Chapter 4 

Verification and general expression of PSD95-eGFP in the knockin mouse brain
Accumulating evidences suggest that PSD-MAGUK family proteins play essential roles in various fundamental neural processes underlying learning and memory. PSD-95 is a major member of the MAGUK family and also identified as one of most abundant components at the PSD (Cheng et al., 2006). As a major scaffolding protein at the postsynaptic sites, PSD-95 interacts with many key constituent PSD proteins including NMDA receptors, adhesion molecules and signalling enzymes. Biochemical analysis showed that the first two PDZ domains of PSD-95 binds to the C-terminal tails of NMDA receptor GluN2A or GluN2B subunits, thus it is believed to be critical for the clustering and synaptic anchoring of NMDA receptors (Cai et al., 2002; Garcia et al., 1998; Lau et al., 1996; Leonard et al., 1998; Muller et al., 1996; Sans et al., 2001). Moreover, immunohistochemistry and ultrastructural studies that examined the temporal expression profiles of NMDA receptors and associated PSD-MAGUKs found that the expression levels of GluN2A increased at later developmental stage coincided with PSD-95 expressions. Co-immunoprecipitation analysis also showed that slightly more PSD-95 associated with GluN2A subunit (Sans N. et al. 2000). PSD-95 is also believed to be an important regulator for synaptic strength through its controlling AMPA receptor numbers at the synpase (Elias et al., 2006). Overexpressing PSD-95 in dissociated neurons and organotypic slice cultures not only drives maturation of glutamatergic syanpses but also enhances the synaptic clustering of AMPA receptors, whereas mutant mice lacking functional PSD-95 protein exhibited enhanced LTP despite normal synaptic structures appeared in the adult mutant mice. Although many biochemical and electrophysiological analysis data of PSD-MAGUK proteins have provided substantial mechanistic knowledge, little is known about their precise in vivo subcellular distributions at single synapses under the physiological conditions. 

In this chapter, I first described the validation of PSD95-EGFP targeted ES cell clones by an in vitro differentiation assay. The in vivo expression of fusion protein was also confirmed by western blot and the observations of general PSD95-eGFP expression in the knockin mice brain. The last part of this chapter examined the distributions of PSD95-eGFP together with ion channel receptors and two PSD-MAGUK family members (PSD-93 and SAP102) at individual synapses using immunofluorescence stainings on forebrain slices of PSD-95EGFP/EGFP knockin mice.

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

Using gene targeting technique, I have generated PSD95-EGFP targeting vector and established two PSD95-EGFP ES clones (described in Chapter 3). Previous studies have shown that PSD-95 expression is low during late embryonic stage and early postnatal life, but greatly increased within one month of age 


1 ADDIN EN.CITE . To further examine the cellular expression level of PSD95-eGFP fusion protein, I performed an in vitro assay to generate neurons that are differentiated from ES cells according to a well-established protocol in our lab (see Chapter 2), which yields highly enriched neurons. 

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

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

To further test the fluorescent punctuate-like structure observed from targeted PSD-95EGFP/+ ESNs could accurately reflect the postsynaptic localization of PSD-95, I performed immunochemistry experiments on PSD-95EGFP/+ ESNs.  Third three days after differentiation, cultured cells were fixed and stained using anti-GFP antibody. As shown in Figure 4.2, the specific subcellular distribution of PSD95-eGFP fusion proteins can be examined by labelling with a pre-synaptic marker, anti-Synaptophysin and a dendritic marker, anti-MAP2 antibodies.  As shown in Figure 4.2A and B, the bright, discrete GFP-positive puncta, which were absent from control wildtype cells, appeared on the processes that were immunoreactive for MAP2. In addition, the majority of GFP-positive puncta were in close apposition to the pre-synaptic terminals that were labelled with Synaptophysin stainings. Taken together, these results suggest that PSD95-eGFP localise to the sites opposing to the pre-synaptic terminals. 

