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Abbreviations 
 
AMPA           α-amino-3-hydroxy-5-methyl-4 isoxazoleproprionic acid  
APS               Ammonium persulfate 
AZ                 Active zone 
CA                 Cornu ammonis 
CAZ              Cytomatrix at the active zone 
DMEM          Dulbecco's Modified Eagle's Medium 
dNTP             Deoxyribonucleotide 
EDTA            Ethylenediaminetetraacetic acid 
ES                  Embryonic stem 
GluRs            Glutamate receptors 
FCS               Fetal Calf Serum 
HMBS           Hydroxymethylbilane synthase  
HBSS             Hank's balanced salt solution 
HEPES          4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HSVtk            Herpes simplex thymidine kinase 
IRS                 Insulin receptor tyrosine kinase substrate 
ISH                 In situ hybridization 
LTP                Long-term potentiation 
NMDA           N-Methyl-D-aspartate 
MaGuk           Membrane-associated guanylate kinases 
MFB               Medial forebrain bundle 
PA                  Puncta adhaerentia 
PBS                Phosphate buffered saline 
PCR                Polymerase chain reaction 
PMSF             Phenylmethanesulfonylfluoride 
PIM                Protease inhibitor mix 
ProSAP          Prolin rich synaptic associated protein 
ProSAPiP1     ProSAP-interacting Protein 1 
PSD                Post synaptic density 
RNA              Ribonucleic acid 
RRP               Readily releasable pool 
RT                 Room temperature 
SAM              Sterile alpha motif 
SAP               Synapse-Associated Protein 
SAPAP          SAP90/PSD-95-Associated Proteins 
SC                  Synaptic cleft 
SDS               Sodium dodecyl sulphate 
SH3                Src homology 3 
SPAR             Spine-associated Rap-specific GTPase-activating protein 
SSTR2           Somatotropin receptor 2 
TARP            Transmembrane AMPA receptor Regulatory Proteins 
TAE               Tris-acetate-EDTA 
TEMED         Tetramethylethylenediamine 
Tris                Tris(hydroxymethyl)aminomethane 
UV                 Ultraviolet 
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1. Introduction 
 

1.1 The Synapse 

 

     Communication among cells in the central nervous system is mostly achieved by 

specialized contact areas between neurons called chemical synapses. Sherrington introduced 

more than 100 years ago in “A text book of physiology” the term “synapse” as a contact 

between two nerve cells without the continuity of substance. With the efficient application of 

electron microscopy this view was substantiated in the 1950s, when synapses were described 

as polarized neuronal cell junctions with specific membrane specializations at the transmitter-

releasing presynaptic site and on the opposite side the afferent postsynaptic part. Since the 

introduction of electron microscopy and related techniques permitting subcellular and 

molecular resolution, the understanding about synapses has steadily increased over the last 60 

years. However, detailed information of their quantitative morphology remains limited to a 

relatively small number of synapses: 

• cochlear bushy cell synapses (Nicol and Walmsley 2002) 

• the mossy fiber terminal establishing synapses with multiple cerebellar granule cell 

dendrites (Xu-Friedman and Regehr 2003)  

• area CA1 synapses (Harris and Stevens 1989; Sorra and Harris 1993; Harris and 

Sultan 1995; Spacek and Harris 1998; Schikorski and Stevens 1997) 

• climbing fiber-Purkinje cell synapses in the cerebellum (Xu-Friedman et al. 2001)  

• synapses in the dentate gyrus (Marrone et al. 2005) 

• hippocampal mossy fiber boutons that predominantly terminate on the proximal 

dendrites of CA3 pyramidal neurons (MFBs; Chicurel & Harris 1992)  

• ribbon synapse in the retina (Sikora et al. 2005; tom Dieck and Brandstätter 2006)  

• giant synapses, so-called Calyx of Held, in the medial nucleus of the trapezoid body 

in the auditory brain stem (Rowland et al. 2000; Sätzler et al. 2002; Wimmer et al. 

