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 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 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 brains, 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 synapses. At the chemical synapses, 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 


(Gray 1959; Gray 1961; Hamlyn 1962) ADDIN EN.CITE . 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 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 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 et al., 2009). Thin spin 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 (Fiala, J.C. et al., 2002; Calabrese, B. et al., 2006). 

Therefore, the complexity of the mammalian central nervous system is formed mainly because of the way of how these nerve cells having 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.
The dynamics of synapses

With the advent of novel molecular and imaging techniques over the last few years, mounting evidence suggested that dendritic spines are highly dynamic structures. Several studies from the past decades have shown this dynamic nature occurs particularly during the postnatal development. However, it is also found that spine synapses can be continuously remodeled throughout the adulthood, including changes in its number and morphology. Such structural changes in synaptic connectivity seem account for many forms of experience-dependent plasticity, for example learning and memory. Therefore, the dynamic characteristics of spine synapses are crucial for both the development and functional establishment of neural circuits. On the other hand, many pathological brain conditions, including mental illness and neurodegenerative diseases were found to involve with disrupted synaptic structures and spine abnormalities (Fiala, J.C. et al., 2002; Calabrese, B. et al., 2006). 

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. Majorly two 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 brains, 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 CNS, the vast majority of excitatory synaptic transmission is 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 (Dingledine, Borges et al. 1999). 
AMPA receptors are composed of four different types of subunits GluR1-GluR4 (also known as GluRA-GluRD) (Hollmann, M. and Heinemann, S, 1994). In the mature hippocampus two types of AMPA receptor subunit combinations appear to predominant: receptors consist GluR1 and GluR2 or receptors consist GluR2 and GluR3 (Wenthold 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 receptor opens and closes 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 co-agonist glycine bind to the NMDAR 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 


(Nowak, Bregestovski et al. 1984) ADDIN EN.CITE . 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 (Lynch, Rahwan et al. 1983)? (Malenka, Kauer et al. 1988). It is now known that influx of Ca2+ through activated NMDA receptors is the 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 (Bredt and Nicoll, 2003; Malenka and Bear, 2004).
Much research effort has been focused on understanding the molecular mechanisms by which Ca2+ entry leads to changes of synaptic strength.  Compelling evidence has suggested that the Ca2+ influx is pivotal for synaptogenesis---explain, modulating long-lasting changes in synaptic strengh such as long-term potentiation (LTP) and long-term depression (LTD), which is considered the underlying cellular mechanism of learning and memory. 

It has been found that certain postsynaptic sites contain both the NMDA and AMPA receptors, whereas other sites may contain only the NMDA receptors, which can be often seen at the early developmental stage. The synapse containing only NMDA type but no AMPA type of receptors is identified as ‘silent synapse’ due to its lacking of AMPA receptor-mediated signaling. 

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. 
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 (Emes, R.D. 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 (Micheva, K.D. et al., 2010). This study revealed even more variability in molecular components of individual synapses within the broad category of excitatory and inhibitory synapse.
Indeed, differential expression patterns of distinct NMDA receptor NR2 subunits have been already found in the excitatory synapses of various brain regions as well as during developmental stages. In particular, compared with NR2A and NR2B high expression in the hippocampal synapses, NR2C is present at high expression levels only in the cerebellar granule cells (Wenzel, A. 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 et al., 1996). 