Next, to confirm the subcellular localization of PSD95-eGFP in postsynaptic sites, I performed immunofluorescent staining experiments using GluR1 and SAP102 antibodies that are known to localise at postsynaptic side of synapses. Consistent with the staining pattern using antibody against endogenous PSD-95 in wildtype ESNs (data not shown), most of the GFP-positive puncta colocalize with SAP102 immunoreactive staining (Figure 4.2 C). Similar to Figure 4.2C, duel labelling with GFP and GluR1 antibodies
Finally, to examine the effect of targeted mutation on PSD-95, total protein was extracted from dissected forebrains of adult wildtype and PSD-95EGFP/+ heterozygote mice and analysed by western blotting using antibodies raised to against endogenous PSD-95 or GFP. As shown in Figure 4.2E, two bands of approximately 90 kDa and 110 kDa were robustly detected in both wildtype and PSD-95EGFP/+ heterozygote. The intensities of detected bands in the wildtype and mutant are similar, whereas the mutant displayed a slight increase of the molecular weight of PSD-95 bands. Probing with the GFP antibody showed specific bands at ~110 kDa in the mutant, no bands can be detected in the wildtype samples (Figure 4.2F). 
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Figure 4.2 Postsynaptic localization of PSD95-eGFP in ESNs and fusion protein expression in PSD-95EGFP/+ mice brain by western blotting.

Scale bar: 20 µm

4.3 Overall distribution of PSD95-eGFP in the mouse brain.
A strain knock-in mouse line that express the PSD95-EGFP fusion in place of the wildtype PSD-95 gene was created as described earlier in Chapter 3. The homozygous and heterozygous mutants display normal development, body weight, life span and normal behaviour (data not shown).
To examine the overall distribution of PSD95-eGFP fusion protein in the mouse CNS, acute coronal sections from adult PSD-95EGFP/+ heterozygous and wildtype mice were examined by fluorescent dissection microscope. As shown in Figure 4.3A, PSD-95EGFP/+ mutant displayed prominent and bright green fluorescence, whereas no fluorescence was detected from the wildtype slice. Notably, increased GFP fluorescent signals were observed in the forebrain region including cerebral cortex and hippocampus.

To further investigate the general pattern of PSD95-eGFP fusion protein, direct green fluorescence of fixed sagittal sections from adult PSD-95EGFP/EGFP homozygous animal was visualized by light fluorescent microscope. As shown in Figure 4.3B, the normal brain anatomical architecture was not disturbed in the homozygous mice. Distinct regions of brain displayed differential GFP fluorescent intensities. Similar to the acute coronal sections, higher fluorescence intensity levels of PSD95-eGFP were also detected in the forebrain regions including cortex, hippocampus and striatum. Moderate fluorescence levels were observed in the thalamus and hypothalamus region, whereas weak fluorescent signals were detected in several anatomical regions including olfactory bulb, midbrain, cerebellum and medulla oblongata. This pattern strongly resembles the previous immunohistochemical findings by using PSD-95 antibody (Fukaya, M. et al., 2000).  

Interestingly in the hippocampus, significant differences in PSD95-eGFP expression levels were demonstrated between the CA1 and CA3 subregions, with stronger fluorescence in the CA1 but relatively weaker fluorescence detected in the CA3 area. It was also noted that in the cerebellum, different distribution patterns of PSD95-eGFP between molecular layer and granular layer was found. 

In summary, these findings were consistent with the previous in vivo studies on PSD-95 distribution in the mammalian brain2, suggesting that the fusion protein is able to faithfully recapitulate the expression of endogenous PSD-95.

