimaeric mice were genotyped to determine germline transmission utilizing a designed primer set P2, P3 and P5 (Figure 3.19 A). A forward primer P2 was designed to hybridize to the Neor cassette, while a second forward primer P3 was designed to hybridize to the last exon of Arc gene (ENSMUSG00000022602, Chromosome 15, region: 74501632-74501656). A reverse primer P5 was designed to anneal with the 3’UTR region that is immediately after the Neor cassette (ENSMUSG00000022602, Chromosome 15, region: 74501515-74501539). As a result, the mutant allele carrying the Neor gene should give rise to a PCR product in size of 337 bp, whereas the wildtype allele should generate a product with a size of 261 bp from the genotyping PCR. Those F1 pups which showed the presence of both products (337 bp and 261 bp) were considered as successful germline transmitted heterozygous mice (Figure 3.19 C, left panel). F1 heterozygous ArcVenus/+ adult mice were bred with Cre-recombinase expressing transgenic mice to remove the Neor cassette. The progeny of this breeding were firstly genotyped by a PCR reaction using designed primers P2 and P5, to determine the presence or absence of Neor cassette. Upon a complete removal of Neor gene, no PCR product should be generated (data now shown). Those genomic DNA samples showing the absence of Neor gene were then subjected to a second genotyping PCR using designed primers P4 and P5. The forward primer P4 was designed to hybridize to Venus coding sequence. As a result, the mutant allele with a complete removal of Neor gene will give rise to a product of 358 bp (Figure 3.19 C, right panel).
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Figure 3.19 A) Schematic illustrations of the targeted genomic Arc locus. The Arc allele was targeted with the Venus (YFP) sequence inserted into its open reading frame and before its stop codon by homologous recombination. Recombination events are shown by dashed lines. neor: neomycin-resistance gene; DTA: diphtheria toxin gene. B) Example of long-range PCR screening results of correctly targeted ES clones (asterisk) using primers P1 and P6. C) Example of genotyping PCR results of genomic DNAs from ArcVenus/+ that carry neo cassette and wildtype mice, using primers P2, P3 and P5, as well as ArcVenus/+ mice (after removing neo cassette) using primers P3, P4 and P5.
Chapter 4 
Verification and general expression of PSD95-eGFP in the knockin mouse brain
Accumulating evidence suggest that PSD-MAGUK family proteins play essential roles in various fundamental neural processes underlying learning and memory. PSD-95 is a major member of the MAGUK family and has been identified as one of most abundant components at the PSD 
 ADDIN EN.CITE 
(Cheng, Hoogenraad et al. 2006)
. As a major scaffolding protein at the postsynaptic sites, PSD-95 interacts with many key constituent PSD proteins including NMDA receptors, adhesion molecules and signalling enzymes. Biochemical analysis showed that the first two PDZ domains of PSD-95 binds to the C-terminal tails of NMDA receptor GluN2A or GluN2B subunits, thus it is believed to be critical for the clustering and synaptic anchoring of NMDA receptors 
 ADDIN EN.CITE 
(Lau, Mammen et al. 1996; Muller, Kistner et al. 1996; Garcia, Mehta et al. 1998; Leonard, Davare et al. 1998; Sans, Racca et al. 2001; Cai, Coleman et al. 2002)
. Moreover, immunohistochemistry and ultrastructural studies that examined the temporal expression profiles of NMDA receptors and associated PSD-MAGUKs found that the expression levels of GluN2A increased at a later developmental stage and coincided with PSD-95 expression. Co-immunoprecipitation analysis also showed that slightly more PSD-95 associated with GluN2A subunit, suggesting there might be a binding preference between PSD-95 and GluN2A subunits 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
. It is also believed that PSD-95 is an important regulator for synaptic strength by controlling AMPA receptor numbers at the synapse 
 ADDIN EN.CITE 
(Elias, Funke et al. 2006)
. Overexpressing PSD-95 in dissociated neurons and organotypic slice cultures not only drives maturation of glutamatergic synapses but also enhances the synaptic clustering of AMPA receptors. On the other hand, the mutant mice lacking functional PSD-95 protein exhibited enhanced LTP despite normal synaptic structures appeared in the adult mutant mice. Although many biochemical and electrophysiological analysis data of PSD-MAGUK proteins have provided substantial mechanistic knowledge, little is known about their precise in vivo subcellular distributions at single synapses under the physiological conditions. 

In this chapter, I will first describe the validation of PSD95-EGFP targeted ES cell clones by an in vitro differentiation assay. The in vivo expression of the fusion protein was also confirmed by western blot and immunofluorescent microscopic analysis of PSD95-eGFP expression in knockin mice brains. The last part of this chapter examines the distribution of PSD95-eGFP together with the NMDA receptor GluN2A subunits, as well as the subcellular distribution of three PSD-MAGUK family members (PSD-95, PSD-93 and SAP102) at individual synapses by immunohistochemistry on forebrain slices of PSD-95EGFP/EGFP knockin mice.

4.1 In vitro differentiation of PSD-95EGFP/+  ES cell-derived neurons (ESNs)

Using gene targeting technique, a PSD95-EGFP targeting vector was generated and two PSD95-EGFP ES clones were isolated (described in Chapter 3). Previous studies have shown that PSD-95 expression is low during late embryonic stage and early postnatal life, but greatly increased within one month of age 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
. To quickly examine the cellular expression level of PSD95-eGFP fusion protein, an in vitro assay to generate mature neurons that are differentiated from mouse ES cells was performed, according to a well-established protocol (see Chapter 2). 

Wildtype and PSD-95EGFP/+ targeted ES cells were cultured and induced to differentiated into neurons as described in Chapter 2. Live cell fluorescent images were acquired at different time points after the induction of differentiation. It is found that, at 13 days in vitro, these cells grown in neuronal differentiation media displayed typical neuronal cell morphology, whereas no green fluorescence was detected (Figure 4.1 upper left panel). At 21 days in vitro, these cells showed occasional EGFP-positive punctuate structures with weak fluorescent intensity (Figure 4.1 upper right panel). After 39 days grown in vitro, cultured cells showed greatly increased level of GFP fluorescence. (Figure 4.1 bottom panels)  These data demonstrate that the targeted ES cell-derived neurons (ESNs) appear to present stable and robust expression of PSD95-eGFP at approximately 21 days after differentiation. These results are consistent with previous studies 
 ADDIN EN.CITE 
(Okabe, Kim et al. 1999; Marrs, Green et al. 2001)
, suggesting that the in-frame fusion of PSD-95 with eGFP fluorescent tag does not alter the cellular expressions of endogenous PSD-95 in neurons.
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Figure 4.1 Expression of PSD95-eGFP in ES cells derived neurons (ESNs). The green fluorescent images are superimposed onto the transmitted confocal images (upper and bottom left panels). All green fluorescence shown in figure are images from direct detection of EGFP signals. At 13 days in vitro, cells grown in vitro displayed typical neuronal cell morphology, whereas no obvious green fluorescence was detected (upper left panel). At 21 days after differentiation, occasional EGFP-positive punctuates can be detected in the cultured cells (upper right panel), whereas after 39 days grown in vitro, these ESNs showed significantly increased level of green fluorescence (bottom panel). Scale bar: 25 (m.

4.2 Post-synaptic localization of PSD95-eGFP in targeted ESNs

To further examine the fluorescent punctate structures observed in targeted PSD-95EGFP/+ ESNs accurately reflect the postsynaptic localization of PSD-95, immunocytochemistry experiments on PSD-95EGFP/+ ESNs were performed.  Thirty three days after differentiation, cultured cells were fixed and stained using an anti-GFP antibody. As shown in Figure 4.2, the specific subcellular distribution of PSD95-eGFP fusion proteins was examined by labelling with antibodies to a presynaptic marker, Synaptophysin and a dendritic marker, MAP2.  As shown in Figure 4.2A and B, bright, discrete GFP-positive puncta were present on processes that were immunoreactive (IR) for MAP2, but were absent from control wildtype ESN cells. In addition, the majority of GFP-positive puncta were in close opposition to presynaptic terminals that were immunolabelled with Synaptophysin antibody. Taken together, these results suggest that in targeted ESNs, PSD95-eGFP localise to the sites opposing to the pre-synaptic terminals. 

Next, to confirm the subcellular localization of PSD95-eGFP at postsynaptic sites, immunofluorescent staining experiments using antibodies to GluR1 and SAP102 which are both known to localise at the postsynaptic side of synapses were performed 
 ADDIN EN.CITE 
(Muller, Kistner et al. 1996; Richmond, Irving et al. 1996)
. Most of the GFP-positive puncta colocalize with SAP102 immunoreactivity (Figure 4.2 C and inset), consistent with the staining pattern attained when using an antibody to endogenous PSD-95 in wildtype ESNs (data not shown). Similarly, double labelling with GFP and GluR1 antibodies also displayed their colocalization within most synapses (Figure 4.2 D and inset).

In summary, these data confirm that in the targeted ESNs, PSD95-eGFP is localized to the postsynaptic site of synapses. Furthermore, these results suggest that the in-frame insertion of an EGFP fluorescent tag into the PSD-95 genomic locus is highly unlikely to alter the expression of endogenous protein.
Finally, to confirm the effect of the targeted mutation on PSD-95, total protein was extracted from dissected forebrains of adult wildtype and PSD-95EGFP/+ heterozygote mice and analysed by western blotting using antibodies raised against endogenous PSD-95 or GFP. As shown in Figure 4.2E, probing with the GFP antibody showed a specific band at ~110 kDa in the PSD-95EGFP/+ mutant, whereas no bands were detected in the wildtype samples (Figure 4.2 E, left panel). While blotting with PSD-95 antibody, two bands of approximately 90 kDa and 110 kDa were robustly detected in both wildtype and PSD-95EGFP/+ heterozygous mice, moreover, the PSD-95EGFP/+ mutant displayed a slight increase of the moleulcar weight of PSD-95 bands. 
Taken together, these data demonstrate that replacing the endogenous PSD-95 protein with a PSD95-eGFP fusion protein does not affect its expression pattern either in vitro or in vivo. Thus, these results indicate that PSD95-eGFP is a reliable marker for monitoring endogenous PSD-95 protein and validate our experimental approaches. 
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Figure 4.2 Postsynaptic localization of PSD95-eGFP in ESNs and fusion protein expression in PSD-95EGFP/+ mice brain by western blotting. (A and B) Wildtype and PSD95-EGFP ESNs are immunostained with anti-GFP (green), anti-Synaptophysin (red) and anti-MAP2 (blue) antibodies. (A) In wildtype ESNs, no GFP staining was observed. (B) In PSD95-EGFP expressing ESNs, the synaptophysin staining puncta are in close opposition with GFP-positive puncta (inset, arrowhead). (C) Image shows cultured PSD95-EGFP ESNs stained with anti-GFP (green), anti-SAP-102 (red) and anti-MAP2(blue) antibodies. Arrowheads in the boxed region show that GFP-immunoreactive puncta are colocalized with SAP-102 staining. (D) PSD95-EGFP ESNs were stained using antibodies to GFP(green), GluR1(red) and MAP2(blue). Arrowheads in insets show GFP staining colocalizes with GluR1-positive puncta. Note that in panel (C )and (D), colocalization of PSD95-EGFP with SAP-102 or GluR1 only appears in a fraction of synapses. Insets are 4x magnification of the images. Scale bar (A-D): 20 (m. E) Left panel shows western blot of total forebrain protein extract probed with GFP antibody in wildtype and PSD-95EGFP/+ heterozygous mice. Right panel shows western blot of total forebrain protein extract probed with PSD-95 antibody in wildtype and PSD-95EGFP/+ heterozygous mice.
4.3 Overall distribution of PSD95-eGFP in the knockin mouse brain
A strain of knockin mouse line expressing PSD95-eGFP fusion protein in place of the wildtype PSD-95 was created as described earlier in Chapter 3. The homozygous and heterozygous mutants display normal development, body weight, life span and behaviour.