Other than the regional expression difference, such selective synaptic diversity can be also observed between dendrites or subcellular parts of same dendrite. This is well exemplified 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, R.A. and Malenka, R.C. 1995). Moreover, the NMDA receptor-mediated conductance is smaller at mossy fiber-CA3 synapses than at commissural/associational-CA3 synapses (Jonas, P. et al., 1993). Such variation in electrophysiology might be derived from the differences in postsynaptic levels of NMDA receptors detected by a sensitive method of immunohistochemistry (Watanabe, M. et al., 1998; Fritschy, J.M. et al., 1998). The postsynaptic NR1 and NR2A were detected at low abundance at mossy fiber synapses, and NR2B 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 ion receptors cell/synapse-specific expression manner, 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 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, P. 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 NR2B) 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 (Guellaud, L. and Setou, M. et al., 2003; Jeyifous, O. et al., 2009; Setou, M. et al., 2000). 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 (Setou, M. et al., 2002; Wyszynski et al., 2002). The precise key signal that governs where these trafficking receptors eventually stop and form synapses, however, is still unclear. Regardless of the nature of the cellular causes that result in synapse-specific expression manner, the exact mechanism for the maintenance of differential synaptic targeting of these ion receptors also remain 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 (Lavezzari et al., 2004; Lin, Y. and Zukin, R.S. et al., 2004; Roche, K.W. et al., 2001). More evidence came from biochemical analysis and high-resolution light microscopy revealed that different NMDA receptor NR2 subunits preferentially bind to specific PSD-95 family member (Zhang and Diamond, 2009; Sans, N. and Wenthold, R.J. et al., 2000). 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 synapse, 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 et al., 1996; Liao and Malinow, 1996; Isaac, J.T. et al., 1997). 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, J.J. and Malinow, R. 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, Y. et al., 2000). 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, S-H. and Malinow, R. et al., 2001; Takahashi, T. and Svoboda, K. et al., 2003). 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, S-H. and Malinow, R. et al., 2001), 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.

1.3 NMDA receptor structure, subunit composition and expression
One prominent type of glutamate-gated ion channels is NMDA receptor (NMDAR). Molecular cloning has revealed that the NMDAR is comprised by three types of subunits: NR1, NR2 and NR3 


(Moriyoshi, Masu et al. 1991; Kutsuwada, Kashiwabuchi et al. 1992; Monyer, Sprengel et al. 1992; Ciabarra, Sullivan et al. 1995) ADDIN EN.CITE . To form a functional receptor complex, two obligatory NR1 subunits must be assembled with two regulatory NR2/NR3 subunits, however it appears that most NMDARs are assembled by NR1 and NR2 subunits, and the biophysical and pharmacological properties of NMDARs partly depends on what subtypes of NR2 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 NR3 family consists of two subunits: NR3A and NR3B, whereas the NR2 family can be classified into four different subtypes: NR2A, NR2B, NR2C and NR2D. The C-terminal tail of NR1 subunit binds to various synaptic kinases and phosphatases and structural proteins including (-actinin, calmoduling and AKAP9 (Yatiao). The NR2 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 (PSD protein of 95 kDa) family. Different NR2 subunit confers different physiological channel properties. The NR2A-containing receptor shows lower affinity to glutamate, distinctly faster channel kinetics and greater channel open probability and more prominent Ca2+ -dependent desensitization than the NR2B-containing receptor. Compared with NR2A/NR2B, the NR2C and NR2D display low conductance openings and reduced sensitivity to Mg2+ block (Cull-Candy and Leszkiewicz 2004). Although it seems that NR3 is not an essential component to assemble most of the native NMDAR, some evidence suggested that NR3A 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 NR1 subunit is expressed ubiquitously at all stages, whereas the NR2 subunits are expressed discretely 


(Monyer, Burnashev et al. 1994) ADDIN EN.CITE . The NR2A and NR2B are most widely distributed NR2 subunits in the CNS, with higher expression in the forebrain and enriched in the hippocampus. The NR2C is found to express largely restricted in the cerebellum, while NR2D is highly expressed during early developmental stage and its expression significantly decreases in the adult brain. The NR2B subunit expresses predominantly in the early development and later gradually decreases, whereas the NR2A subunit expression is greatly increased during the late development, suggesting that the NR2B-NR2A 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 NR2A mutation, whereas NR2B mutation exerts more effect on commissural-CA3 synapses, thus suggesting that NR2A/2B subunit composition are sorted within a single CA3 pyramidal neuron 