PSD95-eGFP distributions in several anatomical regions including thalamus, hypothalamus, cortex, hippocampus and cerebellum were further analyzed in more details by laser scanning confocal microscopy. As Figure 4.4 shows, green fluorescent signals of the fusion protein in these regions were all detected as tiny puncta-like structures in higher magnified views. Intense and densely packed GFP-positive puncta were detected in the cortex and hippocampus (Figure 4.4 a and d). By contrast, relatively sparsely distributed GFP-positive puncta with weaker fluorescence were observed in the thalamus and hypothalamus (Figure 4.4 b and c).  In addition, clear differences in the distribution pattern of GFP-positive puncta between the molecular layer and granular layer of cerebellum were also found (Figure 4.4 e and f).
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Figure 4.3 Overall distribution of PSD95-eGFP fusion protein in the mutant mouse brain.  (A) Direct fluorescence microscopy of acute brain slices from adult PSD-95EGFP/+ heterozygote and wildtype mice reveals prominent and bright green fluorescence in the mutant compared to the wildtype control. (B) Low-power fluorescent micrograph montage demonstrating the overall distribution of PSD95-eGFP protein in the adult PSD-95EGFP/EGFP homozygous mouse. Various brain regions are indicated (see abbreviations). Note strong GFP fluorescence is observed in the forebrain area including cerebral cortex, hippocampus and caudate-putamen (striatum). Abbreviations: OB, olfactory bulb; Cx, cerebral cortex; CP, caudate-putamen; Hi, hippocampus; Th, thalamus; Hy, hypothalamus; Mb, midbrain; Cb, cerebellum; MO, medulla oblongata. Scale bar: 0.5 mm.
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Table 4.1 Overall distribution patterns of PSD95-eGFP in the adult PSD-95EGFP/EGFP mutant mouse brain.
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Figure 4.4 Higher magnifications of in various brain regions of adult PSD-95EGFP/+ heterozygote showed GFP expression as puncta-like clusters. (a and a’) Higher magnification of PSD95-eGFP in cerebral cortex. (b and b’) PSD95-eGFP expression in thalamus. (c and c’) PSD95-eGFP expression in hypothalamus. (d and d’) PSD95-eGFP expression in hippocampus (CA1 region). (e and e’) PSD95-eGFP expression in the cerebellum, granule cell layer. (f and f’) PSD95-eGFP expression in the cerebellum, molecular layer. 

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

Distribution patterns of PSD95-eGFP in the hippocampus were investigated in more details by laser scanning confocal microscopy. Low magnified direct fluorescence images were acquired from fixed brain slices. In the CA1, CA3 and dentate gyrus (DG) regions, bright GFP fluorescence were all found exclusively in the dendritic layers of each regions including strata radiatum, strata oriens, stratum lucidum and the molecular layer of DG, whereas no GFP fluorescence was observed in the pyramidal cell layers of three subregions, as shown in Figure 4.5. Notably, high levels of GFP fluorescence were observed in the stratum radiatum and stratum oriens of CA1 region, whereas less green fluorescence signals were detected in the corresponding layers of the CA3 area.
Higher magnification confocal images were then acquired from the stratum radiatum of CA1 region as well as the stratum lucidum of CA3 region, as shown in Figure 4.6. Bright green fluorescence of PSD-95 was detected as tiny, puncta-like structures in both two areas occupying along the neuronal processes. A few of low GFP fluorescence signals were also observed in cell bodies and dendritic processes (Figure 4.6 A’’ and B’’). In contrast to the densely packed, intensely fluorescent eGFP puncta in CA1 regions, the PSD-95 puncta in CA3 regions displayed relatively less absolute fluorescence intensities. In addition, these PSD-95 puncta seemed to be arranged in a loosely packing fashion (Figure 4.6 A’’ and B’’).  

These results are consistent with the previous findings (Fukaya, M. 2000),  suggesting that the puncta detection of PSD95-eGFP reflect its synaptic expression in vivo.  
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Figure 4.5 PSD95-eGFP expressions in different subregions of mouse hippocampus (low magnification). Abbreviations: SO, stratum oriens; SR, stratum radiatum; LMol, stratum lacunosum moleculare; SLu, stratum lucidum; Py, pyramidal cell layer; PL, polymorphic layer; GL, granule cell layer; ML, molecular layer. Scale bar: 50 (m
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Figure 4.6 Detail morphology of PSD95-eGFP clusters in CA1 and CA3 regions of mouse hippocampus. (A) High magnification images of PSD95-eGFP expression in the CA1 region. A’ and A’’ are three to five fold zoom-in images of (A). (B) High magnification of PSD95-eGFP expression in the CA3 region. (B’ and B’’) Three to five fold zoom-in images of (B). Note that apart from the intense and bright fluorescence signals of puncta, relative weak and diffuse green fluorescence was also detected inside the neuropil structure (A’’ and B’’).  Scale car: A, 10 (m; A’’, 5 (m.
4.5 Postsynaptic localization of PSD95-eGFP in mouse brain.