To examine the overall distribution of PSD95-eGFP in the mouse brain, acute coronal sections from adult PSD-95EGFP/+ heterozygous and wildtype mice were visualized using a fluorescent dissection microscope. As shown in Figure 4.3A, PSD-95EGFP/+ brain slices displayed prominent, bright green fluorescence, whereas only weak fluorescence was detected from the wildtype slice. Notably, increased GFP fluorescent signals were seen in the forebrain region including cerebral cortex and hippocampus.

To further investigate the general distribution pattern of PSD95-eGFP fusion protein, direct green fluorescence of fixed sagittal sections from adult PSD-95EGFP/EGFP homozygous animals were visualized on a light fluorescence microscope. As shown in Figure 4.3B, the anatomical architecture of the brain was normal in homozygous mice. Many regions of the brain displayed differential GFP fluorescent intensities (Table 4.1). Similar to that seen with the acute coronal sections, higher fluorescence intensity levels of PSD95-eGFP were detected in the mutant forebrain including cerebral cortex, hippocampus and striatum. Moderate fluorescence levels were observed in the thalamus and hypothalamus, whereas weak fluorescent signal was detected in other anatomical regions including olfactory bulb, midbrain, cerebellum and medulla oblongata. This pattern strongly resembles the previous immunohistochemical findings using PSD-95 antibody (Fukaya and Watanabe 2000).  

Interestingly, different from the findings of Fukaya and colleagues, significant variations in PSD95-eGFP expression levels were detected between the CA1 and CA3 subregions of hippocampus, with stronger fluorescence in the CA1 but relatively weaker fluorescence detected in the CA3 area. It was also noted that in the cerebellum, different distribution patterns of PSD95-eGFP between the molecular and granular layers were evident (Figure 4.3). 
To further assess PSD95-eGFP distributions in several anatomical regions including the thalamus, hypothalamus, cortex, hippocampus and cerebellum, a more detailed analysis by laser scanning confocal microscopy was undertaken. As Figure 4.4 shows, green fluorescent signals of the fusion protein in these regions were all detected as tiny punctate structures in views of higher magnification. Intense and densely packed GFP-positive puncta were detected in the cortex and hippocampus (Figure 4.4 a and d). In contrast, relatively sparsely distributed GFP-positive puncta with weaker fluorescence were observed in the thalamus and hypothalamus (Figure 4.4 b and c).  In addition, apparent differences in the distribution pattern of GFP-positive puncta between the molecular layer and granular layer of cerebellum were also found, with bright and more densely concentrated GFP puncta in the granular layer and more sparsely located GFP puncta in the molecular layer (Figure 4.4 e and f).

In summary, the overall distribution of PSD95-eGFP in the knockin mice brain was consistent with the previous in situ hybridization and immunohistochemistry studies of PSD-95 (Fukaya and Watanabe 2000), suggesting that the PSD95-eGFP fusion protein is able to faithfully recapitulate the in vivo expression of endogenous PSD-95.
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Figure 4.3 Overall distribution of PSD95-eGFP fusion protein in the mutant mouse brain.  (A) Direct fluorescence microscopy of acute brain slices from adult PSD-95EGFP/+ heterozygote and wildtype mice reveals prominent and bright green fluorescence in the mutant compared to the wildtype control. (B) Low-power fluorescent micrograph montage demonstrating the overall distribution of PSD95-eGFP protein in the adult PSD-95EGFP/EGFP homozygous mouse. Various brain regions are indicated (see abbreviations). Note strong GFP fluorescence is observed in the forebrain area including cerebral cortex, hippocampus and caudate-putamen (striatum). Abbreviations: OB, olfactory bulb; Cx, cerebral cortex; CP, caudate-putamen; Hi, hippocampus; Th, thalamus; Hy, hypothalamus; Mb, midbrain; Cb, cerebellum; MO, medulla oblongata. Scale bar: 0.5 mm.
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Table 4.1 Overall distribution patterns of PSD95-eGFP in the adult PSD-95EGFP/EGFP knockin mouse brain.
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Figure 4.4 Higher magnifications of in various brain regions of adult PSD-95EGFP/+ heterozygote showed GFP expression as puncta-like clusters. (a and a’) Higher magnification of PSD95-eGFP in cerebral cortex. (b and b’) PSD95-eGFP expression in thalamus. (c and c’) PSD95-eGFP expression in hypothalamus. (d and d’) PSD95-eGFP expression in hippocampus (CA1 region). (e and e’) PSD95-eGFP expression in the cerebellum, granule cell layer. (f and f’) PSD95-eGFP expression in the cerebellum, molecular layer. 

4.4 Detailed morphology of PSD95-eGFP clusters in the mouse hippocampus

The distribution of PSD95-eGFP in the hippocampus was investigated in more detail by laser scanning confocal microscopy. Low magnification direct fluorescence images were acquired from fixed PSD-95EGFP/EGFP brain slices. In the CA1, CA3 and dentate gyrus (DG) regions, bright GFP fluorescence was found exclusively in the dendritic layers of each regions including stratum radiatum, stratum oriens, stratum lucidum and the molecular layer of DG, whereas only weak GFP fluorescence was observed in the cell body layers of three subregions, as shown in Figure 4.5. Notably, high levels of GFP fluorescence were observed in the stratum radiatum and stratum oriens of CA1 region, whereas less green fluorescence was detected in the corresponding layers of the CA3 area (Figure 4.5 A, D and G).

Higher magnification images were then acquired from the stratum radiatum of CA1 region as well as the stratum lucidum of CA3 region, as shown in Figure 4.6. Bright green fluorescence of PSD95-eGFP was detected as tiny, puncta-like clusters situated along the neuronal processes in these subregions. Weaker GFP fluorescence signals were also found in the cell bodies and dendritic processes (Figure 4.6 A’’ and B’’). In contrast to the densely packed, intensely fluorescent eGFP clusters in the CA1 region, PSD-95 puncta in the CA3 regions displayed decreased fluorescence intensity. In addition, these PSD-95 clusters seemed to be arranged in a more loosely packing manner (Figure 4.6 A’’ and B’’).  

The PSD95-eGFP distributions in the dendritic layers of hippocampus and its puncta appearance is consistent with previous findings using antibodies against endogenous PSD-95 (Fukaya and Watanabe 2000), thus suggesting that the cluster morphology of PSD95-eGFP may reflect its concentrated expression at synapses in vivo.  
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Figure 4.5 PSD95-eGFP expression in different subregions of the mouse hippocampus (low magnification). (A-F) shows CA1 subregion, (G-I) shows CA3 subregion, (J-L) shows the dentate gyrus of hippocampus. Abbreviations: SO, stratum oriens; SR, stratum radiatum; LMol, stratum lacunosum moleculare; SLu, stratum lucidum; Py, pyramidal cell layer; PL, polymorphic layer; GL, granule cell layer; ML, molecular layer. Scale bar: 50 (m
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Figure 4.6 Detailed morphology of PSD95-eGFP clusters in CA1 and CA3 regions of the mouse hippocampus. (A) High magnification images of PSD95-eGFP expression in the CA1 region. A’ and A’’ are 3 to 5 fold zoomed-in images of (A). (B) High magnification of PSD95-eGFP expression in the CA3 region. (B’ and B’’) 3 to 5 fold zoomed-in images of (B). Note that apart from the intense, bright fluorescence signals of puncta, relative weak and diffuse green fluorescence was also detected inside the neuropil (A’’ and B’’).  Scale car: A, 10 (m; A’’, 5 (m.
4.5 Postsynaptic localization of PSD95-eGFP in the mouse brain
To further characterize the subcellular localization of PSD95-eGFP, I performed immunofluorescence staining experiments on the PSD95-EGFP knockin mutant mice. Brains of adult mutants were fixed by 4% PFA perfusion and sectioned by microtome with a freezing stage into coronal or sagittal slices. To label the dendritic or synaptic structures, forebrain slices were immuno-stained using antibodies against MAP2, a dendritic marker or Synaptophysin, a general presynaptic marker. The PSD95-eGFP fusion protein was visualized by direct green fluorescence. As shown in Figure 4.7, confocal fluorescence images revealed that the GFP fluorescence occurred as ‘beads on a string’ with intense puncta discontinuously locating along the MAP2-immunoreactive (IR) (dendritic) processes (Figure 4.7A inset). In addition, most of the GFP positive puncta were situated in close opposition to or partially overlapping with the synaptophysin-IR puncta, generating the merging yellow spectrum within their interface (Figure 4.7B inset). These results suggest that the PSD95-eGFP is likely localized to postsynaptic sites. 

Several lines of evidence indicated that PSD-95 is a major component of the PSD at excitatory glutamatergic synapses (Keith and El-Husseini 2008). To further investigate whether the PSD95-eGFP fusion protein is localized to the postsynaptic site of excitatory synapses, two rounds of immunofluorescence staining experiments on fixed forebrain sections of adult PSD-95EGFP/EGFP mice were carried out. The vesicular gluatamate transporter1 (VGluT1) was previously reported as a major excitatory presynaptic protein predominantly expressed in the forebrain including cortex and hippocampal subregions 
 ADDIN EN.CITE 
(Fremeau, Voglmaier et al. 2004)
, while the vesicular GABA transporter (VGAT) is found highly concentrated at the presynaptic terminals of GABAergic inhibitory neurons throughout the brain 
 ADDIN EN.CITE 
(Chaudhry, Reimer et al. 1998)
. Therefore, to distinguish excitatory and inhibitory synapses, antibodies against VGluT1 or against VGAT respectively, were used on the mutant brain slices. The staining pattern of VGluT1, which were intense in the dendritic layers of the hippocampus and much reduced intensity in the pyramidal cell body layers, is a characteristic marker of excitatory synapses. As shown in Figure 4.7 C, D and E, high-power fluorescence images showed that the majority of eGFP puncta were situated closely adjacent to VGluT1-positive puncta in the hippocampus and cortex. In contrast, VGAT immunofluorescence displayed a typical intense staining in the pyramidal cell body layer, and much lower immunoreactivity at the dendritic layers of hippocampus (Figure 4.7 F and G). Such general distribution pattern of VGAT is in striking contrast to the distribution of PSD95-eGFP as described in the earlier part of this chapter. Moreover, higher magnification images showed that the VGAT-IR puncta were not found apposed to the GFP-positive puncta (Figure 4.7 F, G and H insets).

In summary, consistent with previous findings that PSD-95 is localized to the postsynaptic sites of excitatory synapses, these results further confirm that the PSD95-eGFP fusion protein faithfully recapitulates the in vivo subcellular localization of endogenous PSD-95.
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Figure 4.7 Represensitive double immunofluorescence confocal images of PSD95-eGFP in forebrain slices. (A) Confocal images of immunofluorescence staining with MAP2 antibody (right panel in red) combined with direct eGFP green fluorescence (right panel in green) in the CA3 region of hippocampus. The discontinuous, tiny eGFP fluorescent puncta were located along the MAP2-IR stainings. (B) Confocal images of immunofluorescence staining with synaptophysin antibody (right panel in red) together with direct eGFP fluorescence (in green) in the cortex. Most of the eGFP puncta was located closely adjacent to synaptophysin-positive stainings. (C-E) Represensitive confocal fluorescence images in the hippocampal CA1 (C), the hippocampal CA3 (D), and cortex region (E) with immuno-labelling with VGluT1 antibody (in red) combined with direct eGFP fluorescence detection (in green) as well as DAPI staining (in blue) to visualize the cell nuclei. Most of the eGFP puncta were in close opposition to the VGluT1-immunoreactive puncta. (F-H) Represensitive confocal fluorescence images acquired from the hippocampal CA1 (F), the hippocampal CA3 (G) and cortex region (H) using antibody against VGAT (in red) to label inhibitory presynaptic terminals. The PSD95-eGFP fusion proteins were visualized by direct GFP fluorescence (in green), DAPI staining (in blue) was applied to visualized cell nuclei. Scale bar: A and B, 20 (m; C-H, 10 (m.