2006; Hoffpauir et al. 2006). 

 

A synapse is a complex composed of a presynaptic terminal (eg. cerebellar mossy fiber 

terminal, Calyx of Held; Sätzler et al. 2002; Wimmer et al. 2006) or an en passant bouton 

(e.g. cerebellar climbing fiber, MFB; Xu-Friedman et al. 2001) and a postsynaptic target, 

which could be either the cell body of a neuron or its dendritic shaft or spine (Fig’s. 1 & 2).  
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Figure 1 Electron-microscopic image of a cross sections through a climbing fiber synapse terminating on a large 

Purkinje cell spine in the cerebellum. All structures of interest are colored on a transparent overlay on the 

electron micrographs (de dendrite, mi cluster of mitochondria, nu nucleus). The synapses (pre) are shown in 

yellow, the postsynaptic target structures (post) in blue. Here, in addition to the pre- and postsynaptic structures, 

glial fingers (gf) that surround and isolate the synaptic structures from the rest of the neuropil are highlighted in 

green. Please note the distribution of synaptic vesicles throughout the terminal. Bar 1 µm. Modified from Xu-

Friedman at al. 2001 

 

 
 

Figure 2 Computer-assisted three-dimensional volume reconstructions of four central synapses, related in size to 
each other. Surface views of synapses (yellow) and their postsynaptic target structures (dark and light blue) 
reconstructed from stacks of individual images. a) The Calyx of Held-principal neuron synapse in the MNTB b) 
The MFB-CA3 pyramidal cell synapse in the hippocampus. c) Mossy fiber terminal and its postsynaptic granule 
cell dendrites. c1) Mossy fiber terminal of the en passant type and its postsynaptic granule cell dendrites. d) 
Input synapse established on a dendritic spine of a layer 5 pyramidal cell by an en passant axon in the neocortex. 
Bar 5 µm.	  a Taken from Sätzler et al. 2002.  c, c1 Modified from Jakab and Hamori 1988. b, d Taken from 
Rollenhagen and Lübke 2006. 
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All presynaptic terminals embody almost the same structural elements, such as mitochondria, 

endoplasmic reticulum, vesicles, and membrane specializations at the apposition zone 

between the pre- and postsynaptic membrane. To date, two membrane specializations at the 

pre- and postsynaptic apposition zone are known: the active zone (AZ), which forms the site 

of transmitter release and the puncta adhaerentia (PAs).  

     The active zone is a highly specialized area of the presynaptic plasma membrane at which 

synaptic vesicles dock, fuse, and release neurotransmitters (Couteaux and Pecot-Dechavassine 

1970; Landis 1988). The active zone is tightly associated with an electron-dense cytoskeletal 

matrix, which is referred to as cytomatrix at the active zone (CAZ) or presynaptic grid 

(Dresbach et al. 2001). The post synaptic density (PSD; Chapter 1.2) is closely and precisely 

aligned to the active zone. The plasma membrane on both sides of the synaptic cleft appears 

as electron-dense structures (Fig. 3).   

 

 
 

Figure 3 High magnifications through a synapse at the active (apposition) zone between the presynaptic Calyx 

of Held (top) and the postsynaptic principal neuron (bottom). Please note the typical widening of the synaptic 

cleft between the pre- and postsynaptic densities (dark black structures between arrowheads).  Please note also 

the two pools of synaptic vesicles resembling the readily releasable and recycling pool (within red circle) and the 

reserve pool (within yellow circle). Bar 0.2 µm. Modified from Sätzler et al. 2002. 

 

     PAs seem to stabilize the synaptic complex and their occurrence is considered to be related 

to the size of synapses. PA are present at large synapses such as at the Calyx of Held (Sätzler 

et al. 2002; Hoffpauir et al. 2006), at the Medial forebrain bundle (MFB) in the hippocampus 

(Yamada et al. 2003; Rollenhagen et al. 2003, 2004), with the exception of CA1 synapses 

(Spacek and Harris 1998) and at the cerebellar mossy fiber terminal (Rose et al. 1995; Petralia 

et al. 2002). However, they are absent in the climbing fiber and layer 5 neocortical synapses. 