To further characterize the subcellular localization of PSD95-eGFP, I performed immunofluorescence staining experiments on the fixed brain slices of PSD-95 mutant mice. Brains of adult mutants were fixed by 4% PFA perfusion and sectioned by microtome with a freezing stage. To label the dendritic or synaptic structures, coronal or saggittal forebrain slices were immuno-stained using antibody against MAP2, a dendritic marker or anti synaptophysin antibody, a general presynaptic marker. The PSD95-eGFP fusion proteins were simply visualized by direct green fluorescence. As shown in Figure 4.7, confocal microscopy revealed that combined with immuofluorescence of MAP2 or synaptophysin staining, eGFP fluorescence occurred in a pattern that presenting strings of intense puncta discontinuously locating along the MAP2-immunoreactive (dendritic) processes (Figure 4.7A inset). Additionally, most of the GFP fluorescent puncta were presented in close apposition to the synaptophysin-immunoreactive(IR) puncta and sometimes partially overlapping with the synaptophysin-positive puncta generating the merging yellow spectrum within their interface  (Figure 4.7B inset). These data suggested that the PSD95-eGFP has a postsynaptic localization, which is the same subcellular distribution as the endogenous PSD-95. 

Several lines of evidence have indicated that PSD-95 is one of the major PSD components at the excitatory glutamatergic synapses (Keith, D. and El-Husseini, A. 2008). To examine whether the PSD95-eGFP fusion protein is localized to postsynaptic site of excitatory synapses, I carried out two immunofluorescence staining experiments on fixed adult forebrain sections of PSD-95EGFP/EGFP mice. The vesicular gluatamate transporter1 (VGluT1) was previously reported as a major excitatory presynaptic protein predominantly expressed in the forebrain including cortex and hippocampal subregions (Fremeau, R.T. et al., 2004), while the vesicular GABA transporter (VGAT) was found highly concentrated at the presynaptic terminals of GABAergic inhibitory neurons throughout the brain (Chaudhry, F.A. et al., 1998). Therefore, to distinguish excitatory and inhibitory synapses, antibody against VGluT1 and antibody against VGAT were used on the mutant brain slices, respectively.  The staining patterns of VGluT1, which are intense at the dendritic layers of hippocampus while much reduced intensity at the pyramidal cell layers are characteristic for the exhibition of excitatory synapses. As shown in Figure 4.7 C, D and E, confocal fluorescence images showed that majority of eGFP puncta were presented in close adjacent to VGluT1-positive puncta in the hippocampus and cortex. In contrast, the VGAT immunofluorescence displayed a typical intense staining at the pyramidal cell layer whereas much lower staining intensity at the dendritic layers of hippocampus (Figure 4.7 F and G). Such general distribution pattern of VGAT is in contrast to the PSD95-eGFP overall distribution as described in the earlier part of this chapter. Moreover, higher magnification images showed that the VGAT-IR puncta were not localized apposed to the GFP-positive puncta (Figure 4.7 F, G and H insets).

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

4.6 Expression of PSD95-eGFP in cultured cortical neurons.
To explore the cellular expressions of PSD95-eGFP in a simple physiological network environment, I established primary neuronal cultures using dissociated embryonic brain tissues from PSD-95EGFP/EGFP mutants. PSD95-eGFP targeted cortical neurons were morphologically undistinguished from wildtype cells and displayed normal neuronal development (data not shown). Weak green fluorescence appeared as early as 7 days growth in vitro (DIV) and was detected as diffuse signals distributing across the cytoplasm including the soma and neurite (Figure 4.15A).  At 14 days in vitro (DIV14), the PSD95-eGFP fluorescence was detected as clear, bright puncta distributed along the neuronal processes (Figure 4.8). To confirm that the distribution of PSD95-eGFP in primary neurons mirrored that of the endogenous PSD-95, mature targeted neuronal cultures were harvested at DIV14 and proceed for immunocytochemistry using antibody against VGluT1 or NR1, respectively. As expected, figure 4.8 upper panel shows the VGluT1-positive puncta were closely apposed to the GFP-positive puncta (Figure 4.8 upper panel inset). When compared with NMDA receptor NR1 subunit, many GFP puncta were overlapped with the NR1-immunoreactive puncta (Figure 4.8 bottom panel, inset).

