7.1 General methodological discussion

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

As described previously in chapter 3, the gene-targeting mediated knockin mutagenesis has several advantages over conventional methods of introducing GFP and derived fluorescent proteins by vector- or virus- based expression systems. Through gene targeting, the fluorescent fusion protein replaces the endogenous genomic locus to tag the protein of interest in a minimally disturbed system. As a result, instead of overriding the physiological regulatory systems, expressions of fusion fluorescent transgene, controlled by the endogenous regulatory elements, are capable of faithfully reflecting the endogenous protein expressions and monitor their native temporal/spatial expression patterns. On the other hand, different from the BAC transgenic mouse that often contains multiple copies of transgenes, the knockin mutant mouse carries a single copy of fusion gene that is targeted to the genomic allele. Thus, the knockin mutagenesis well circumvents the misexpression/ overexpression problems in the above experimental approaches.  In spite of this, there were yet few studies utilizing gene targeting strategies were performed due to the concerns on insufficient fluorescent fusion gene expression levels for direct visualizations of fluorescence imaging (Gong, S. and Heintz, N. et al., 2003). In particular, most of previous reports applied targeted GFP fusion gene to label and observe the overall neuronal cell architecture (Tamamaki, N. and Kaneko, T. et al., 2003), the detailed subcellular postsynaptic structures, however, were not thoroughly examined.
The initial characterizations of PSD95-EGFP, SAP102-mKO2 and Arc-Venus knockin mice showed that these mice are viable, normal during development and display no deficits in synaptic transmissions (Appendix Figure A6 and A7). The direct fluorescent signals detected from both heterozygous and homozygous mutant mice brain sections and dissociated primary neuronal cultures are sufficiently intense, thus allowing the convenient observation by direct fluorescence both in vivo and in vitro for live-cell imaging. 
7.2 Subcellular localizations of PSD95-eGFP clusters

Double immunofluorescence staining experiments indicated that PSD95-eGFP is localized to the postsynaptic sites of excitatory synapses. These results are in line with previous reports (Fukaya, M. and Watanabe, M. 2000, Sans, N. and Wenthold, R.J. et al., 2001). Although majority of the GFP-positive puncta were located at the postsynaptic sites, it is also found that there was a small number of GFP-labelled puncta did not align with any presynaptic markers (Figure 4.7 and Appendix Figure A4). Previous ultrastructural studies using post-embedding immunogold method showed that a small subset of PSD-95 also associated with vesiculotubular structures within dendrites and dendritic spines (El-Husseini et al., 2000).  Mok, H. et al. also reported that PSD-95 is a direct interactor with KIF1B( (a kinesin family motor protein that mediates microtubule-dependent intracellular transport of vesicles) in the brain extract (Mok, H. and Kim, E. et al., 2002). To test this, double immunofluorescent staining experiments in the primary PSD-95EGFP/EGFP cortical neurons at young age were carried out. I found that a subset of PSD95-eGFP puncta was overlapped with KIF1B(-immunoreactive puncta (data not shown). Thus, consistent with previous findings, these results suggest that a small population of PSD95-eGFP may also occur at non-synaptic sites, possibly involved with the intracellular trafficking vesicles. Future work including ultrastructural studies by EM and further statistical quantifications of non-synaptic PSD95-eGFP clusters can be performed to further examine and confirm the subcellular distributions of PSD95-eGFP fusion protein.

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

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

On the other hand, in the double mutant PSD-95EGFP/EGFP/PSD-93-/- mice, direct fluorescence images displayed an increased GFP fluorescence intensity that appeared at individual puncta (Appendix Figure A5), implying that a functional compensation may also exist between PSD-95 and PSD-93, which has been hypothesised by a number of studies (Elias, G.M. et al., 2006 and 2007; Sun, Q and Turrigiano, G.G.  2011). Yet more detailed quantitative measurements are required in the future to examine the average size as well as the density of GFP-positive puncta and compare these values with those of the PSD-95EGFP/EGFP/PSD-93+/+ mice.
7.5 Antibody staining considerations