4.6 Expression of PSD95-eGFP in cultured cortical neurons
Direct fluorescence together with immunocytochemistry experiments on brain slices have so far shown that PSD95-eGFP localizes to the postsynaptic sites of excitatory synapses in vivo. However, the exact in vitro subcellular distribution of PSD95-eGFP in primary neurons is still unclear. Immunocytochemistry studies using PSD-95 antibodies have revealed that PSD-95 is localized at postsynaptic sites in cortical neurons 
 ADDIN EN.CITE 
(El-Husseini, Schnell et al. 2000)
. Therefore, it is expected that PSD95-eGFP will also display a postsynaptic distribution in the primary culture from knockin mice. This was tested with primary neuronal cultures of dissociated embryonic brain tissues from PSD-95EGFP/EGFP mutants. PSD-95EGFP/EGFP cortical neurons were morphologically indistinguishable from wildtype cells and displayed normal neuronal development. Weak green fluorescence appeared as early as 7 days growth in vitro (DIV) and was detected as diffuse signals distributing across the cytoplasm including the soma and neurite (Figure 4.15A).  At 14 days in vitro growth (DIV14), the GFP fluorescence was detected as clear, bright puncta located along the neuronal processes (Figure 4.8). To confirm that the distribution of PSD95-eGFP in primary neurons mirrored that of endogenous PSD-95, mature neuronal cultures fixed at DIV14 and immunostained with antibodies against VGluT1 or the NMDA receptor subunit GluN1 (also known as NR1), respectively. As expected, the VGluT1-positive puncta were closely opposed to GFP-positive puncta (Figure 4.8 upper panel inset). In comparison, immunostaining with GluN1 revealed many of the GFP positive puncta overlapped with those of GluN1-IR (Figure 4.8 bottom panel, inset).

In summary, consistent with previous findings that PSD-95 is localized to the postsynaptic site of excitatory synapses, these results further confirm that the PSD95-eGFP fusion protein precisely reflects the endogenous PSD-95 localization both in vivo and in vitro. 
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Figure 4.8 Subcellular distribution of PSD95-eGFP in primary cortical neurons. (A) PSD-95EGFP/EGFP primary neurons are immunostained with anti-GFP (in green) and anti-VGluT1 (in red) antibodies. Inset shows that the GFP-IR puncta are in close opposition with the VGluT1-IR puncta. (B) PSD-95EGFP/EGFP primary neurons are immunostained with anti-GFP (in green) and anti-NR1 (in red) antibodies. Boxed region shows that the GFP-IR puncta are colocalized with the NR1-IR puncta. Scale bar: 10 μm.
4.7 Expressions of PSD95-eGFP and glutamatergic receptors in the knockin mouse brain

Although SAP-97 is the only PSD-MAGUK family member identified to directly interact with AMPA receptor subunit GluR1 and is responsible for its clustering at mature synapses 
 ADDIN EN.CITE 
(Kim, Naisbitt et al. 1997)
, several lines of evidence suggest that PSD-95 is required for AMPA receptor targeting to the cell surface (Schnell, Sizemore et al. 2002). Schnell et al, used organotypic slice cultures combined with biolistic transfection of GFP-tagged proteins in hippocampal pyramidal neurons showed that the number of synaptic AMPA receptors is regulated by PSD-95 and such regulation effects through the interaction between PSD-95 and a synaptic protein, stargazin, which belongs to the transmembrane AMPA receptor regulating protein (TARP) family. Therefore, it would be helpful to know whether AMPA receptors have a similar regional expression pattern to PSD95-eGFP.

PSD-95EGFP/EGFP knockin mice display a characteristic distribution pattern of PSD95-eGFP fusion protein, showing varied fluorescence intensity in different brain regions. To examine whether AMPA receptors have a similar distribution pattern as PSD95-eGFP, immunohistochemical analysis was performed on fixed brain slices of PSD95-EGFP knockin mice. An antibody against GluR1 was used to label the AMPA receptor subunit 1 and PSD95-eGFP was visualized by direct green fluorescence. As shown in Figure 4.9, intense GluR1 labelling was found in almost all the subregions of the hippocampus, cerebral cortex and the molecular layer of cerebellum, which is consistent with the previous findings 
 ADDIN EN.CITE 
(Martin, Blackstone et al. 1993; Wenthold, Petralia et al. 1996; Douyard, Shen et al. 2007)
. In contrast to GluR1, PSD95-eGFP displayed varied fluorescence levels in different subregions of the hippocampus, thus yielding a colour spectrum, from a bright yellow colour in the CA1 subregion, suggestive of high levels of both PSD95-eGFP and GluR1, to a more reddish colour in the CA3 and dentate gyrus subregions, suggestive of greater GluR1 expression than PSD95-eGFP (Figure 4.9A). Such differential distribution patterns between PSD-95 and GluR1 were also detected in other brain regions such as cerebral cortex and cerebellum (Figure 4.9 B and C). Although more detailed investigations including immunocytochemical and biochemical analysis of their cellular colocalizations are needed, the differential distribution patterns of PSD-95 and GluR1 suggest that the expression of GluR1-containing AMPA receptors in different brain regions might be regulated by distinct types of scaffolding MAGUK proteins. 
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Figure 4.9 Double fluorescence images of PSD95-eGFP with GluR1 immuno-labelling. PSD95-eGFP was detected by direct fluorescence (in green), AMPA receptor subunit 1 was immuno-labelled using antibody against GluR1 (in red), neuronal nuclei were counter stained by DAPI (in blue). (A) shows the fluorescence micrograph of hippocampus. (B) shows the immunofluorescence image of the cortex. (C) shows the immunofluorescence image of the cerebellum. Scale bar: 100 (m.

It is well known that all three PSD-95 family members (PSD-95, PSD-93 and SAP102) are capable of binding to the NMDA receptor GluN2 (NR2) subunits. Some findings suggest that PSD-95 appears to bind preferentially to GluN2A(NR2A)-containing NMDA receptors 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
, however, evidence from the co-immunoprecipitation studies is relatively weak due to the indirect estimations based on the usage of different antibodies. Therefore, to assess whether the PSD-95-GluN2A association occurs in the adult mouse forebrain, PSD95-eGFP distribution pattern was compared with that of the NMDA receptor GluN2A subunit by immunofluorescence staining. 

Parasagittal forebrain slices from PSD-95EGFP/EGFP mutant mice were fixed and immuno-stained using an antibody against the NMDA receptor subunit GluN2A. PSD95-eGFP was detected by direct green fluorescence. Initial analysis at a low magnification showed that the overall distribution of PSD95-eGFP and GluN2A displayed a similar spatial expression pattern in the hippocampus and cortex (Figure 4.10A). Both PSD95-eGFP and GluN2A displayed strong fluorescence in the CA1 subregion and lower fluorescence intensity in the CA3 subregion of the hippocampus (Figure 4.10A, upper panel). When examined by high-magnification confocal microscopy, most of the GluN2A immunolabelling showed clear puncta-like structures, yet some immunoreactivity was also detected in the soma (Figure 4.10 B). Interestingly, detailed imaging analysis revealed that only a small proportion (~20%) of GluN2A-immunopositive puncta were colocalized with PSD95-eGFP positive puncta in the forebrain area including the cortex and hippocampus (Figure 4.10 C and Figure 4.11).
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Figure 4.10 Double fluorescence images of PSD95-eGFP with GluN2A (NR2A) immuno-labelling on forebrain sections. PSD95-eGFP was detected by direct green fluorescence (in green), NMDA receptor subunit GluN2A (NR2A) was immuno-labelled by an antibody against NR2A (in red), cell nuclei were counter stained by DAPI (in blue). (A) demonstrates the general distribution of PSD95-eGFP and NR2A in the hippocampus (upper panel) and cortex (bottom panel). (B) Immunofluorescence confocal images showing PSD95-eGFP and NR2A subcellular distribution in the cortex, CA1 and CA3 subregions of the hippocampus. (C) High magnification (5-fold magnified) confocal immunofluorescence images corresponding to image panel B. Note that only a small proportion of NR2A-immunopositive puncta were colocalized with PSD95-eGFP positive puncta in the forebrain. Scale bar: A) 1mm, B) 20 μm.
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Figure 4.11 Quantification of PSD95-eGFP positive and NR2A-immunoreactive puncta number in the mouse forebrain. Only a small fraction (~20%) of GluN2A-immunopositive puncta was colocalized with PSD95-eGFP positive puncta in the cortex and hippocampus.

4.8 Distributions of PSD95-eGFP, PSD-93 and SAP102 in the mouse brain

Previous studies have shown that the three PSD-MAGUK proteins (PSD-95, PSD-93 and SAP102) exhibit different cellular and subcellular distributions and that their mRNA levels in various brain regions 
 ADDIN EN.CITE 
(Fukaya, Ueda et al. 1999; Fukaya and Watanabe 2000)
. To determine whether any difference in the distributions of different PSD-MAGUK can be detected in the mutant mice, a double fluorescence immunohistochemistry experiment was undertaken using adult PSD-95EGFP/EGFP mouse brains and a monolconal antibody raised against mouse PSD-93. PSD-95EGFP/EGFP knockin mutant brains were perfused and fixed by 4% PFA. After incubating in 30% sucrose 24 to 48 hours for cryoprotection, the fixed brain samples were sectioned into para-sagittal slices using a sliding microtome equipped with a freezing stage. After sectioning, the slices were immunostained with a specific anti-PSD-93 antibody (Appendix Figure A8 for antibody specificity) and visualized in red fluorescence to compare its distribution pattern with that of PSD95-eGFP. The PSD95-eGFP fusion protein was detected by direct green fluorescence under the low-magnification. Figure 4.12 shows the regional expression patterns of PSD95-eGFP as well as PSD-93 immunoreactivity. Similar to the overall distribution pattern of PSD95-eGFP, PSD-93 also displayed a strong staining pattern of high fluorescence intensity in the forebrain area including the cortex and hippocampus (Figure 4.12 A and B). However, some regional differences between PSD95-eGFP and PSD-93 were detected, for instance, within the cerebellum, moderate levels of PSD95-eGFP were observed in the granule cell layer and molecular layer whereas no fluorescent signal was detected in the Purkinje cell layer. In contrast, PSD-93 immunostaining displayed strong fluorescent levels in the cerebellar molecular layer and Purkinje cell layer, while very weak fluorescence was detected in the granule layer (Figure 4.12 C). 

Within the hippocampus, subregional differences in distribution between PSD95-eGFP and PSD-93 were also observed (Figure 4.12A).  PSD95-eGFP fusion proteins showed a clear expression bias in the CA1 over CA3 subregion, whereas the PSD-93 immunoreactivity exhibited lower fluorescence level in the CA1 and more intense stainings in the CA3 subregion. Combining the PSD-93 and PSD95-EGFP fluorescence yields an overlay colour spectrum that has a green gradient from the CA1 subregion (indicative of more PSD95-eGFP) and a red gradient from the CA3 subregion (indicative of more PSD-93).

Detailed analysis of the subcellular expression patterns of PSD95-eGFP and PSD-93 in immunolabeled forebrain slices were generated by laser scanning confocal microscopy with a high magnification (60x) objective (Figure 4.13). In the cerebral cortex, similar to PSD95-eGFP, the majority of PSD-93 immunostaining was found, as tiny discrete puncta, with occasional labelling detected in the neuropil (Figure 4.13A). In the hippocampal CA1 subregion, almost all PSD95-eGFP and PSD-93-IR puncta were localized in the dendritic layer (Figure 4.13B), while some immunofluorescence was also detected in the somatodendritic areas. In the CA3 region, however, intense PSD-93 immunolabelling was mostly found inside the neuropil and relatively few fluorescent puncta were occasionally detected (Figure 4.13C). When comparing the colocalization of PSD95-eGFP and PSD-93, it appeared that a subset of the GFP-positive puncta were observed overlapping with the PSD-93-IR puncta in the cortex and the CA1 subregion of the hippocampus, whereas there was much less colocalizations of PSD95-eGFP and PSD-93 in the CA3 subregion of the hippocampus. 