In summary, consistent with previous findings that PSD-95 is localized to the postsynaptic site of excitatory synapses, these results further confirmed that PSD95-eGFP fusion protein faithfully reflect the endogenous PSD-95 localization both in vivo and in vitro. 
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Figure 4.8 The cellular expressions of PSD95-eGFP in cortical primary neurons. Scale bar: 10 μm.

4.7 Expression of PSD95-eGFP and glutamatergic receptors in the mouse brain

Although SAP-97 is the only PSD-MAGUK family member identified to directly interact with AMPA receptor subunit GluR1 and responsible for its clustering at mature synapses (Kim, E. and Naisbitt, S. et al., 1997), several lines of evidences suggested that PSD-95 is required for AMPA receptors targeting to the cell surface (Schnell, E. et al., 2002). Schnell et al, used organotypic slice cultures combined with biolistic transfection of GFP-tagged proteins in hippocampal pyramidal neurons showed that the synaptic delivery of AMPA receptors is regulated by PSD-95 and such regulation effects through the interaction between PSD-95 and a synaptic protein, stargazin, which belongs to a transmembrane AMPA receptor regulating protein family (TARP). Therefore, it would be helpful to know whether AMPA receptors have a similar regional expression pattern to PSD-95.
The PSD-95EGFP/EGFP knockin mice displayed a characteristic distribution pattern of fusion protein showing different fluorescence intensity in various brain regions. To examine whether AMPA receptors have a similar distribution pattern as PSD-95, double fluorescence light microscope imaging was performed on the fixed brain slices of PSD95-EGFP knockin mice. Anti GluR1 antibody was used to label the AMPA receptor subunit 1, PSD-95 was visualized by direct green fluorescence. As shown in Figure 4.9, intense GluR1 labelling was found in all the subregions of hippocampus, cortex and the molecular layer of cerebellum, which is consistent with the previous findings (Martin, L.J. et al., 1993; Wenthold, R.J. et al., 1996; Douyard, J. et al., 2007). In contrast to GluR1, PSD95-eGFP displayed varied fluorescence levels in different subregions of hippocampus, thus yielding a colour spectrum from more yellowish colour in the CA1 subregion to the more reddish in the CA3 and dentate gyrus subregions (Figure 4.9A). Such differential distribution patterns between PSD-95 and GluR1 were also detected in other brain regions such as cerebral cortex and cerebellum (Figure 4.9 B and C). These distribution data suggested that the GluR1-containing AMPA receptors expression in different brain regions might be assembled or regulated by distinct types of scaffolding MAGUK proteins. 
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Figure 4.9 Double fluorescence images of PSD95-eGFP with GluR1 immuno-labelling. PSD95-eGFP was detected by direct fluorescence (in green), AMPA receptor subunit 1 was immuno-labelled using antibody against GluR1 (in red), neuronal nuclei were counter stained by DAPI (in blue). A shows the fluorescence micrograph of hippocampus. B shows the immunofluorescence image of cortex region. C shows the immunofluorescence image of cerebellum. Scale bar: 100 (m.

It is well known that all three PSD-95 family members (PSD-95, PSD-93 and SAP102) are capable of binding to the NMDA receptor NR2 subunits. Accumulating evidence has implied that PSD-95 appears to preferentially bind to NR2A-containing NMDA receptors. To assess whether such PSD-95-NR2A binding tendency occurs in the adult mouse forebrain, PSD95-eGFP distribution pattern was compared with NMDA receptor NR2 subunit NR2A by immunofluorescence histochemistry. 