(Ito, Futai et al. 1997; Ito, Kawakami et al. 2000) ADDIN EN.CITE . A similar dichotomy can be seen in layer V pyramidal neurons in the neocortex (Kumar and Huguenard 2003). 
Compelling evidences from several experiments applying genetics strategy to examine the targeted disruption of different NMDAR subunits suggest that it is crucial to contain correct number and compositions of different subunits. Sakimura and colleagues showed that targeted disruption of NR2A subunit in mice resulted in reduced hippocampal LTP and deficiencies in spatial learning (Sakimura, Kutsuwada et al. 1995). Kutsuwada and co-workers demonstrated that homozygous mutant mice with targeted disruption of NR2B subunit could not survive after birth, while the heterozygous mutant animals showed failure of neuronal pattern formation and abolishment of LTD 


(Kutsuwada, Sakimura et al. 1996) ADDIN EN.CITE . Targeted disruption of NR1 subunit in mice leads to neonatal lethality and dramatic abolishment of NMDAR mediated glutamergic synaptic transmission 


(Forrest, Yuzaki et al. 1994; Li, Erzurumlu et al. 1994) ADDIN EN.CITE . On the other hand, Tang and colleagues showed that the overexpression of NR2B in the transgenic mice enhanced NMDAR activation and led to a superior ability in learning and memory in various behavioural tasks 


(Tang, Shimizu et al. 1999) ADDIN EN.CITE .
1.4 Molecular diversity of the PSD and NMDAR complex
In excitatory synapses, NMDA and AMPA receptors are highly concentrated in the postsynaptic density (PSD), an electron-thickening area underlying postsynaptic membrane. Therefore, understanding the detail molecular compositions of the PSD has captured much attention in the last few decades. The 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 NMDARs 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 NRC, with more than 100 molecules including scaffolding proteins, cytoskeleton and signalling molecules, therefore the NRC was considered as the core complex in the PSD 


(Grant and O'Dell 2001) ADDIN EN.CITE . By either direct or indirect interactions, the NMDARs were anchored and integrated into a complex protein network. 
Through this sophisticated molecular network, the NMDAR is able to couple to the downstream signalling transduction. Upon the activation of NMDAR, 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 


(Malinow, Madison et al. 1988; Lisman 1989; Derkach, Barria et al. 1999; Hayashi, Shi et al. 2000) ADDIN EN.CITE . 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 


(Malenka and Bear 2004; Blitzer, Iyengar et al. 2005) ADDIN EN.CITE .
NMDAR and its interacting proteins

Many of the NMDAR interactions with other synaptic proteins may involve the receptor’s carboxy terminal tail, which is located in the cytoplasm. A number of proteins have been identified to   interact with NR1 or NR2 subunit, and this number will possibly grow in the future. One class of proteins that bind to NMDAR is cytoskeleton-linking molecules including intermediate filaments and (-actinin-2 


(Wyszynski, Lin et al. 1997; Ehlers, Fung et al. 1998) ADDIN EN.CITE . Both of them bind to the NR1 subunit, although (-actinin-2 might also bind to NR2 subunit. Alpha-actinin-2 binds to the NR1 subunit at the C-terminal C0 region and cross-links NMDAR to the actin cytoskeleton 


(Wyszynski, Lin et al. 1997) ADDIN EN.CITE . Intriguingly, the binding between NR1 subunit and (-actinin-2 can be directly antagonized by calcium/calmodulin, which also binds to NR1 subunit at the C-terminus at C0 sites. These findings implied that the association of NMDAR with the synaptic cytoskeleton might be regulated by the receptor activity status. On the other hand, competitive bindings of calmodulin and (-actinin-2 to NR1 subunit in turn directly regulate the inactivation of NMDAR 


(Ehlers, Zhang et al. 1996; Zhang, Ehlers et al. 1998) ADDIN EN.CITE . 