To quantify the above observations, acquired fluorescence confocal images were then analysed by an algorithm written for the MatLab software (personal communication Nathan Skene). Z-stacks of gray scale images of three wavelength channels from cortex and the CA3 subregion of hippocampus were acquired using pre-set parameters. Individual images were processed by substracting the background fluorescence before the following steps of quantification analysis. During the quantification analysis, a puncta size threshold was applied to exclude the nonspecific structures. Figure 4.13 D presents a quantification of the total number of eGFP-positive and PSD-93-IR puncta in the cortex as well as the CA3 subregion of hippocampus. In the cortex, both PSD95-eGFP and PSD-93 fluorescence exhibited large amounts of puncta with an average of ~8500 puncta in a microscopic field, whereas in the CA3 region the total puncta number of both the two MAGUKs significantly decreased, showing approximately 3500 and 2500 puncta for PSD95-eGFP and PSD-93, respectively. Comparison of PSD95-eGFP colocalizations with PSD-93 positive puncta in the cortex and CA3 regions (Figure 4.13E) shows that, about 50% of PSD95-eGFP positive puncta were colocalized with PSD-93 positive puncta in the cortex, while there are only ~15% of PSD95-eGFP overlapping with PSD-93 immunostaining. 
These observations are in agreement with previous reports 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
 and suggest that a certain degree of molecular heterogeneity between PSD-95 and PSD-93 occurs in different brain regions.
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Figure 4.12 Low magnification micrographs of double fluorescence images of PSD95-eGFP with PSD-93 immuno-labelling in various brain regions of PSD-95EGFP/EGFP mouse. PSD-93 (in red) protein was immuno-labelled by a monoclonal antibody. PSD95-eGFP was visualized by direct green fluorescence (in green), cell nuclei were counterstained by DAPI (in blue). (A) shows the overall hippocampal distribution patterns, note their distinct expression patterns between the CA1 and CA3 subregions. (B) shows the overall distribution patterns of PSD95-eGFP and PSD-93 in the cortex. (C) shows the general expression patterns of PSD95-eGFP and PSD-93 in the cerebellum. Scale bar: 1mm.
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Figure 4.13 High magnification confocal images (A-C) and quantifications of PSD95-eGFP with PSD-93 immunofluorescence puncta (D and E) in forebrain slices. (A-C) PSD-93 protein was immuno-labelled by a specific monoclonal antibody (in red). PSD95-eGFP was visualized by direct green fluorescence (in green). (D) Quantification of GFP positive and PSD-93-IR puncta number in the cortex and hippocampal CA3 subregion. (E) Quantification of overlapping percentage of GFP positive and PSD-93-IR puncta in the cortex and CA3 area. Scale bar: 20 μm.

Next, to investigate whether the molecular heterogeneity at the subcellular level can be observed among the three PSD-95 family members: PSD-95, PSD-93 and SAP102, triple fluorescence immunohistochemistry experiments were carried out on the fixed sections of PSD-95EGFP/EGFP knockin mouse brains using specific antibodies against PSD-93 and SAP102. PSD95-eGFP was visualized by direct green fluorescence.  Figure 4.14A shows that, in the cortex most of the PSD-93 and SAP102 immunostaining occured as discrete puncta structures. Within the CA1 area of hippocampus, PSD-93 and SAP102 immunostaining was concentrated in the dendritic layers, with occasional fluorescent signals detected in the somatodendritic neuropil (Figure 4.14B). While in the CA3 subregion, in contrast to PSD95-eGFP, much of the PSD-93 and SAP102 immunoreactivities were detected in the somatodendritic processes of pyramidal neurons (Figure 4.14C). Intriguingly, when compared the subcellular distributions of PSD95-eGFP, PSD-93 and SAP102, it appeared that only a minority of puncta contained all three MAGUKS colocalized. Instead, the majority of the puncta were labelled predominantly with either one of PSD95-eGFP, PSD-93 or SAP102. 
This dissociation between the three MAGUK members was further confirmed by quantification analysis (Figure 4.14D and Figure 4.15). The total number of GFP positive, PSD-93-IR and SAP102-IR puncta were counted and then categorized into three major groups: puncta that exclusively contain one MAGUK member; puncta that contain two MAGUK members; puncta that contain a mixture of three MAGUK members. A populational percentage was then calculated by dividing puncta numbers of each group by the total puncta number. As expected, approximately ~60% of total puncta in CA1 (59.6%) and CA3 (65.2%) subregions were occupied exclusively by a single MAGUK member (PSD-95, PSD-93 or SAP102), whereas there were only ~6% of total puncta were expressing a mixture of three MAGUKs in these area. Thus, these results demonstrate that a clear molecular diversity of the three MAGUK family members occurs at the individual synaptic levels within the mammalian hippocampus.
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Figure 4.14 Confocal triple fluorescence images of PSD95-eGFP with PSD-93 and SAP102 immuno-labelling in forebrain sections. The PSD95-eGFP was viewed by direct green fluorescence (in green);PSD-93 was immuno-labelled by a specific monoclonal antibody (in blue); SAP102 was immuno-labelled by a specific SAP102 antibody (in red). (A) shows the multiple fluorescence image of the cortex. (B) shows the the multiple fluorescence image of  the CA1 subregion of the hippocampus. (C) shows multiple fluorescence image of the CA3 subregion of the hippocampus. (D) Five fold magnified images from (A-C) merged confocal images. Note that most of the puncta are labelled predominantly either for PSD95-eGFP, PSD-93 or for SAP102 in the cortex and hippocampus. Scale bar: A-C) 20 μm, D) 2μm.
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Figure 4.15 Quantification of PSD95-eGFP positive-, PSD-93- and SAP102- immunoreactive puncta number percentage in two subregions of adult hippocampus (CA1 and CA3).  

The above data have so far shown that the different MAGUK family members exihibit differential distribution patterns in vivo as observed both at a ‘macroscopic’ brain region level and a ‘microscopic’ subcellular distribution level. These findings raised the question: how is this heterogeneity derived? Previous studies  have suggested that the molecular diversity of synapses can be partly derived from distinct types of neurons (Craig and Boudin 2001). To better understand the subcellular distribution patterns of these PSD-MAGUKs in individual neurons, immunofluoresence staining experiments were carried out on cultured primary neurons dissociated from E17.5 embryonic mouse brain. Two groups of PSD-95EGFP/EGFP cortical neurons were separately fixed and immunostained at different time points after plating (DIV7 and DIV 14) (Figure 4.16). Primary antibodies specifically raised against GFP, PSD-93 and SAP102 were used. Fluorescence confocal images showed that PSD95-eGFP, PSD-93 and SAP102 all appeared at an early developmental stage at DIV7 (Figure 4.16A). Under higher magnification, most of the PSD95-eGFP, PSD-93 and SAP102 immunolabeling displayed a diffuse fluorescence signal along the neuropil, with the exception of a few SAP102-IR puncta discretely located on the processes. No punctuate structures of PSD-93 and PSD95-eGFP immunostaining were detected (Figure 4.16A inset). In contrast, immunofluorescence on more mature culture (DIV14) revealed signals of three markers as bright puncta that were discontinuously distributed along the processes, suggesting PSD-95, PSD-93 and SAP102 enrichment at the synaptic sites. Additionally, higher magnification images of one dendrite of a single neuron show that the immunoreactive puncta of PSD95-eGFP, PSD-93 and SAP102 do not completely overlap. As a result, the merged multi-color image demonstrated a range of colours changing from greenish, which is predominantly labelled by PSD95-eGFP, to whitish colour, which co-labelled by three MAGUK markers (Figure 4.16B inset). 
Taken together, these results demonstrated that PSD-95, PSD-93 and SAP102 are differently distributed along the processes within a single neuron, suggesting such a high level of MAGUK diversity within a specific subcellular region may fulfil different functional roles. 
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Figure 4.16 Immunocytochemistry of PSD95-eGFP, PSD-93 and SAP102 in cultured PSD-95EGFP/EGFP cortical neurons. Specific antibodies against eGFP (in green), PSD-93 (in blue) and SAP102 (in red) were applied. Scale bar: 10 μm.

Chapter 5 Characterization of SAP102-mKO2 mice

A second strain of knockin mouse line termed as SAP102-mKO2 mouse was generated, in which the red fluorescent protein-coding gene monomeric Kusabira Orange 2 (mKO2) was inserted in-frame to the 3’ end of wildtype SAP102 locus. Previous studies have shown that SAP102 is highly expressed in both young and adult forebrains and like PSD-95, it is also enriched at the PSD in excitatory synapses 
 ADDIN EN.CITE 
(Zheng, Petralia et al. ; Fukaya and Watanabe 2000; Sans, Petralia et al. 2000)
. 

In this chapter, I first described the characterization and validation of SAP102-mKO2 mutant mice by examining the anatomical distribution of endogenous SAP102 protein fused with mKO2 in the adult mouse forebrain, followed by double-immunofluorescence staining experiments on the mutant mice brain slices using different neuronal markers including MAP2 and VGluT1 antibodies. Lastly, a brief examination by confocal fluorescence microcopy on a PSD-95EGFP/+/SAP102mKO2/Y compound mutant mouse was carried out to compare the in vivo subcellular distributions of these two MAGUK members (PSD95-eGFP and SAP102-mKO2) in the forebrain slices.
5.1 Overall distribution of SAP102-mKO2 in the mouse brain

A knock-in mouse line expressing SAP102-mKO2 fusion gene in place of wildtype SAP102 gene was generated as described in Chapter 3. The F1 heterozygous mice carrying the loxP-Neor-loxP cassette were further mated with CMV-Cre mice that carry Cre recombinase to remove the neomycin selection marker. The homozygous/hemizygous and heterozygous SAP102-mKO2 mice are viable, fertile and display normal development, body weight, life span and normal behaviour (data not shown).
Figure 5.1 shows a direct fluorescence image demonstrating an overview of the forebrain of an adult SAP102mKO2/Y hemizygous knock-in mouse. The SAP102mKO2/Y mutant brain tissue showed normal brain anatomical structure and exhibited bright red fluorescence, whereas only weak fluorescence was observed from the wildtype brain slice (Figure 5.1 inset). Many brain regions such as cerebral cortex, hippocampus, thalamus, hypothalamus and caudate-putamen all displayed bright red fluorescence signals. Notably, intense mKO2 fluorescence was detected in various subregions of the hippocampus, in particular the dentate gyrus. 

Magnified images in Figure 5.1 showed that the red fluorescence of SAP102-mKO2 was highly concentrated within the dendritic layers of each subregions of the hippocampus, although some weak fluorescent signals were also detected in the pyramidal cell body layers (Figure 5.2A). Additionally, different from the distinctive subregional distribution patterns of PSD95-eGFP, the SAP102-mKO2 fluorescence in the hippocampus was homogenously distributed throughout CA1 to CA3 area with a suggestive slight increase fluorescence in the CA2 area. However, the molecular layer of dentate gyrus showed the most intense SAP102-mKO2 fluorescence (Figure 5.2 A). 
Immunocytochemical and ultrastructural studies have shown that SAP102 is concentrated at the PSD as well as in neuronal processes such as dendrites and axons 
 ADDIN EN.CITE 
(Zheng, Petralia et al. ; Fukaya and Watanabe 2000; Sans, Petralia et al. 2000)
. To examine in more detail the distribution of SAP102-mKO2 fluorescent fusion protein in the knockin mice, fixed forebrain slices from SAP102mKO2/Y knockin mice were examined by direct fluorescence using confocal microscopy. As shown in Figure 5.3, SAP102-mKO2 red fluorescence in the cortex, CA1 and CA3 regions appeared as bright, tiny punctate structures with weak diffuse fluorescence also detected in the neuropil (Figure 5.3 B). The SAP102-mKO2 fluorescent signal within the soma was very low, showing the dark cell body silhouettes in contrast with the surrounding fusion protein fluorescence. Specifically, in the cortex and CA3 area of the hippocampus, the majority of SAP102-mKO2 fluorescence presented in the form of discrete tiny puncta, whereas in the CA1 area, some weak diffuse fluorescence was also detected inside neural processes. These observations are in line with immunostaining for this protein using an anti-SAP102 antibody staining (Figure 4.13) and suggest that SAP102-mKO2 may localize to synaptic sties. 
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Figure 5.1 Overall distribution of SAP102-mKO2 fusion protein in the hemizygous mutant mouse. Low magnification of direct fluorescent micrograph montage demonstrates the general distribution of SAP102-mKO2 fusion protein in the adult SAP102mKO2/Y mutant mice. Various brain regions are indicated (see abbreviations). Inset shows lack of red fluorescence in a wildtype mouse hippocampus. Note the strong mKO2 red fluorescence is detected in the forebrain including the cortex, hippocampus and striatum. Abbreviations: Hp, hippocampus; Cx, cerebral cortex; TH, thalamus; HY, hypothalamus; CP, caudate-putamen (striatum). Scale bar: 1mm
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Figure 5.2 Low magnification fluorescence images of various brain regions of  SAP102mKO2/Y hemizygous mutant mouse. Abbreviations: so, stratum oriens; sr, stratum radiatum; slm, stratum lacunosum moleculare; sp, pyramidal cell layer; po, polymorphic layer; gl, granule cell layer; ml, molecular layer. Scale bar: 1mm.
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Figure 5.3 High magnification fluorescence confocal images of forebrain slices in SAP102mKO2/Y mouse. Direct red fluorescence of SAP102-mKO2 in the cortex, CA1 and CA3 regions appeared as bright, tiny punctate structures with weak diffuse fluorescence also detected in the neuropil. Scale bar: 20 μm.