Parasaggittal forebrain slices from PSD-95EGFP/EGFP mutant mice were fixed and immuno-stained using a specific antibody that only recognizes NR2A unique epitope. PSD95-eGFP was detected by direct green fluorescence. The initial detection with a low-magnification light microscopy showed that the overall distribution of PSD-95 and NR2A appeared with a similar spatial expression pattern in the hippocampus and cortex (Figure 4.10 A). Both PSD-95 and NR2A displayed strong fluorescence in the CA1 subregion and lower fluorescence intensity in the CA3 subregion of hippocampus (Figure 4.10 A, upper panel). When examined by the high-magnification confocal microscopy, most of the NR2A immunolabelling showed a clear puncta-like structures, although some immunofluroescence was also detected in the soma (Figure 4.10 B). Interestingly, the detailed imagining analysis revealed that only a small proportion of NR2A-immunopositive puncta were colocalized with PSD95-eGFP positive puncta in the forebrain area including cortex and hippocampus (Figure 4.10 C).
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Figure 4.10 Double fluorescence images of PSD95-eGFP with NR2A immuno-labelling on forebrain sections. PSD95-eGFP was detected by direct green fluorescence (in green), NMDA receptor NR2 subunit NR2A was immuno-labelled by a specific antibody against NR2A (in red), cell nuclei were counter stained by DAPI (in blue). (A) demonstrates the general distributions of PSD95-eGFP and NR2A in the hippocampus (upper panel) and cortex (bottom panel). (B) Immunofluorescence confocal images showing PSD95-eGFP and NR2A subcellular distributions in the cortex, CA1 and CA3 subregions of hippocampus. (C) High magnification (5-fold magnified) confocal immunofluorescence images corresponding to image panel B. Note only a small proportion of NR2A-immunopositive puncta were colocalized with PSD95-eGFP positive puncta in the forebrain slices. Scale bar: A) 1mm, B) 20 μm.
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Figure 4.10B Quantification of PSD95-eGFP positive and NR2A-immunoreactive puncta number in the mouse forebrain. 

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

Previous studies have shown that different cellular and subcellular distributions between three PSD-MAGUK proteins (PSD-95, PSD-93 and SAP102) and their mRNA levels are exhibited in various brain regions (Fukaya, M. et al., 1999; Fukaya, M. and Watanabe, M. 2000). To test whether any difference in the distributions of different PSD-MAGUK can be also seen in the mutant mice, a double fluorescence immunohistochemistry experiment was undertaken in adult PSD-95EGFP/EGFP mouse brain using a monolconal antibody raised against mouse PSD-93. The mutant PSD95-EGFP mouse brain was perfused and fixed by 4% PFA. After incubating in 30% sucrose 24 to 48 hours for cryoprotection, the fixed brain sample was sectioned into para-saggittal? slices using a sliding microtome which is equipped with a freezing stage. After sectioning, the slices were immunostained with a specific anti PSD-93 antibody (Figure 4.14 for antibody specificity) and visualized in red fluorescence to compare with the distribution pattern of PSD95-eGFP direct green fluorescence under a low-magnification light microscopy. Figure 4.11 shows the regional expression patterns of PSD95-eGFP as well as the PSD-93 protein.  Similar to the overall distribution pattern of PSD95-eGFP, the PSD-93 protein also displayed a strong staining pattern with high fluorescence intensity detected in the forebrain area including the cortex and hippocampus (Figure 4.11 A and B). However, some regional difference between PSD95-eGFP and PSD-93 was detected, for instance, within the cerebellum, moderate levels of PSD95-eGFP were observed in the granule cell layer, molecular layer whereas no fluorescent signals were detected in the Purkinje cell layer. In contrast, PSD-93 immunostaining displayed strong fluorescent levels in the cerebellar molecular layer and Purkinje cell layer, while very weak fluorescence was detected in the granule layer (Figure 4.11C). 

Within the hippocampus, subregional distribution difference between PSD95-eGFP and PSD-93 was also detected (Figure 4.11A).  The PSD95-eGFP protein showed a clear expression bias between the CA1 and CA3 subregions, with higher fluorescence intensity in the CA1 while much lower fluorescence level in the CA3; whereas the PSD-93 immunoreactivity exhibited lower fluorescence level in the CA1 and more intense stainings in the CA3 subregion, yielding a overlay colour spectrum changes from greenish of the CA1 subregion to relatively reddish of CA3 subregion.