Another group of proteins associating with NMDARs belongs to the kinase protein family. CaMKII can associate with NR1, NR2A and NR2B subunits. Biochemical evidences have established that CaMKII directly interacts with NMDAR and this interaction is potentiated by NMDAR activity 


(Gardoni, Caputi et al. 1998; Leonard, Lim et al. 1999) ADDIN EN.CITE . 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 NR2B subunit and this interaction is modulated by the autophosphorylation of CaMKII (Strack and Colbran 1998). Association of CaMKII with NR2B involves two distinct binding sites on the c-terminal tail of NR2B: the NR2B-P site within amino acid residues 839-1120 and NR2B-C site within residues 1290-1309 


(Strack, McNeill et al. 2000; Bayer, De Koninck et al. 2001) ADDIN EN.CITE . Binding of CaMKII to NR2B-P site requires CaMKII T286 autophosphorylation, whereas binding of CaMKII to NR2B-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 NR1, NR2A and NR2B subunits. However, the major phosphorylation sites for PKA and PKC differ for three subunits 


(Leonard and Hell 1997) ADDIN EN.CITE . 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 NR1 subunit (Westphal, Coffee et al. 1999).
At last but not least, one of the best-characterized 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 NR2 subunit c-terminal tails binding motif –ES(D/E)V and the first two PDZ domains of PSD-95 family 


(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) ADDIN EN.CITE . Additional PSD-95 family members including PSD-93 (also known as Chapsyn110), SAP102 (synapse-associated protein 102) and SAP97 (synapse-associted protein 97) were further identified to interact with NR2A or NR2B subunit 


(Lau, Mammen et al. 1996; Muller, Kistner et al. 1996; Sans, Petralia et al. 2000; Al-Hallaq, Conrads et al. 2007) ADDIN EN.CITE . Co-expression of PSD-95, PSD-93 and SAP97 reduced NMDAR internalization rate and help to stabilise the surface expression of NMDAR 


(Roche, Standley et al. 2001; Lavezzari, McCallum et al. 2004; Lin, Skeberdis et al. 2004) ADDIN EN.CITE . Chung et al., have also found that casein kinase II (CK2) directly phosphorylates Ser 1480 within the c-terminal PDZ ligand of NR2B 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 


(Chung, Huang et al. 2004) ADDIN EN.CITE .

Besides the major 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 NR2A/2B did not completely block the association of NMDARs and PSD-95 


(Kornau, Schenker et al. 1995; Bassand, Bernard et al. 1999; Cousins, Kenny et al. 2009) ADDIN EN.CITE . Moreover, these additional PSD-95 binding domains differ between NR2A (mapping to amino acid sequences 1382-1420) and NR2B (mapping to residues 1086-1157) 


(Cousins, Kenny et al. 2009) ADDIN EN.CITE . These findings suggested that different NR2 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.

Characterization of NR2 c-terminal tail function by mouse genetics

Much effort has been done to assess the in vivo functional relevance of NR2 subunit c-terminal region using mouse genetic techniques. Several transgenic mice expressing NMDARs that lack the full-length or part of the intracellular c-terminal tail of NR2 subunits were produced 


(Mori, Manabe et al. 1998; Sprengel, Suchanek et al. 1998) ADDIN EN.CITE . The NR2A mutant mice with a full-length deletion of c-terminal tail are viable whereas the NR2B(C/(C mice died prenatally. Although NMDAR current can be detected in the CA1 pyramidal neurons from P0 NR2B(C/(C mice after applying 100(M NMDA, the synaptic NR2B surface expression was reduced by the observation of reduction of somatic NMDA current amplitude 


(Sprengel, Suchanek et al. 1998) ADDIN EN.CITE  or by the decreased synaptic immunostaining of NR2B 


(Mori, Manabe et al. 1998) ADDIN EN.CITE . Furthermore, the NMDA/AMPA ratio was reduced in CA1 pyramidal cells from P1-P3 mice with no changes in single channel conductance or mean open time, suggesting that the targeting and anchoring of NR2B are both affected by the lack of c-terminal tail. The functional relevance of NR2A c-terminus tails appeared to still under controversial debate so far. Sprengel et al., first reported a lack of change in the NMDAR current amplitude in the CA1 pyramidal neurons in the NR2A(C/(C mice. On the contrary, other researchers found a defect in the synaptic localization of the mutated NR2A subunits 


(Steigerwald, Schulz et al. 2000; Kohr, Jensen et al. 2003) ADDIN EN.CITE . In the NR2A(C/(C mutant mice, it appeared that the synaptic localization of NR2A was impaired but a significant proportion of the receptors were still expressed at the surface.
PSD-95 association with NMDAR changes within this mutants?