5.2 Postsynaptic localization of SAP102-mKO2 in mutant mouse brain.

Mounting evidence has shown that SAP102 is highly enriched at the PSD 
 ADDIN EN.CITE 
(Zheng, Wang et al. ; Sans, Petralia et al. 2000)
. The direct fluorescence data so far has also shown that majority of the SAP102-mKO2 fluorescence appears as discrete puncta in the mouse brain, therefore, it might be expected that these mKO2-positive puncta localize to the postsynaptic sites of excitatory synapses.

To confirm the subcellular distributions of the SAP102-mKO2 fusion protein, immunofluorescence staining experiments were performed on fixed brain slices of an adult SAP102mKO2/Y mutant mice. Mutant brain tissue was fixed by 4% PFA and sectioned into coronal or parasagittal slices. Similar to PSD-95, a large amount of SAP102 has also previously been reported to be located in the excitatory PSD (Zheng, Seabold et al.). Therefore, antibodies against VGluT1 or MAP2 were used to label the excitatory presynaptic terminals or neural dendritic processes, respectively. The SAP102-mKO2 fusion protein was visualized by direct red fluorescence. 

As shown in Figure 5.4, confocal fluorescence images of the CA1 area revealed that SAP102-mKO2 fluorescence was observed as intense, densely packed puncta discontinuously located along the MAP2-immunoreactive neuropil processes (Figure 5.4 B). Moreover, most of the mKO2-positive puncta were located in close opposition to VGluT1-immunoreactive puncta (Figure 5.4 A). 
Taken together, these results demonstrate that SAP102-mKO2 is localized to the postsynaptic sites of excitatory synapses, suggesting that the fluorescent fusion protein labels bona fide SAP102-containing synapses.
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Figure 5.4 Triple fluorescence confocal images of forebrain slices of SAP102mKO2/Y mutant mouse. (A) Confocal images of immunofluorescence staining with VGluT1 antibody (in green) combined with direct fluorescence of SAP102-mKO2 (in red) in the CA1 region of the hippocampus. The cell nuclei were counterstained by DAPI (in blue). (B) Immunofluorescence staining with MAP2 antibody (in green) combined with direct fluorescence of SAP102-mKO2 (in red) in the CA1 region of the hippocampus. The cell nuclei were counterstained by DAPI (in blue). Scale bar: 20 μm.

5.3 Expression of SAP102-mKO2 and glutamatergic receptors in the mouse brain
Previous biochemical analysis has shown that the three MAGUK family members (PSD-95, PSD-93 and SAP102) are all capable of direct binding to the NMDA receptor GluN2 (NR2) subunits. Several lines of evidence also imply that there seems to be a binding preference between SAP102 and GluN2B (NR2B), and between PSD-95/PSD-93 and GluN2A(NR2A) 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
. However, immunofluoresence staining of GluN2A in PSD-95EGFP/EGFP mutant mice showed that only a small fraction of GluN2A-immunoreactive (IR) puncta were colocalized with PSD95-eGFP positive puncta in the hippocampus (see Figure 4.10, Chapter 4). This finding raised the question of whether there are other members of the MAGUK family of proteins besides PSD-95 that are closely associated with GluN2A puncta in the mouse hippocampus. 

To examine this, double immunofluorescence staining experiments were performed on parasagittal sections of adult SAP102mKO2/Y mice hippocampus. An antibody raised against the GluN2A subunit was used. The SAP102-mKO2 fusion protein was visualized by direct red fluorescence. As shown in Figure 5.5A, low-power light microscopy revealed a distinctive overall distribution pattern of GluN2A and SAP102-mKO2 fluorescence in various subregions of the hippocampus. Consistent with previous immunolabelling results, GluN2A immunoreactivity was detected in the dendritic layers of all hippocampal subregions and was particularly prominent in the CA1 area (Watanabe, Fukaya et al. 1998). In comparison, SAP102-mKO2 expression showed greatest fluorescence levels in the dentate gyrus, and relatively lower fluorescence intensity in the CA1 and CA3 area. As a result, these differential distribution patterns gave a merged color spectrum which was most green in the CA1 subregion (indicative of greater GluN2A expression) to relatively most red in the dentate gyrus area (suggestive of higher SAP102 expression) (Figure 5.5A). 

Confocal fluorescence images were acquired to examine in more detail the subcellular expression patterns of SAP102-mKO2 and GluN2A. As shown in Figure 5.5B, the majority of SAP102-mKO2 fluorescence and GluN2A-IR was detected as densely packed punctate structures in the dendritic layer of CA1 pyramidal cells. Interestingly, comparison of SAP102-mKO2 and GluN2A-positive puncta in the overlay image showed that a substantial population of SAP102-mKO2 punta colocalized with GluN2A-IR puncta. 

Taken together, these results clearly show that in the hippocampus, a proportion of GluN2A-immunolabelled puncta are also colocalized with SAP102-mKO2 positive puncta, which would be consistent with a substantial association between SAP102 and GluN2A in the mouse hippocampus. 

Additional quantitative analysis to precisely measure the overlap between the expression of the different individual MAGUKs and GluN2A is needed in the future. An alternative experimental plan is to perform GluN2A immunostainings in PSD-95EGFP/EGFP/SAP102 mKO2/mKO2 double knockin mice. Direct comparison of the colocalization between PSD95-eGFP/SAP102-mKO2 and GluN2A will provide important clues for the binding preference of different MAGUKs and NMDA receptor GluN2 subunits, thus it may provide insight into the differing functional roles of these molecules within particular brain regions.
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Figure 5.5 Fluorescence confocal images of hippocampal slices from SAP102mKO2/Y mice. SAP102-mKO2 protein was visualized by direct red fluorescence (in red); NMDA receptor GluN2A(NR2A) subunit was immuno-labelled by a specific monoclonal antibody (in green); cell nuclei were counterstained by DAPI (in blue). A) Low magnification triple fluorescence images of the hippocampus of SAP102mKO2/Y mice. B) A representative confocal fluorescence image of the CA1 region in SAP102mKO2/Y mice. Scale bar: A) 0.5mm, B) 20 μm.
5.4 Distribution of PSD95-eGFP and SAP102-mKO2 in the PSD-95EGFP/+/SAP102mKO2/Y double mutant mouse brain.
Based on the validation results attained from the single PSD-95EGFP/EGFP and SAP102mKO2/Y knockin mice lines, I carried on to generate a line of double knockin mice by crossing the PSD-95EGFP/EGFP with SAP102mKO2/+ mice. The F1 progeny mice are viable and fertile without any apparent phenotypic abnormalities.

First, to examine the overall distribution of the two genetically labeled MAGUKs, fixed brain tissues derived from a young adult (6 weeks-old) PSD-95EGFP/+/SAP102mKO2/Y mouse were sectioned into parasagittal slices. Both PSD95-eGFP and SAP102-mKO2 was detectable by direct green or red fluorescence, respectively (Figure 5.6). Consistent with previous results (Figure 4.3 and Figure 4.14), PSD95-eGFP and SAP102-mKO2 fluorescence were prominent in the forebrain including the cortex and hippocampus (Figure 5.6 A and B), with relatively weaker fluorescence in the cerebellum (Figure 5.6 C). As expected, differences in the general distribution pattern of PSD95-eGFP and SAP102-mKO2 in hippocampus was also observed: the CA1 area was strongly labeled by PSD95-eGFP and relatively weaker by SAP102-mKO2, whereas more abundant SAP102-mKO2 expression was found in the dentate gyrus as well as a suggestive increase in mKO2 fluorescence intensity in the CA2 area. As a result, the merged fluorescence micrograph showed a color spectrum changing from a dominantly green CA1 subregion to a predominantly red CA2 and dentate gyrus area (Figure 5.6 B). 
The differential overall distribution pattern of PSD95-eGFP and SAP102-mKO2 fusion proteins raised two possibilities: this may reflect the different expression levels of both PSD95-eGFP and SAP102-mKO2 at the same synapse, or alternatively, such differential distribution could be due to different populations of individual synapses that largely express only one or other of PSD95-eGFP and SAP102-mKO2. To address this issue, I further examined the in vivo subcellular distribution patterns of PSD95-eGFP and SAP102-mKO2 puncta in the mouse forebrain by high magnification confocal fluorescence analysis. As shown in Figure 5.7, both eGFP and mKO2 fluorescence was present as small, discrete punctate structures in the cortex and hippocampus. In the cortex, it was found that the majority of PSD95-eGFP positive puncta were colocalized with SAP102-mKO2 positive puncta, with only few puncta displaying either eGFP or mKO2 fluorescence (Figure 5.7 A right panel). Interestingly, in various subregions of the hippocampus, a dissociation of PSD95-eGFP and SAP102-mKO2 expressing synapses was found: only a small fraction of PSD95-eGFP positive puncta were colocalized with SAP102-mKO2 labeled puncta in the CA1, CA2 and dentate gyrus. Furthermore, PSD95-eGFP expressing puncta were more prominent in the CA1 with decreased numbers in the dentate gyrus, whereas the SAP102-mKO2 positive puncta were most abundantly expressed in the dendtate gyrus with relatively fewer numbers of mKO2 positive puncta in the CA1 area (Figure 5.7 B, C and D, right panels).
Taken together, these data show that SAP102-mKO2 is localized on the postsynaptic side of excitatory synapses, suggesting that the fluorescent fusion protein faithfully represents the subcellular distribution of endogenous SAP102 gene expression. Double immunofluorescence staining experiments on SAP102mKO2/Y hippocampal slices using a GluN2A antibody showed that a subpopulation of SAP102-mKO2 positive puncta were colocalized with GluN2A-IR puncta, suggesting that association between SAP102 and GluN2A also occurs in a group of CA1 synapses. Finally, high magnification fluorescence images of PSD-95EGFP/+/SAP102mKO2/Y double mutant knockin mice revealed that only a small fraction of PSD95-eGFP positive puncta were colocalized with SAP102-mKO2 labeled puncta. This result is consistent with my previous findings using antibodies for immunostainings, showing that instead of a mixture of different MAGUKs being expressed at single synapses, there were substantially different subsets of synapse populations that only express a single MAGUK member. Thus these data strongly suggest that a high degree of molecular diversity of these two PSD-MAGUK proteins (PSD-95 and SAP102) exists in the adult hippocampus. 
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Figure 5.6 Low magnification fluorescence images of brain slices of PSD-95EGFP/+/SAP102mKO2/Y double mutant mice. A) Images of cerebral cortex. B) Images of hippocampus. C) Images of cerebellum. Scale bar: A and C) 0.5mm, B) 250 μm.
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Figure 5.7 High magnification fluorescence images of forebrain slices of PSD-95EGFP/+/SAP102mKO2/Y double mutant mice. PSD95-eGFP (in green) and SAP102-mKO2 (in red) proteins were detected by direct fluorescence. A) Images of cortex. B) Images of CA1 area of hippocampus. C) Images of CA2 area of hippocampus. D) Images of dentate gyrus (DG) of hippocampus. Scale bar: 20 μm.
Chapter 6 Characterization of Arc-Venus knockin mouse
Previous studies reported that the Arc/Arg3.1 gene is translated at low levels under basal conditions, whereas its expression level was greatly elevated following a variety of behavioral or pharmacological stimulations 
 ADDIN EN.CITE 
(Ramirez-Amaya, Vazdarjanova et al. 2005)
. In this chapter, I report the generation and basic characterization of a strain of knockin mouse line, termed as Arc-Venus, in which a YFP variant Venus fluorescent protein coding sequence was fused in-frame with the last exon of Arc/Arg3.1 gene. Direct fluorescence microscopy was applied to examine the basal expression levels of Arc-Venus protein as well as its induction in response to a pharmacological stimulus.