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

Direct fluorescence images revealed that in the adult double knock-in mice, both PSD95-eGFP and SAP102-mKO2 are highly expressed in the forebrains including cerebral cortex, hippocampus and striatum. The expression patterns of PSD95-eGFP and SAP102-mKO2 detected by native fluorescence are essentially identical with the previous reports (Fukaya, M. and Watanabe, M. 2000; Sans et al., 2001). However, differences in their relative abundance among several brain regions were also found. Particularly in the hippocampus, PSD95-eGFP is highly expressed in the CA1, while less green fluorescent intensity was detected in the CA3 subregion. Compared with PSD95-eGFP, SAP102mKO2/Y mice displayed intense red fluorescent signals in the hippocampal dentate gyrus, while moderate expression levels of SAP102-mKO2 fusion protein were detected throughout the rest of CA1, CA2 and CA3 areas (Figure 5.6).
Further characterizations showed that the majority of PSD95-eGFP or SAP102-mKO2 fluorescence occurs as tiny, puncta clusters that discretely locate along the MAP2-immunoreactive neural processes. Additionally, the eGFP- or mKO2-positive puncta were localized in close apposition to the VGluT1-immunolabelled excitatory presynaptic terminals, therefore confirming their postsynaptic localizations at excitatory synapses (Figure 4.7 and Figure 5.4).
Interestingly, among various subregions of hippocampus, a dissociation of PSD95-eGFP and SAP102-mKO2 expression at individual synapses was observed: the yellowish colocalization of eGFP and mKO2 fluoresecence at the same puncta was only occasionally detected. Instead, a substantial population of puncta showed prominent expression of either eGFP green or mKO2 red fluorescence. These observations confirmed my previous results based on immunohistochemical experiments and clearly indicated a markedly synaptic MAGUK diversity in the adult mammalian brain. Future work regarding further functional relevance could be continued. For instance, the temporal/spatial expression pattern changes of PSD-95 and SAP102 during different developmental stages can be conveniently imaged and analyzed by detecting native fluorescence both at low or high magnifications, which currently still remains a challenge for the conventional immunostaining approaches. 
On the other hand, several studies have suggested that altered expressions of PSD-MAGUK members as well as their interacting proteins, such as NMDA receptor complexes, are correlated with many CNS diseases (Gardoni F. et al., 2009). For instance, recent studies have identified TRAF2 and NCK-interacting kinase (TNIK) as a susceptible gene for schizophrenia and related disorders (Glatt SJ and Everall IP et al., 2005; Matigian N.  and Windus L et al., 2007; Shi J and Levinson DF et al., 2009). Co-immunoprecipitation experiments revealed the endogenous interaction between PSD-95 and TNIK, and most likely such interaction occurs at the PSD (Wang Q. et al., 2010). Interestingly, inhibition of TNIK by shRNA-mediated knockdown resulted in a significant reduction of PSD-95 in primary hippocampal cultures. These results suggested that PSD-95 might play an important functional role for schizophrenia and other psychiatric diseases (Cheng M-C and Lu C-L et al., 2010). To further explore this hypothesis, we recently generated a strain of double mutant PSD-95EGFP/EGFP/TNIK-/- mouse line. Fluorescence microscopy revealed that the mutant mice displayed ‘disorganized’ population of PSD95-eGFP clusters in the hippocampus. Additionally, the GFP fluorescence intensity at individual puncta appeared increased compared with the PSD-95EGFP/EGFP/TNIK+/+ mice. Thus these mice provide an innovative approach to study PSD-MAGUK functions in CNS disorders. In vivo studies on a transgenic mouse line (APP V717I), in which amyloid precursor protein (APP) is overexpressed to mimic the early phenotypic changes of Alzheimer’s disease, showed that decreased expressions of NMDA receptor GluN2B and PSD-95 was associated with impaired NMDA-dependent LTP as well as the NMDA- and AMPA-dependent excitatory synaptic transmission (Dewachter et al., 2007). More recently, we began to create a double mutant mouse line by crossing PSD-95EGF/EGFP reporter mice with the APP transgenic mutant mice to further investigate the roles of PSD-95 in these disease model animals.
In the near future, by crossing the double knockin reporter mouse with other mutant mouse that models different human CNS disorders, the PSD95-eGFP/SAP102-mKO2 compound mouse line will open the door to more efficient studies on the molecular heterogeneity in pathological conditions.
7.7 PSD-MAGUKs and NMDA receptor GluN2A subunit