1.4 The membrane-associated guanylate kinase (MAGUK) family

Many of the proteins that associated with NMDA receptors are also highly enriched in the PSD. One of the best characterized binding partners of NMDAR are PDZ-domain containing proteins, particularly, the PSD-95-like MAGUK family. Their interaction and physiological roles have been extensively studied in various brain regions and neuronal processes (Elias and Nicoll, 2007; Gardoni et al, 2009; Kim and Sheng, 2004; Sheng and Hoogenraad, 2007)

Among them, one of the most abundant molecular constituents is the scaffolding protein PSD-95 


(Cho, Hunt et al. 1992; Peng, Kim et al. 2004) ADDIN EN.CITE . PSD-95 (also known as SAP90, synapse-associated protein-90) belongs to the membrane-associated guanylate kinase (MAGUK) protein family, which is characterized by containing 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 defined other MAGUK proteins that display similar multi-domain structures as PSD-95 in various organisms. Up to date, the MAGUK proteins can be categorized into ten 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, the investigators 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 stablizes actin cytoskeleton to the plasma membrane (Chishti, A.H. et al., 1998). 

Members from vertebrate DLG-MAGUK subfamily are all highly expressed in the central nervous system and considered playing key roles in synaptic functions. The mammalian DLG family is encoded by four genes: PSD-95 (SAP90), PSD-93 (post synaptic density 93), SAP-102 (synapse associated protein 102) and SAP-97 (synapse associated protein 97). 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 Dlg is important for normal synaptic structure in Drosophila (Lahey, 1994).  

Structural features of PSD-95 family
Primary sequences of PSD-95 family proteins

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 (Woods and Bryant,1991; Lahey et al., 1994). The peptide sequences of mammalian PSD-95 family are highly conserved, sharing a ~70% similarity (Brenman, J.E. and Christopherson, K.S. et al., 1996; Mueller, B.M. et al., 1996). 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 (Cho et al., 1992; Kistner et al., 1993; Muellar et al., 1995; Brenman et al., 1996) (Figure 1.3). 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 Velthius, A.J.W. and Bagowski, C.P. et al., 2007). 

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)(Chetkovich et al., 2002; Parker et al., 2004). In the brain, the major endogenous PSD-95 is in (-isoform and the majority of SAP97 is expressed as (-isoform (Schluter 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 (Craven 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 (Firestein B. 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 (Schlueter, O.M. et al., 2006). However, it is still not clear that 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 la. 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 (Waites, C.L. 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 (Craven et al., 1999; Okabe et al., 1999; El-Husseini et al., 2000; Firestein et al., 2000; Kuriu 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 (Muellar 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 NR2B, in particular, the I1 region-containing variant induces an NMDA-dependent lengthening of dendritic spines (Chen, B-S., and Roche, K.W. et al., 2011), 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.

In addition, both PSD-95 and SAP97 associate with AMPA receptors, although PSD-95 requires the adaptor protein stargazin (Schnell, E. et al., 2002).
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Figure 1.3 Schematic presentation of PSD-95 protein family domain structures. All family member contains three amino-terminal PDZ domains, followed by a SH3 and GK domain at the carboxy-terminus. Adapted from Fujita and Kurachi (2000).
Domain structures of PSD-95 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

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 (Daniels, D.L., et al., 1998; Doyle, E.A. et al., 1996; Hung, A.Y. and Sheng, M. 2001). Typically the PDZ domains bind to specific c-terminus of targeted proteins (Kim, E. and Sheng, M. et al., 1995; Kornau, H-C. 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 NR2 subunit and Shaker-type potassium channels (Kornau, H.C. 1995; Niethammer, M. 1996; Kim, E. et al., 1995), with preferential binding to the NR2 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 (Cai, C. and Coleman, S.K. 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 (Cohen, N.A. 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 (Gee, S.H. 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) (Brenman, J.E. 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 (McGee and Bredt, 1999; Nix et al., 2000; Masuko et la., 1999; Shin 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) (Tavares, G., 2001; McGee, A. 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 (Paarmann, I. 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 (Brenman, J.E. 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 (Wu, H. and Garner, C.C. 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 (Sturgill, J.F. 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. 