6.1 Baseline expression of Arc-Venus in the mutant mice brains

A knock-in mouse line expressing an Arc-Venus fusion protein in place of wildtype Arc/Arg3.1 gene was created as described in chapter 3. The F1 heterozygous mice carrying the loxP-Neor-loxP cassette were further mated with CMV-Cre mice that carry cre recombinase to remove the neomycin selection marker. The homozygous and heterozygous Arc-Venus mice are viable, fertile and display normal development, body weight, life span and behaviour (data not shown). Furthermore, electrophysiological tests on the homozygous mutants did not detect any significant difference compared with the wildtype littermate control (Appendix Figure A6, personal communication Dr. Kopanitsa). 
Firstly, to examine the in vivo basal expression levels of Arc-Venus protein in the mutant mice, fixed brain tissues of ArcVenus/+ mice were sectioned into parasagittal slices. Direct fluorescence of the fusion Arc-Venus protein was detected by confocal micrscopy, and cell nuclei were counterstained by DAPI. As Figure 6.1 shows, in the subregions of hippocampus, only a small subset of cells displayed YFP yellow fluorescence (Figure 6.1 A and B). In addition, it appeared that the fluorescent signals of YFP (Venus) detected within the cytoplasm of Venus positive cells were low, wherein the fluorescence contrast between Venus-positive cells and surrounding cells was low (Figure 6.1 A and B, middle panels). These results are consistent with previous findings (Wang, Majewska et al. 2006).
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Figure 6.1 Confocal fluorescence images of forebrain slices of ArcVenus/+ mice. Only a small subset of cells displays cytoplasmic Arc-Venus yellow fluorescence (in green), cell nuclei were counterstained by DAPI (in blue). Scale bar: 20μm.
6.2 In vivo expression of Arc-Venus after PTZ-induced seizure in ArcVenus/+ mutant mice

Several lines of evidence showed that Arc/Arg3.1 expression is highly induced in the cortex following a generalized seizure (Link, Konietzko et al. 1995). To further investigate whether Arc-Venus fusion proteins could reflect the neural activity-regulated transcription of endogenous Arc/Arg3.1 gene, I performed Pentylenetetrazol (PTZ)-induced seizure experiments in the heterozygous ArcVenus/+ knockin mice. After intraperitoneal (i.p) injection with superthreshold dose of PTZ (80mg/kg), all animals displayed typical seizure behaviors including hind limb kicks and generalized tonic and clonic convulsions of four limbs within 2 hours post injection. The control group of ArcVenus/+ mice were i.p injected with similar amount of 0.9% saline and closely monitored after the injection, no seizure behaviors were detected. Twenty minutes or two hours after injection, mice were sacrificed and acute brain slices were sectioned and examined by the confocal fluorescence microscopy. As shown in Figure 6.2, 20 minutes after PTZ injection, the induced seizure caused an increase in the number of YFP positive cortical cells, compared with the negative control group (Figure 6.2 A and B). Two hours after the injection, it is found that not only the cytoplasmic YFP fluorescence intensity was greatly increased, large amounts of yellow fluorescence also occurred as discrete puncta-like forms in the cortex (Figure 6.2 C and D). 

Although more experimental work including confirming the Arc-Venus expression by immunostaining with antibodies against endogenous Arc/Arg3.1 protein, as well as other neuronal markers to label the pre/postsynaptic terminals is needed, the observations showing that a suggestive increase in Arc-Venus fluorescence following an in vivo stimulus strongly suggests that the fusion protein is able to report the neuronal cell activity in the mouse brain.
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Figure 6.2 Confocal fluorescence images of acute cortical slices after PTZ-induced seizure in ArcVenus/+ mice. (A) Fluorescence image from non-treatment ArcVenus/+ brain slices. (B) Fluorescence image from non-treatment ArcVenus/+ brain slices. (C) Fluorescence image from non-treatment ArcVenus/+ brain slices. (D) 4x magnified image of (C). Scale bar: 20 (m.

7.1 General methodological discussion

This dissertation demonstrated, for the first time, the generation of four knockin reporter mouse lines (PSD95-EGFP, PSD93-mCER, SAP102-mKO2 and Arc-Venus) that express the in-frame fluorescent fusion proteins of various postsynaptic molecules by gene-targeting techniques. Our data demonstrate that the C-terminal FP tag in fusion proteins does not interfere with overall expression, subcellular distribution or function. 

As described previously in chapter 3, the gene-targeting mediated knockin mutagenesis has several advantages over conventional methods of introducing GFP and derived fluorescent proteins by vector- or virus- based expression systems. Through gene targeting, the fluorescent fusion protein replaces the endogenous genomic locus to tag the protein of interest in a minimally disturbed system. As a result, instead of overriding the physiological regulatory systems, expressions of fusion fluorescent transgene, controlled by the endogenous regulatory elements, are capable of faithfully reflecting the endogenous protein expressions and monitor their native temporal/spatial expression patterns. On the other hand, different from the BAC transgenic mouse that often contains multiple copies of transgenes, the knockin mutant mouse carries a single copy of fusion gene that is targeted to the genomic allele. Thus, the knockin mutagenesis well circumvents the misexpression/ overexpression problems in the above experimental approaches.  In spite of this, there were yet few studies utilizing gene targeting strategies were performed due to the concerns on insufficient fluorescent fusion gene expression levels for direct visualizations of fluorescence imaging 
 ADDIN EN.CITE 
(Gong, Zheng et al. 2003)
. In particular, most of previous reports applied targeted GFP fusion gene to label and observe the overall neuronal cell architecture 
 ADDIN EN.CITE 
(Tamamaki, Yanagawa et al. 2003)
, the detailed subcellular postsynaptic structures, however, were not thoroughly examined.

The initial characterizations of PSD95-EGFP, SAP102-mKO2 and Arc-Venus knockin mice showed that these mice are viable, normal during development and display no deficits in synaptic transmissions (Appendix Figure A6 and A7). The direct fluorescent signals detected from both heterozygous and homozygous mutant mice brain sections and dissociated primary neuronal cultures are sufficiently intense, thus allowing the convenient observation by direct fluorescence both in vivo and in vitro for live-cell imaging. 
7.2 Subcellular localizations of PSD95-eGFP clusters

Double immunofluorescence staining experiments indicated that PSD95-eGFP is localized to the postsynaptic sites of excitatory synapses. These results are in line with previous reports 
 ADDIN EN.CITE 
(Fukaya and Watanabe 2000; Sans, Petralia et al. 2000)
. Although majority of the GFP-positive puncta were located at the postsynaptic sites, it is also found that there was a small number of GFP-labelled puncta did not align with any presynaptic markers (Figure 4.7 and Appendix Figure A4). Previous ultrastructural studies using post-embedding immunogold method showed that a small subset of PSD-95 also associated with vesiculotubular structures within dendrites and dendritic spines 
 ADDIN EN.CITE 
(El-Husseini, Schnell et al. 2000)
.  Mok, H. et al. also reported that PSD-95 is a direct interactor with KIF1B( (a kinesin family motor protein that mediates microtubule-dependent intracellular transport of vesicles) in the brain extract 
 ADDIN EN.CITE 
(Mok, Shin et al. 2002)
. To test this, double immunofluorescent staining experiments in the primary PSD-95EGFP/EGFP cortical neurons at young age were carried out. I found that a subset of PSD95-eGFP puncta was overlapped with KIF1B(-immunoreactive puncta (data not shown). Thus, consistent with previous findings, these results suggest that a small population of PSD95-eGFP may also occur at non-synaptic sites, possibly involved with the intracellular trafficking vesicles. Future work including ultrastructural studies by EM and further statistical quantifications of non-synaptic PSD95-eGFP clusters can be performed to further examine and confirm the subcellular distributions of PSD95-eGFP fusion protein.

7.3 Distinct morphology of PSD95-eGFP clusters in different subregions of hippocampus
Considerable distinctive morpholocial differences in PSD95-eGFP positive clusters were also detected in different subregions of adult hippocampus (Figure 4.6 and Appendix Figure A3 and A4). High magnification confocal images clearly showed that larger, irregular-shaped PSD95-eGFP clusters specifically formed on the proximal dendrites of CA3 pyramidal neurons (in the layer of stratum lucidum), whereas in the distal dendrites of CA3 neurons (stratum radiatum or stratum oriens), PSD95-eGFP clusters occurred as small and densely packed puncta. Neuronal filling experiments also showed that many of these big, irregular-shaped PSD95-eGFP clusters formed on the tips of branching dendritic spines, which are typically seen at mossy fiber synapses in the CA3 pyramidal cells (thorny excrescence synapses) (Appendix Figure A3). Interestingly, double immunofluorescent staining experiments using GluN2A antibody showed that the GluN2A immunoreactivity in the CA3 stratum lucidum was greatly reduced, compared with its relatively high immunoreactivity in the CA3 stratum radiatum and stratum oriens. In addition, the overlapping between PSD95-eGFP and GluN2A immunoreactive puncta in this area was also less abundant. Data from ultrastrucal studies have shown that the mossy fiber axons induced the cluster formation of postsynaptic structures on the proximal dendrites of CA3 target pyramidal neurons (stratum lucidum), but not those located on the distal dendrites (stratum radiatum). In addition, such PSD cluster formation was independent of NMDA receptors (Qin, Marrs et al. 2001). My results are consistent with these reports, suggesting that these distinct types of PSD95-eGFP clusters, formed at local dendrite region of individual CA3 neurons, might be established with individual excitatory presynaptic terminals (Figure 4.7D), and in the absence of glutamate receptors activity (Figure 4.10B). However, lacking NMDA receptor immunoreactivity could by no means exclude the possibility that there may be other molecules that regulate neuronal activity affecting the PSD95-eGFP cluster formation (i.e. AMPA receptors). Because synaptic PSD-95 turnover can be remodelled under the regulation of synaptic activity 
 ADDIN EN.CITE 
(Okabe, Kim et al. 1999)
, future work will be needed to determine whether other activity-dependent mechanisms involved in shaping these distinguished PSD95-eGFP clusters at mossy fiber synapses.

7.4 Molecular heterogeneity of PSD-MAGUK family members
The overall distributions of PSD-MAGUK family proteins (PSD-95, PSD-93 and SAP102), as detected either by direct fluorescence or specific antibody staining, are highly concentrated in the mouse forebrain. These results are in agreement with those of their mRNAs 
 ADDIN EN.CITE 
(Fukaya, Ueda et al. 1999)
. High magnification images clearly revealed punctate patterns of three PSD-MAGUK members. Furthermore, in various brain regions, subset of synapse populations that predominantly express either PSD-95, PSD-93 or SAP102 became evident. Double fluorescence immunocytochemical experiments using specific PSD-93 antibody in the PSD-95EGFP/EGFP mouse brains exhibited relatively higher level of overlapping between PSD95-eGFP-positive and PSD-93-IR puncta in the cotex, whereas much lower level of colocalizations between the two MAGUK members were found in the hippocampus (Figure 4.13E and 4.15). These observations are in line with previous reports 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000; Elias, Funke et al. 2006)
 by electron microscopic immunogold studies, showing that the in vivo colocalization of PSD-95 and PSD-93 in hippocampal synapses is very low (~30%). However, different from the previous findings 
 ADDIN EN.CITE 
(Sans, Petralia et al. 2000)
, I found that only few individual synapses displayed multiple MAGUKs colocalization at the same postsynaptic sites, whereas large amounts of puncta exclusively express single MAGUK member, either PSD95-eGFP or PSD-93 or SAP102 (Figure 4.14 and 4.15). The dissociated subset of synapse populations that express different PSD-MAGUK members indicated a high degree of synaptic heterogeneity of MAGUK family proteins occurs in the mammalian brain. Such MAGUK heterogeneity at individual synapses was also observed in the PSD-95EGFP/+SAP102mKO2/Y double knockin reporter mice (discussed in section 7.6).