Double immunofluorescence experiments showed that in the cortex and hippocampus, many puncta were labelled predominantly either for PSD-MAGUK proteins (PSD-95 and SAP102) or for NMDA receptor GluN2 subunits (Figure 4.10 and Figure 5.5). In addition, it appears that there is no specific colocalization preference between the PSD-MAGUK members and GluN2A subunits, although a thorough statistical quantification is required to precisely measure the binding tendency. Despite the fact that these findings are different from several reports on biochemical analysis and in vitro expression assay using heterologous cells (Losi, G. et al., 2003….), they are in agreement with the previous quantitative study using immunogold double labelling for SAP102 and GluN2A/B or PSD-95 and GluN2A/B in adult rat hippocampal synapses (Sans, N. et al., 2000). A possible explanation for the above discrepancy could be due to different experimental methods. Therefore, such dissociated synaptic localizations of GluN2A with PSD-95 or SAP102 implied that PSD-MAGUK family proteins might be not sufficient for the postsynaptic targeting of GluN2A subunits. 
More future work can be envisioned to continue investigating the binding relationships of GluN2B subunits and MAGUKs. For instance, immunolabeling with specific GluN2B antibody will provide more information on its in vivo subcellular localizations. In addition, because GluN2A/GluN2B subunits bind to PSD-MAGUK proteins via their PDZ-binding motif at the C-terminal tails (Kornau et al., 1995; Niethammer et al., 1996), it would be interesting to examine whether lacking either the GluN2A or GluN2B C-terminal tail will affect the MAGUK proteins subcellular distributions. This question can be addressed by crossing these MAGUKs knockin lines to the GluN2A/2B or GluN2B/2A mutant mice in which the C-terminal tail sequence of GluN2A subunits were replaced by GluN2B C-terminal tail or vice versa, respectively.
7.8 Activity regulated Arc-Venus expression

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

7.9 Future directions

In this dissertation, four knockin reporter mouse lines (PSD95-EGFP, SAP102-mKO2, PSD93-mCER and Arc-Venus) that express in-frame fusion fluorescent proteins were created for the first time. Our data demonstrate that the C-terminal fluorescent tag in fusion proteins does not interfere with overall expression, subcellular distribution or function of the endogenous protein. An obvious next step is to continue characterizing PSD93-mCER mouse line. In the near future, an ideal scenario would be generating a compound triple mutant reporter mouse line that simultaneously carries PSD-95-EGFP/SAP102-mKO2/PSD93-mCER fusion genes. These mice thus will allow us to study the mammalian PSD-MAGUKs heterogeneity in a more precise and comprehensive manner. 
Among the three MAGUKs reporter mouse lines, because endogenous PSD-MAGUK proteins were all ubiquitously labelled by our gene-targeting design, these mice would be ideally facilitate the studies on general synapse population diversity and experiments that require the identification of MAGUK-containing synapses. Regarding this, one possible disadvantage of these knockin reporter lines exists. The universal labelling of MAGUK proteins, which is different from the mosaic expression patterns that usually preferred by in vivo imaging, would make it difficult to discriminate the subcellular structures from background unintentional signals. This problem can be partially circumvented by intracellular microinjection of fluorescent tracers to label neurons and combined with later digital image processing to filter out the unrelated fluorescent signals, although this process is usually time-consuming and labour-intensive. An alternative strategy to circumvent the above caveats is to construct a conditional fluorescence reporter knockin line, in which the fluorescence reporter gene can be activated by Cre-mediated recombination. Very recently, we have started to generate an improved ‘two-colour switchable’ PSD-95-RFP/EGFP knockin reporter mouse line. Under the native condition, only RFP fluorescent protein is expressed. However, when crossing these reporter mice to Cre-expressing mice, the Cre-mediated excision will remove the RFP coding cassette and activate the EGFP fluorescent protein expression (Appendix Figure A8 for a schematic view of the construct map). As a result, these mice will allow us to clearly distinguish PSD-95 expressing synapses between recombined and non-recombined regions. Taken together, breeding these reporter mice with other transgenic, knockin or knockout mutant mice should provide new experimental approaches to address many future research questions.