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 (Fukaya, M. and Watanabe, M. 2000; Watanabe, 1996). Using specific antisense oligonucleotide probes, Fukaya et al. found that PSD-95, PSD-93 and SAP102 mRNA were all highly expressed in the telencphalon 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 distribution 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 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 (Muller 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. 

Developmental changes of PSD-95, PSD-93 and SAP102 were also examined by in situ hybridizations. 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 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. 

Subcellular localization of PSD-95 family members

Despite the fractionation analyses suggested the PSD-95 molecules are concentrated on the postsynaptic density (Muller et al., 1996; Brenman et la., 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 


(Cho, Hunt et al. 1992; Kistner, Wenzel et al. 1993; Laube, Roper et al. 1996) ADDIN EN.CITE . 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 the detailed morphology of three MAGUKs (PSD-95, PSD-93 and SAP102) as tiny, punctuate-like structures that occupying the neuropil. 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 (Aoki, C. et al., 2001; Zheng, C-Y. and Wenthold, R.J. et al., 2010). During the ultrastructal studies, these authors also noted a heterogeneity in PSD-95 concentrations within individual PSDs, 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. Such MAGUKs diversity at single PSDs may lead to variations in the ion channel receptors clustering, EPSP amplitude difference and tendency for facilitation and depression following specific input activity.
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.). By dual immunofluorescent labelling using PSD-95 and SAP102 antibodies in cultured hippocampal neurons, Zheng et al. 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 (Petralia et al., 2002, 2010; Kneussel, M. 2005; Zheng et al., 2010). 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. 

Developmental expression profile

About a decade ago, Sans and colleagues have comprehensively examined the developmental expression profiles of NMDA receptors and their associated MAGUKs (PSD-95, PSD-93 and SAP102) in the postnatal mouse hippocampus (Sans, N. 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 NR2A and PSD-95/PSD-93 as well as NR2B and SAP102. In particular, the NR2B expression coincided with SAP102 profile at early developmental stage, whereas the expression level of NR2A increased at later stage coincided with PSD-95 and PSD-93 expressions. Co-immunoprecipitation experiments also showed a binding preference for NR2A with PSD-95 and NR2B 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 (Fukaya. M, 1999; Muller et al., 1996; Wenzel et al, 1997), suggesting that SAP102 and PSD-95 may differentially facilitate the functions of NR2B and NR2A subunits-containing NMDA receptors. However, a recent biochemical study performed by Al-Hallaq et al. showed that the isolated di-heteromeric NR1/NR2A and NR1/NR2B associate with PSD-95, PSD-93 and SAP102 with similar affinities in the CA1/CA2 regions of rat hippocampus (Al-Hallaq, R.A. et al., 2007). Therefore, the preferential association between NR2 subunit with different MAGUKs may not only depend on their intrinsic biochemical affinities, but also affected by other factors such as distinctive neural circuitry network and complementary molecular processes that remain to be identified.

Protein-protein interactions of PSD-95 family members
PSD-95

As one of the most abundant components on the PSD, PSD-95 was among the first batch of proteins identified from biochemical analyses (Cho et al, 1992; Kistner et al., 1993). PSD-95 targeting to membrane?
PSD-95 binding with ion channels and receptors

As mentioned earlier in this chapter, PSD-95 interacts with NMDA receptor NR2 subunits. The bindings between the first two PDZ domains of PSD-95 and the c-terminal tails of NR2A or NR2B 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 (Kim et al., 1995; Kim et al., 1996). However, several lines of evidence derived from primary neuronal culture or acute brain slices using membrane-permeable peptides or antibodies showed the clustering of PSD-95 was dispersed, but not the clustering of NMDA receptors (Passafaro et al., 1999; Lim, I.A. 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 (El-Husseini et al., 2000). In addition, the NMDA receptors synaptic clusterings in the PSD-95 knockout mutant mice seemed normal (Migaud et al., 1998). Roche and colleagues noted that the surface clustering of NMDA receptors might depend on their internalizations. 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 NR2B, its internalization enhanced in cultured neurons (Roche, K.W. 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. 