On the other hand, in the double mutant PSD-95EGFP/EGFP/PSD-93-/- mice, direct fluorescence images displayed an increased GFP fluorescence intensity that appeared at individual puncta (Appendix Figure A5), implying that a functional compensation may also exist between PSD-95 and PSD-93, which has been hypothesised by a number of studies 
 ADDIN EN.CITE 
(Sun and Turrigiano ; Elias, Funke et al. 2006; Elias and Nicoll 2007)
. Yet more detailed quantitative measurements are required in the future to examine the average size as well as the density of GFP-positive puncta and compare these values with those of the PSD-95EGFP/EGFP/PSD-93+/+ mice.
7.5 Antibody staining considerations

It is also noted that intense immunofluorescent signals of PSD-93 and SAP102 immuno-labelling from the somatodendritic regions of hippocampal pyramidal neurons were detected. In contrast to SAP102 antibody staining, the SAP102-mKO2 fluorescent fusion protein in SAP102mKO2/Y reporter mice exhibited much lower fluorescent expression levels inside the soma and stem dendrites of pyramidal cells. Such discrepancy is possibly due to the different experimental approaches. Although several immunohistochemistry studies reported strong stainings in the perikarya and stem dendrites in the forebrain central neurons 
 ADDIN EN.CITE 
(Cho, Hunt et al. 1992; Kim, Cho et al. 1996)
, Fukaya M. and colleagues found that pepsin pre-treatment of brain sections effectively unmasks the postsynaptic epitopes during staining procedures. As a result, not only the concentration of antibody used to detect postsynaptic molecules was substantially lowered, their somatodendritic immunolabelling signals also vastly decreased (Fukaya and Watanabe 2000). Therefore, it is reasonable to believe that, if the antibody is more accessible to the somatodendritic rather than the postsynaptic epitopes, using high concentration of antibody during immunohistochemistry experiments will result in intense labelling of the intracellular somatodendrites. Future work is planned to search for an optimized pepsin pre-treatment protocol, which would allow us to effectively unmask the postsynaptic epitopes and yet well perverse the native fluorescent signals. However, the applications of MAGUK reporter mice would certainly provide advantages by circumvent the intrinsic caveats of these methods.
7.6 Double mutant of PSD-95EGFP/+/SAP102mKO2/Y reporter mice

Direct fluorescence images revealed that in the adult double knock-in mice, both PSD95-eGFP and SAP102-mKO2 are highly expressed in the forebrains including cerebral cortex, hippocampus and striatum. The expression patterns of PSD95-eGFP and SAP102-mKO2 detected by native fluorescence are essentially identical with the previous reports 
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(Fukaya and Watanabe 2000; Sans, Petralia et al. 2000)
. However, differences in their relative abundance among several brain regions were also found. Particularly in the hippocampus, PSD95-eGFP is highly expressed in the CA1, while less green fluorescent intensity was detected in the CA3 subregion. Compared with PSD95-eGFP, SAP102mKO2/Y mice displayed intense red fluorescent signals in the hippocampal dentate gyrus, while moderate expression levels of SAP102-mKO2 fusion protein were detected throughout the rest of CA1, CA2 and CA3 areas (Figure 5.6).

Further characterizations showed that the majority of PSD95-eGFP or SAP102-mKO2 fluorescence occurs as tiny, puncta clusters that discretely locate along the MAP2-immunoreactive neural processes. Additionally, the eGFP- or mKO2-positive puncta were localized in close apposition to the VGluT1-immunolabelled excitatory presynaptic terminals, therefore confirming their postsynaptic localizations at excitatory synapses (Figure 4.7 and Figure 5.4).

Interestingly, among various subregions of hippocampus, a dissociation of PSD95-eGFP and SAP102-mKO2 expression at individual synapses was observed: the yellowish colocalization of eGFP and mKO2 fluoresecence at the same puncta was only occasionally detected. Instead, a substantial population of puncta showed prominent expression of either eGFP green or mKO2 red fluorescence. These observations confirmed my previous results based on immunohistochemical experiments and clearly indicated a markedly synaptic MAGUK diversity in the adult mammalian brain. Future work regarding further functional relevance could be continued. For instance, the temporal/spatial expression pattern changes of PSD-95 and SAP102 during different developmental stages can be conveniently imaged and analyzed by detecting native fluorescence both at low or high magnifications, which currently still remains a challenge for the conventional immunostaining approaches. 
On the other hand, several studies have suggested that altered expressions of PSD-MAGUK members as well as their interacting proteins, such as NMDA receptor complexes, are correlated with many CNS diseases (Gardoni, Marcello et al. 2009). For instance, recent studies have identified TRAF2 and NCK-interacting kinase (TNIK) as a susceptible gene for schizophrenia and related disorders 
 ADDIN EN.CITE 
(Glatt, Everall et al. 2005; Matigian, Windus et al. 2007; Shi, Levinson et al. 2009)
. Co-immunoprecipitation experiments revealed the endogenous interaction between PSD-95 and TNIK, and most likely such interaction occurs at the PSD (Wang, Charych et al.). Interestingly, inhibition of TNIK by shRNA-mediated knockdown resulted in a significant reduction of PSD-95 in primary hippocampal cultures. These results suggested that PSD-95 might play an important functional role for schizophrenia and other psychiatric diseases (Cheng M-C and Lu C-L et al., 2010). To further explore this hypothesis, we recently generated a strain of double mutant PSD-95EGFP/EGFP/TNIK-/- mouse line. Fluorescence microscopy revealed that the mutant mice displayed ‘disorganized’ population of PSD95-eGFP clusters in the hippocampus. Additionally, the GFP fluorescence intensity at individual puncta appeared increased compared with the PSD-95EGFP/EGFP/TNIK+/+ mice. Thus these mice provide an innovative approach to study PSD-MAGUK functions in CNS disorders. In vivo studies on a transgenic mouse line (APP V717I), in which amyloid precursor protein (APP) is overexpressed to mimic the early phenotypic changes of Alzheimer’s disease, showed that decreased expressions of NMDA receptor GluN2B and PSD-95 was associated with impaired NMDA-dependent LTP as well as the NMDA- and AMPA-dependent excitatory synaptic transmission (Dewachter et al., 2007). More recently, we began to create a double mutant mouse line by crossing PSD-95EGF/EGFP reporter mice with the APP transgenic mutant mice to further investigate the roles of PSD-95 in these disease model animals.
In the near future, by crossing the double knockin reporter mouse with other mutant mouse that models different human CNS disorders, the PSD95-eGFP/SAP102-mKO2 compound mouse line will open the door to more efficient studies on the molecular heterogeneity in pathological conditions.
7.7 PSD-MAGUKs and NMDA receptor GluN2A subunit

Double immunofluorescence experiments showed that in the cortex and hippocampus, many puncta were labelled predominantly either for PSD-MAGUK proteins (PSD-95 and SAP102) or for NMDA receptor GluN2 subunits (Figure 4.10 and Figure 5.5). In addition, it appears that there is no specific colocalization preference between the PSD-MAGUK members and GluN2A subunits, although a thorough statistical quantification is required to precisely measure the binding tendency. Despite the fact that these findings are different from several reports on biochemical analysis and in vitro expression assay using heterologous cells (Losi, G. et al., 2003….), they are in agreement with the previous quantitative study using immunogold double labelling for SAP102 and GluN2A/B or PSD-95 and GluN2A/B in adult rat hippocampal synapses (Sans, N. et al., 2000). A possible explanation for the above discrepancy could be due to different experimental methods. Therefore, such dissociated synaptic localizations of GluN2A with PSD-95 or SAP102 implied that PSD-MAGUK family proteins might be not sufficient for the postsynaptic targeting of GluN2A subunits. 

More future work can be envisioned to continue investigating the binding relationships of GluN2B subunits and MAGUKs. For instance, immunolabeling with specific GluN2B antibody will provide more information on its in vivo subcellular localizations. In addition, because GluN2A/GluN2B subunits bind to PSD-MAGUK proteins via their PDZ-binding motif at the C-terminal tails (Kornau et al., 1995; Niethammer et al., 1996), it would be interesting to examine whether lacking either the GluN2A or GluN2B C-terminal tail will affect the MAGUK proteins subcellular distributions. This question can be addressed by crossing these MAGUKs knockin lines to the GluN2A/2B or GluN2B/2A mutant mice in which the C-terminal tail sequence of GluN2A subunits were replaced by GluN2B C-terminal tail or vice versa, respectively.

7.8 Activity regulated Arc-Venus expression

A fourth knockin mouse line Arc-Venus was generated. These mice express an YFP variant Venus in-frame inserted into the open reading frame of Arc/Arg3.1 gene. The baseline expression of Arc-Venus is low (Figure 6.1). However, after PTZ-induced generalized seizure, the fluorescence intensity of Arc-Venus was significantly enhanced (Figure 6.2), suggesting that the Arc-Venus fusion protein is activated in response to the seizure stimulation. Moreover, our data demonstrated that the fusion protein does not alter the electrophysiological properties in homozygous knockin mice (Appendix Figure A6). Thus, different from the conventional detecting methods such as in situ hybridization and immunohistochemistry which usually works on fixed brain slices and requires large amounts of sample processing steps, these mice will allow us to quickly and precisely monitor the Arc/Arg3.1 gene expression dynamics that are tightly regulated by neuronal activity. A recent publication also reported a similar knockin Arc reporter mouse line, in which the coding sequence of Arc/Arg3.1 was replaced by a GFP gene (Wang, K.H. et al., 2006). However, the GFP expression in these mice may not faithfully reflect the physiological distribution and functions of Arc/Arg3.1 gene expression due to the lack of Arc in the homozygous animals. Different from these Arc-GFP mice, the knockin Arc-Venus mouse line therefore provides us a chance for the first time to precisely study the Arc/Arg3.1 expression and its subcellular localisations in wildtype neurons in a minimum disturbed system.

7.9 Future directions

In this dissertation, four knockin reporter mouse lines (PSD95-EGFP, SAP102-mKO2, PSD93-mCER and Arc-Venus) that express in-frame fusion fluorescent proteins were created for the first time. Our data demonstrate that the C-terminal fluorescent tag in fusion proteins does not interfere with overall expression, subcellular distribution or function of the endogenous protein. An obvious next step is to continue characterizing PSD93-mCER mouse line. In the near future, an ideal scenario would be generating a compound triple mutant reporter mouse line that simultaneously carries PSD-95-EGFP/SAP102-mKO2/PSD93-mCER fusion genes. These mice thus will allow us to study the mammalian PSD-MAGUKs heterogeneity in a more precise and comprehensive manner. 