Detailed subcellular expression patterns of PSD95-eGFP and PSD-93 on the immunolabeled forebrain slices were examined by a laser scanning confocal microscopy with high magnification (60x) objective (Figure 4.12). In the cerebral cortex, the majority of PSD93 immunostaining was found, like PSD95-eGFP, as tiny discrete puncta, with occasional labelling detected in the neuropil structure (Figure 4.12A). In the hippocampus CA1 subregion, almost all the PSD95-eGFP and PSD-93-immunopositive puncta are localized to the dendritic layer (Figure 4.12 B), while some immunofluorescent signals were also detected in the somatodendritic structures. In the CA3 region, however, intense PSD-93 immunolabellings were mostly found inside the neuropil while relatively few puncta fluorescent signals were occasionally detected (Figure 4.12C). When compared the colocalization of PSD-95 and PSD-93, a subset of the eGFP-positive puncta were observed overlapping with the PSD-93-immunopositive puncta in the cortex and the CA1 subregion of the hippocampus, whereas no obvious colocalizations of PSD-95 and PSD-93 positive puncta were detected in the CA3 subregion of the hippocampus. 

To confirm the above observations, acquired fluorescence confocal images were then analysed by a customer-made algorithm written by MatLab (personal communication Nathan Skene). Z-stack of gray scale images of separate wavelength channels from cortex and the CA3 subregion of hippocampus were acquired using pre-set parameters. Individual images were processed by substracting the background fluorescence and normalized by Gaussian filtering? for the later quantification analysis. During the quantification analysis, a puncta size threshold with ….….. were applied to exclude the nonspecific structures. Figure 4.12 D presents a quantification of the total number of eGFP-positive and PSD-93-immunoreactive puncta in the cortex as well as the CA3 subregion of hippocampus. In the cortex, both PSD95-eGFP and PSD-93 fluorescence exhibited large amount of puncta with an average ~8500 puncta of each in the same field, whereas in the CA3 region the total puncta number of both PSD95-eGFP and PSD-93 significantly decreased. The colocalizations of PSD95-eGFP positive with PSD-93 positive puncta in the cortex and CA3 regions were compared. As shown in Figure 4.12 E, about 50% of PSD95-eGFP positive puncta were colocalized with PSD-93 positive puncta in the cortex, while there are only ~10% of PSD95-eGFP overlapping with PSD-93 immunostaining. These observations are in line with the previous reports and suggested a certain degree of molecular heterogeneity between PSD-95 and PSD-93 existing in various brain regions.
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Figure 4.11 Low magnification micrographs of double fluorescence images of PSD95-eGFP with PSD-93 immuno-labelling in various brain regions of PSD-95EGFP/EGFP mouse. PSD-93 (in red) protein was immuno-labelled by a monoclonal antibody. PSD95-eGFP was visualized by direct green fluorescence (in green), cell nuclei were counterstained by DAPI (in blue). (A) shows the overall hippocampal distribution patterns, note their distinct expression patterns between the CA1 and CA3 subregions. (B) shows the overall distribution patterns of PSD95-eGFP and PSD-93 in the cortex. (C) shows the general expression patterns of PSD95-eGFP and PSD-93 in the cerebellum. Scale bar: 1mm.
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Figure 4.12 High magnification confocal images (A-C) and quantifications of PSD95-eGFP with PSD-93 immunofluorescence puncta (D and E) in forebrain slices. Scale bar: 20 μm.

Next, to further examine whether the heterogeneity at subcellular level can be observed among three PSD-95 family members: PSD-95, PSD-93 and SAP102, triple fluorescence immunohistochemistry experiments were carried out on the forebrain slices of PSD-95EGFP/EGFP mouse brain using specific antibodies against PSD-93 and SAP102, respectively. PSD95-eGFP was visualized by direct green fluorescence.  Figure 4.13 A shows that, in the cortex most of the PSD-93 and SAP102 immunostainings occured as discrete puncta structures. Within the CA1 area of hippocampus, PSD-93 and SAP102 immunostainings were concentrated in the dendritic layers, with occasional fluorescent signals detected from the somatodendritic neuropil (Figure 4.13 B), while in the CA3 subregion, in contrast to PSD-95, the PSD-93 and SAP102 immunoreactivities were detected in the somatodendritic processes of pyramidal neurons (Figure 4.13 C). Interestingly, when compared the subcellular distributions of PSD-95, PSD-93 and SAP102, it appeared that only few punta displayed colocalizations of three MAGUKs, instead, majority of the puncta were labelled predominantly either by PSD-93, PSD95-eGFP or SAP102. Such dissociation  (Figure 4.13 D) between the three MAGUKs detected by high resolution imaging was further confirmed by the puncta quantification analysis. 
[image: image15.png]PSD95-eGFP SAP102 /SAP102