PSD-95 binding with cell-adhesion molecules

Apart from the binding to NMDA receptor NR2 subunit, which place PSD-95 into a central place for the PSD organizationg, PSD-95 also binds to other less abundant transmembrane PSD molecules. For example, PSD-95 interacts 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 (Irie, M. 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 (Ichtchenko 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 (Song et al., 1999; Varoqueaux et al., 2004; Chih 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, T. 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 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 (Barrow, S.L. 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.

PSD-95 interaction with cytoplasmic signalling molecules

In addition to the interactions with membrane protein, PSD-95 also binds to various cytoplasmic signalling molecules, thus playing 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), as its name suggested, a GTPase-activating protein (GAP) for the Ras (Kim, J. H. and Huganir R.L. et al., 1998; Chen, H. and Kennedy, M.B. et al., 1998). PSD-95 interacts with the c-terminus (-QTRV) of SynGAP via its three PDZ domains (Kim, J. H. and Huganir R.L. et al., 1998; Chen, H. and Kennedy, M.B. et al., 1998). 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 (Oh, J.S. et al, 2004; Krapivinsky, G. et al., 2004). Genetic disruption of SynGAP gene in homozygous mutant mice resulted in postnatal lethality (Kim, J.H. et al., 2003), while studies on SynGAP-/+ heterozygous mice exhibited strong reduction of LTP in the CA1 region of hippocampus and impaired spatial learning (Komiyama, N.H. 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 bind to an abundant protein family GKAP (guanylate kinase-associated protein, also names as SAPAP for SAP90/PSD-95 associated protein) in the PSD (Hirao, K. and Hata, Y. et al., 2000; Kim, E. and Naisbitt, S. et al., 1997; Takeuchi, M. and Hata, Y., et al., 1997). The c-terminus of GKAP in turn binds to the PDZ domains of a scaffolding proteim family ProSAP and Shank (Boeckers, T. et al., 1999; Naisbitt, S. et al., 1999). The latter proteins then associate with group I metabotrophic glutamate receptors (mGluR1) via a cytoplasmic adaptor protein Homer (Naisbitt, S., et al., 1999; Tu, J. and Naisbitt, S., et al., 1999; Brakeman, P.R. et al., 1997). Through these interactions, the PSD-MAGUK scaffolding proteins thus link the NMDA receptor complex with mGluR1-mediated signalling pathway. 

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 (Sans, N. 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 (El-Husseini, A. E. 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 (Tarpey et al., 2004; Zanni et al., 2010). By overexpressing SAP102 in dissociated neurons, Chen et al. found that the overexpression promoted synapse formation (Chen, B-S. et al., 2011). Interestingly, one of the SAP102 splicing variant 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 (Caruana, G. et al., 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 (Elias, G.M. 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 (Cai et al., 2002; Garcia et al., 1998; Lau et al., 1996; Leonard et al., 1998; Muller et al., 1996; Sans et al., 2001), 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 (Sans, N. 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) (El-Husseini, A.E. et al., 2000; Schnell, E. et al., 2002; Elias, G.M. 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 (Schluter, O.M. et al., 2006; Schnell, E. et la., 2002). 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 (Elias, G.M. et al., 2006; Nakagawa, T. et la., 2004). 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 (Elias, G.M. 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 (Migaud, M. et al., 1998). These results are in line with knocking down experimenet 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 (Carlisle, H.J. 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 (Cutherbert, P.C. 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, M.A. et al., 2010), suggesting that SAP97 may not be an essential component in regulating synaptic plasticity.
[image: image4.emf]PSD-95 PSD-93 SAP102 SAP97