Among the three MAGUKs reporter mouse lines, because endogenous PSD-MAGUK proteins were all ubiquitously labelled by our gene-targeting design, these mice would be ideally facilitate the studies on general synapse population diversity and experiments that require the identification of MAGUK-containing synapses. Regarding this, one possible disadvantage of these knockin reporter lines exists. The universal labelling of MAGUK proteins, which is different from the mosaic expression patterns that usually preferred by in vivo imaging, would make it difficult to discriminate the subcellular structures from background unintentional signals. This problem can be partially circumvented by intracellular microinjection of fluorescent tracers to label neurons and combined with later digital image processing to filter out the unrelated fluorescent signals, although this process is usually time-consuming and labour-intensive. An alternative strategy to circumvent the above caveats is to construct a conditional fluorescence reporter knockin line, in which the fluorescence reporter gene can be activated by Cre-mediated recombination. Very recently, we have started to generate an improved ‘two-colour switchable’ PSD-95-RFP/EGFP knockin reporter mouse line. Under the native condition, only RFP fluorescent protein is expressed. However, when crossing these reporter mice to Cre-expressing mice, the Cre-mediated excision will remove the RFP coding cassette and activate the EGFP fluorescent protein expression (Appendix Figure A8 for a schematic view of the construct map). As a result, these mice will allow us to clearly distinguish PSD-95 expressing synapses between recombined and non-recombined regions. Taken together, breeding these reporter mice with other transgenic, knockin or knockout mutant mice should provide new experimental approaches to address many future research questions.
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				SAP97_Human		SAP97_Mouse		PSD-93_Human		PSD-93_Mouse		SAP102_Human		SAP102_Mouse		PSD-95_Human		PSD-95_Mouse

		SAP97_Human		100		95.8		80.3		80.8		76		76.1		74.1		73.9

		SAP97_Mouse		95.8		100		79.7		80.2		76.1		76.3		73.9		73.5

		PSD-93_Human		80.3		79.7		100		79.7		76.9		76.8		72		71.5

		PSD-93_Mouse		80.8		80.2		96.6		100		77.5		77.4		72.5		72.1

		SAP102_Human		76		76.1		76.9		77.5		100		99.3		69.9		69.9

		SAP102_Mouse		76.1		76.3		76.8		77.4		99.3		100		70.1		70.1

		PSD-95_Human		74.1		73.9		72		72.5		69.9		70.1		100		99.2

		PSD-95_Mouse		73.9		73.5		71.5		72.1		69.9		70.1		99.2		100
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		Mouse Line				Primers (5' ----> 3')

		PSD95-EGFP		Molecular cloning		EGFP F		CGGCGCTCTAGAGGTGGCGGTAGTATGGTGAGCAAGGGCGAGGAGCTG

						EGFP R		AACCGTTGATCATCACTTGTACAGCTCGTCCATGCCGAG

				ES clone screening		Neo F		GCCTCTGAGCTATTCCAGAAGTAG

						Psd95 R		GGCGGCAGCATTTCCTGTCCTC

				Mouse genotyping		Neo F1		TACAAATAAAGCAATAGCATCAC

						Exon F2		CAAAGTGAAACGTGTCATCGAAG

						Psd95 UTR R1		GAAGAAAGGCTAGGGTACGAAGG

						EGFP F2		AACCACTACCTGAGCACCCAGTC

		SAP102-mKO2		Molecular cloning		SAP102 5HA F		CATATATGCGGCCGCGTGATAACGAGGTAGATGGACAGG

						SAP102 5HA R		GTCTATGCTAGCGAGTTTTTCAGGGGATGGGAC

						SAP102 3HA 5mini F		GCCGCGGAGGCGCGCCAGAATCCCCTCCAAGCATTCTC

						SAP102 3HA 5mini R		GGCCGGCCAATCAGATAGACGTCAGATCCTTTCTGTAGCCGTTACG

						SAP102 3HA 3mini F		GACGTCTATCTGATTGGCCGGCCTGTCCCTGTTTACATGCCTTTTC

						SAP102 3HA 3mini R		GCCGCCGCAAGCTTGGGATAGAGACAAAGAAGCACAC

						mKO2 F		CGGCGCGCTAGCGGTGGCGGTAGTATGGTGAGCGTGATCAAGCCCGAG

						mKO2 R		AACCGTCCTGCAGGTCAGGAGTGGGCCACGGCGTCCTCCAC

				ES clone screening		SAP102 5' F		GGACCCTGTGTATAATATCTG

						mKO2 neo R		ACTTGGTAAAAACTCTGTGGC

				Mouse genotyping		Neo F1		TCATCAATGTATCTTATCATGTC

						Exon F2		CATCACAGGAGGGTCGTTACTAG

						SAP102 UTR R1		GGGACAAGAACAGTAGTCATTTG

						mKO2 F3		GCCAGATGAAGACCACCTACAAG

		PSD93-mCER		Molecular cloning		mCER F		CGGCGCGCTAGCGGTGGCGGTAGTATGGTGAGCAAGGGCGAGGAGCTG

						mCER R		AACCGTCCTGCAGGTCACTTGTACAGCTCGTCCATGCCGAG

						PSD93 5HA F		CATATATGCGGCCGCCGGTCCAAGATGAAGCCTTAACAG

						PSD93 5HA R		GTCTATGCTAGCTAACTTCTCCTTTGAGGGAAT

						PSD93 3HA 5mini F		GCGGCGGAGGCGCGCCATTAGCTACTGCACCTCTGACAAC

						PSD93 3HA 5mini R		GGCCGGCCAATCAGATAGACGTCAACTAAGCAATCATCCTCCCCTG

						PSD93 3HA 3mini F		GACGTCTATCTGATTGGCCGGCCATTTCATACTCCATGTGTCCGTG

						PSD93 3HA 3mini R		GCCGCCGCAAGCTTCTAAAAGCCAAGATGACAATATG

				ES clone screening		PSD93 5' F		CACAGATGGCAAGGAGACAGGTTC

						mCER R		CCTCGCCCTTGCTCACCATACTAC

				Mouse genotyping		Neo F1		ATCAATGTATCTTATCATGTCTGG

						PSD93 UTR R1		TGTTCTTCTAAATGCTCTTCTGTC

						Exon F2		AAGATATTTACAACCAATGCAAGC

						mCER F3		AACCACTACCTGAGCACCCAGTCC

		Arc-Venus		Molecular cloning		Venus F		CGGCGCGCTAGCGGTGGCGGTAGTATGGTGAGCAAGGGCGAGGAGCTG

						Venus R		AACCGTCCTGCAGGTCACTTGTACAGCTCGTCCATGCCGAG

				ES clone screening		pneo F3		GCCTCTGAGCTATTCCAGAAGTAG

						Arc 4R		GCCAGGACTAGGTTGGACAGTCTG

				Mouse genotyping		Neo F1		TACAAATAAAGCAATAGCATCAC

						ArcExon F2		CAGAGGATGAGACGGAGGCACTC

						ArcUTR R2		AGGGGCTTCTTGATGTTCAGTCC

						Venus F3		AACCACTACCTGAGCTACCAGTC
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		PSD-MAGUK proteins		Interacting proteins		MAGUK domain		Interacting  sequence		Experimental system		Reference

		PSD-95		NR2A		PDZ2		C-terminal PDZ binding domain		Co-immunoprecipitation in COS7 cells and rat hippocampus		Hoe, H.S. et al., 2006; Al-Hallaq, R.A. et al., 2007;Cousins SL, et al., 2008

				NR2B		PDZ2		C-terminal PDZ binding domain		Co-immunoprecipitation in COS7 cells and rat hippocampus; GST pulldown in HEK293 cells		Hoe, H.S. et al., 2006; Al-Hallaq, R.A. et al., 2007;Kornau, HC. Et al., 1995

				Cript		PDZ3		C-terminal sequence X-S/T-X-V-COOH		Yeast two hybrid and coIP in brain		Niethammer, M. et al., 1998

				Cypin		PDZ1 and PDZ2		C-terminal PDZ binding domain		GST pull down in brain extracts		Firestein, B.L. et al., 1999

				GKAP		GK		N/A		Yeast two hybrid & expression assay in neurons		Kim E. et al, 1997; Takeuchi M. et al., 1997

				IRSp53		PDZ2		C-terminal PDZ binding domain		CoIP from HEK293 cells		Soltau M. et al., 2004

				Adam22		C-terminal half containing PDZ3		C-terminal PDZ binding domain		CoIP from COS7 cells and rat brain extracts		Fukata Y. and Fukata M. et al., 2006

				Neuroligins		PDZ3		C-terminus		Yeast two hybrid and affinity chromatography from brain homogenates		Irie M. et al., 1997

				ErbB4		PDZ		C-terminus		CoIP from HEK293 cells and rat PSD fraction.		Huang YZ. et al., 2000; Garcia RA et al., 2000

				Maguin		PDZ domains		C-terminal PDZ binding domain		CoIP from rat synaptosome extracts		Yao I. and Takai Y. et al., 1999

				Densin-180		PDZ1		C-terminal PDZ domain		CoIP from rat synaptosome extracts		Ohtakara K. et al., 2002

				PSD-93		N-terminal domain		N-terminal domain		CoIP from COS7 cells and rat brain extracts		Kim E. et al., 1996;Hsueh YP, et al., 1997

				SAP102		SH3 and GK		a binding site near SH3 domain		CoIP from COS7 cells		Masuko N. and Saya H. et al., 1999

				SPAR		GK		C-terminal GK binding domain		CoIP from COS7 cells and whole brain lysate in rat		Pak DT. et al., 2001

				SSCAM		GK		PDZ domains		GST pull down from COS7 cells and rat synaptosome		Hirao K., et al., 2000

				Stargazin		PDZ		C-terminal PDZ binding domain		CoIP from COS7 cells and neurons		Chen L., et al., 2000

				SynGAP		PDZ1-3		C-terminal TRV motif		CoIP from brain membrane extracts		Kim JH., et al., 1998; Komiyama NH et al., 2002

				Arc/Arg3.1		N/A		N/A		CoIP from brain extracts		Husi H et al., 2000;Fernandes E. et al., 2009

		PSD-93		NR2A		PDZ2		C-terminal PDZ binding domain		Co-immunoprecipitation in COS7 cells and rat hippocampus		Hoe, H.S. et al., 2006; Al-Hallaq, R.A. et al., 2007;Cousins SL, et al., 2008

				NR2B		PDZ2		C-terminal PDZ binding domain		Co-immunoprecipitation in COS7/HEK293 cells and rat hippocampus;		Hoe, H.S. et al., 2006; Al-Hallaq, R.A. et al., 2007;Kornau, HC. Et al., 1995; Cousins SL, et al., 2008

				ErbB4		PDZ		C-terminus		Yeast two hybrid		Huang YZ. et al., 2000; Garcia RA et al., 2000

				Maguin		PDZ domains		C-terminal PDZ binding domain		Yeast two hybrid		Yao I. and Takai Y. et al., 1999

				Neuroligins		PDZ3		cytoplasmic COOH termini		Yeast two hybrid		Irie M. et al., 1997

				GKAP4		GK		N/A		Yeast two hybrid		Takeuchi M. et al., 1997

				Cript		PDZ3		N/A				Niethammer, M. et al., 1998

				PSD-95		N-terminal domain		N-terminal domain		CoIP from COS7 cells and rat brain extracts		Kim E. et al., 1996;Hsueh YP, et al., 1997

				Stargazin		PDZ		C-terminal PDZ binding domain		CoIP from COS7 cells and neurons		Chen L., et al., 2000; Dakiji et al., 2003)

		SAP102		NR2A		PDZ2		C-terminal PDZ binding domain		Co-immunoprecipitation in COS7 cells and rat hippocampus		Hoe, H.S. et al., 2006; Al-Hallaq, R.A. et al., 2007;Cousins SL, et al., 2008

				NR2B		PDZ2		C-terminal PDZ binding domain		Co-immunoprecipitation in COS7 cells and rat hippocampus		Al-Hallaq, R.A. et al., 2007;Cousins SL, et al., 2008;Sans et al., 2003

				ErbB4		PDZ		C-terminus		Yeast two hybrid		Huang YZ. et al., 2000; Garcia RA et al., 2000

				Sec8		PDZ		C-terminal PDZ binding site		Yeast two hybrid and CoIP from brain exacts		Sans N. et al., 2003

				Stargazin		PDZ		C-terminal PDZ binding domain		CoIP from COS7 cells and neurons		Chen L., et al., 2000

				Cypin		PDZ		C-terminal PDZ binding domain		CoIP from COS7 cells and brain exacts		Firestein BL. et al., 1999

				GKAP		GK		N/A		Yeast two hybrid		Kim E. et al, 1997

				SynGAP		PDZ		C-terminal TRV motif		Yeast two hybrid and CoIP from brain exacts		Kim JH., et al., 1998; Komiyama NH et al., 2002

				Calmodulin		SH3		N/A		GST pull down		Masuko N. et al., 1999

				Neuroligins		PDZ3		cytoplasmic COOH termini		Yeast two hybrid		Irie M. et al., 1997

				PSD-95		a binding site near SH3 domain		SH3 and GK		Yeast two hybrid and GST pull down		Masuko N. and Saya H. et al., 1999