PAs are composed of two symmetric parallel bands of electron-dense material of 
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approximately the same width at the pre- and postsynaptic membranes but lack synaptic 

vesicles and the wide broadening of the cleft typical for a release site (Fig. 4). 
 

 
 

Figure 4 Cross section through a punctum adherens (PA) at high magnification (arrowheads). In contrast to a 

release site, the PA has symmetric pre- and postsynaptic densities, no widening of the cleft and no accumulation 

of synaptic vesicles. Bar 0.2 µm. Modified from Rollenhagen and Lübke 2006. 

 

Spacing, meaning nearest-neighbour relationship between individual release sites, is also a 

structural determinant for synaptic transmission. Transmitter spillover or synaptic crosstalk is 

most likely to develop at release sites that are close to each other. Moreover, as a consequence 

to transmitter spillover, receptors at neighbouring PSD may desensitize, which may reduce 

synaptic efficacy (Silver et al. 1996; Ishikawa et al. 2002). Whereas, spacing at extremely 

short distances could lead to synaptic efficacy enhancement as receptors are simultaneously 

activated and not saturated by the transmitter (Nusser et al. 1998).  

 
Another important structural determinant for synaptic transmission is the organisation of the 

pool of synaptic vesicles, especially, the size of the readily releasable pool (RRP). Today 

there are three known functional pools of synaptic vesicles (Rosenmund et al. 1998, Rizzoli 

and Betz 2005, see also Fig. 3): 

 
• Readily releasable pool containing vesicles that are immediately available on 

stimulation, they are docked but release competent 

• Recycling pool that maintains release on moderate (physiological) stimulation and is 

located in close proximity of the presynaptic density (1-5 vesicle diameters)  

• Reserve pool that functions as a depot of synaptic vesicles from which release is only 

triggered by intense stimulation. This pool is located further away from the 

presynaptic density  
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Release sites at the Calyx of Held-principal neuron synapse have on average 2.0 docked 

vesicles (Sätzler et al. 2002). In contrast, release site in the cerebellum, hippocampus or 

neocortex contain on average at least 10 docked vesicles (Harris and Sultan 1995; Schikorski 

and Stevens 1997; Xu-Friedman et al. 2001, Xu-Friedman and Regehr 2003; Marrone et al. 

2005). 
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1.2 Post synaptic density 

 

     The postsynaptic density (PSD) is a 30-40 nm thick and up to a few hundred nm wide 

cytoskeleton specialization at neuronal synapses that was originally identified as an electron-

dense region at the membrane of a postsynaptic neuron, as viewed by electron microscopy 

(De Robertis and Bennett 1954; Palade and Palay 1954). PSDs are either located directly on 

the dendritic shaft or at the tip of tubular, thin, cup-shaped or mushroom-shaped dendritic 

spines (Fig.5) and lie just below the postsynaptic membrane (Böckers 2006). 

 

 
 

Figure 5 Ultrastructure of glutamatergic synaptic contacts of hippocampal culture cells. Hippocampal neurons 

were fixed 14 days after plating. (Left) Two type 1 synapses (A, B) with neurotransmitter filled vesicles lie in the 

axon terminal. These terminals make contact with protrusions from the dendrite: a cup-shaped dendritic spine 

(A) and a thin spine (B). (Right) Synaptic ultrastructure at a higher magnification shows the presynaptic axon 

terminal with vesicles (SV) docked onto the membrane at the active zone region (AZ). The synaptic cleft (SC) is 

visible between the pre- and postsynaptic membrane. In register with the active zone, the postsynaptic density 