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

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) (Lanahan and Worley, 1998; Morgan and Curran, 1991). 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, A.V. and Nicoll, R.A., 2006). After the first IEG encoded transcription factor c-Fos was discovered in specific neuronal nuclei after pharmacological stimulation and physiological context (Greenberg, M.E. et al., 1984; Morgan, J.I. et al., 1987; Saffen, D.W. et al., 1988; Sagar, S.M. et al., 1988), a large number of other IEGs have been identified (for review see Okuno, H. 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 (Guzowski, 2002; Lanahan & Worley, 1998; Shepherd, Rumbaugh, Wu, Chowdhury, Plath, Kuhl, Huganir, & Worley, 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 (Lyford, G.L. et al., 1995; Link, W. 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 (Lyford, G.L. 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, W. et al., 1995). 

Molecular sequence

The mouse Arc/Arg3.1 gene, located on chromosome 15, is a single-copy gene coding for a single protein (Lyford, G.L. 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 (Nishimura, M. and Yamagata, K. et al., 2003; Steward, O. and Worley, P. 2001 and 2002; Husi, H. et al., 2000). 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 (Waltereit, R. 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) (Inoue, M. et al., 2010; Kawashima, T. 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 (Kawashima, T. 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 (Kobayashi, H. 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, E. and Izaurralde, E. 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 (Giorgi, C. et al., 2007). 

Activity-regulated Arc 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 (Lyford, G.L. et al., 1995; Link, W . 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 (Waltereit, R. 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 (Guzowski, J.F. 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. 4) (Ramirez-Amaya 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 (Lyford, G.L. et al., 1995; Link, W. et al., 1995; Waltereit, R. et al., 2001) and behavioural paradigms that test spatial memory (Fletcher, B.R. et al., 2006; Gusev, P.A. et al., 2005; Gusev, P.A. and Gubin, A.N. 2010), fear-conditioning memory (Barot, S.K. et al., 2009; Mamiya, N. and Fukushima, H. et al., 2009) and olfactory memory (Desgranges, B. et al., 2010) as well as different types of operant learning (Carpenter-Hyland et al., 2010; Kelly and Deadwyler, 2003; Rapanelli et al., 2010). Vazdarjanova et al. recently reported that behaviour induces Arc in the CaMKII-positive principal neurons of the hippocampus, neocortex and dorsal striatum (Vazdarjanova, A. 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.
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Figure 1.4 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 Ramirez-Amaya et al., 2005.
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 (Fujimoto, T. and Tanaka, H. 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, H. and Yamauchi, T. 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 (Chowdhury, S. 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 (Shepherd, J.D. 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 (Plath, N. 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 (Elias, G.M. et al., 2006), evidence from in vivo biochemical analysis also suggested that Arc physically interacts with one MAGUK family member PSD-95 (Fernandez, E. 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.

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 (Guzowski, J.F. 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 (Plath, N. et al., 2006). The Arc-/- mutant mice are vital, breed normally and displayed normal 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 greatly enhancement in early-phase LTP of the dentate gyrus and hippocampal CA1 subregions, while the late phase LTP of these areas was deficient and fail to potentiate after 60 min. The long term depression (LTD) was also significantly reduced in these mice. 

Previous studies on Arc/Arg3.1 have provided a distinct perspective on the correlation between new protein synthesis and persistent changes of synaptic plasticity in memory consolidation. 
The GK domains of PSD-95 family proteins share a high similarity with yeast guanylate kinase but is catalytically inactive. It is reported to interact with several neuronal proteins including AKAP79/150 (Colledge et al., 2000), microtubule-associated protein 1A (MAP1A) (Brenman et la., 1998) and guanylate kinase-associate protein (GKAP) (Kim,1997; Takeuchi, 1997)

PSD-93 (post synaptic density 93), also named as chapsyn-110 (channel associated protein of synapses-110) is another MAGUK family protein shown to physically link with NMDA receptors and incorporate into the macromolecular network 
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