PSD95-eGFP SAP102 /SAP102

C

PSD95-eGFP ____SAP102 /SAP102

RIS SA





Figure 4.13A Confocal triple fluorescence images of PSD95-eGFP with PSD-93 and SAP102 immuno-labelling in forebrain sections. The PSD95-eGFP was viewed by direct green fluorescence (in green);PSD-93 was immuno-labelled by a specific monoclonal antibody (in blue); SAP102 was immuno-labelled by a specific SAP102 antibody (in red). (A) shows the multiple fluorescence image of cortex. (B) shows the the multiple fluorescence image of CA1 subregion of the hippocampus. (C) shows multiple fluorescence image of CA3 subregion of the hippocampus. (D) Five fold magnified images from (A-C) merged confocal images. Note that most of the puncta labelled predominantly either for PSD95-eGFP, PSD-93 or for SAP102 in the cortex and hippocampus. Scale bar: A-C) 20 μm, D) 2μm.

[image: image16.wmf]
Figure 4.13B Quantification of PSD95-eGFP positive-, PSD-93- and SAP102- immunoreactive puncta number in two subregions of adult hippocampus (CA1 and CA3).  
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Figure 4.14 Confocal fluorescence images of PSD95-eGFP with PSD-93 and SAP102 immuno-labelling in forebrain slices of PSD-95EGFP/EGFP/PSD-93-/- double mutant mice.

The above data have so far shown the differential distribution patterns of PSD-95 family members observed both at a ‘macroscopic’ brain regional level and a ‘microscopic’ subcellular distribution level. These findings raised the question: to what extent does such molecular diversity initialize? Previous studies on …………….. suggested that the molecular diversity can be partly derived from distinct types of neurons. To better understand the subcellular distribution patterns of these PSD-MAGUKs in individual neurons, immunofluoresence staining experiments were carried out on cultured primary neurons dissociated from E17.5 embryonic mouse brain. Two groups of cultured cortical neurons were separately fixed and immunostained at different time points after plating (DIV7 and DIV 14) (Figure 4.15). Specific primary antibodies that were raised against eGFP, PSD-93 and SAP102 were used, respectively. Fluorescence confocal images showed that PSD-95, PSD-93 and SAP102 all appeared at early developmental stage as DIV7 (Figure 4.15 A). Under the magnified view, most of the PSD-95, PSD-93 and SAP102 immunolabelings displayed diffuse fluorescence signals along the neuropil structures, with the exception of only a few SAP102-immunoreactive puncta discretely located on the processes. No punctuate structures of PSD-93 and PSD95-eGFP immunostainings were detected (Figure 4.15A inset). In contrast, immunofluorescence stainings on more matured culture (DIV14) revealed that fluorescent signals of three markers all demonstrated as bright punctate appearance that discontinuously distribute along the processes, suggesting PSD-95, PSD-93 and SAP102 enrichment at the synaptic sites. Additionally, higher magnification images showed that along one dendrite of a single neuron, the immunoreactive puncta of PSD95-eGFP, PSD-93 and SAP102 do not completely overlap. As a result, the merged multi-color image demonstrated a range of colors changing from greenish, which is predominantly labelled by PSD95-eGFP, to whitish color, which co-labelled by three MAGUK markers (Figure 4.15B inset). 
Taken together, these results demonstrated that PSD-95, PSD-93 and SAP102 are differently distributed along the processes within a single neuron, suggesting such MAGUK diversity occurrence within a specific subcellular region may fulfil different functional roles. 
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Figure 4.15 Immunocytochemistry of PSD95-eGFP, PSD-93 and SAP102 in cultured cortical neurons. Specific antibodies against eGFP (in green), PSD-93 (in blue) and SAP102 (in red) were applied. Scale bar: 10 μm.
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