(PSD) is clearly detectable as an electron-dense thickening of the postsynaptic membrane. The PSD is localized 

at the tip of a cupshaped dendritic spine, a small subcompartment of the neuronal dendrite. Scale Synaptic 

vesicle diameter: 50 nm. Modified from Böckers 2006. 
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The PDS is regarded to as a protein rich “organelle” specialized for postsynaptic signal 

transduction. These proteins are subdivided into the following classes (Klauck and Scott 

1995; Ziff 1997; Kennedy 2000; Husi et al. 2000; Sheng 2001):  

• cell-adhesion proteins 

• cytoskeletal proteins 

• scaffolding and adaptor proteins 

• membrane-bound receptors and channels 

• G-proteins and modulators 

• signalling molecules including kinases/phosphatases 

 

In order to understand the PSD (ultra)structure and the dynamic changes in the PSD 

subcompartment, the identification and characterization of individual PSD proteins is of 

enormous importance. From numerous studies it is believed that the PSD is composed of a 

huge complex protein network consisting of several hundred different proteins (Collins et al. 

2006; Cheng et al. 2006). The knowledge of these proteins was ameliorated in the year 2000 

by Walikonis and coworkers as they combined SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) separation of PSD proteins with MALDI-TOF mass spectrometry and identified 

and partially sequenced about 30 proteins that are significantly enriched in PSD preparations.   

The resulting complex protein assembly is the molecular basis for various intercellular 

occurrences. These events include the clustering and transport of membrane bound receptors, 

the organisation of signalling cascades, the dynamic organization of cytoskeletal components 

and the induction and structural maintenance of intercellular contact sites. 

Excitatory synapses are characterized by different glutamate receptors (GluRs) (Hollmann 

and Heinemann 1994), such as NMDARs and group I metabotropic GluRs (mGluRs) and α-

amino-3-hydroxy-5-methyl-4 isoxazoleproprionic acid (AMPA) receptors (AMPARs). These 

receptors are part of multiprotein complexes that regulate synaptic targeting or removal from 

synaptic sites, local expression, signal transduction and clustering (Kim and Sheng 2004; 

Kneussel 2005). Analysis of such multiprotein complexes helped to identify a NMDA- or 

MaGuk associated (NRC/MASC) complex, an AMPAR complex (ARC) and a mGluR 

complex (mGC, Fig.8) (Husi et al. 2000; Farr et al. 2004; Collins et al. 2006). 
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Amongst the cardinal protein interaction domains in the complexes mentioned previously are 

the PDZ (PSD-95/DLG/ZO1) protein-protein interaction domains (Cho et al. 1992; Kornau et 

al. 1995). They are found in many synaptic proteins and play a major role in synaptic 

formation and the clustering of membrane bound proteins (Kornau et al. 1997; Craven and 

Bredt 1998; Garner et al. 2000; Sheng and Sala 2001; Harris and Lim 2001). ProSAP/Shank 

family proteins are among these PDZ-domain containing proteins that function as important 

Figure 6 Representation of the metabotropic glutamate receptor (mGluR) complex (mGC). The main 

characterized proteins of this complex are shown. Specific interactions are indicated by the overlap of 

proteins; however, only a subset of known interactions is indicated (large arrows binding and/or regulatory 

actions of the proteins on the actin cytoskeleton, small arrows on yellow circles binding and/or regulatory 

actions of the proteins on small GTPases). Please note that Homer, a molecule that self-associates, binds to 

ProSAP/Shank (and to the IP3R), thereby creating an NMDA/ mGluR complex. (IP3R inositol- 1,2,5-

trisphosphate receptor, Ret9 receptor tyrosine kinase 9, SER smooth endoplasmic reticulum,	  ProSAP/Shank	  

proline-‐rich	   synapse-‐associated	   protein/SH3	   and	   ankyrin	   repeat-‐containing	   protein, Abp1	   actin	  

binding	   protein	   1,	   ProSAPiP1	   ProSAP	   interacting	   protein	   1	   ,IRSp53	   insulin	   	   receptor	   tyrosine	  

substrate	   53,	   CAMKII	   Ca	   2+	   /calmodulin-‐dependent	   protein	   kinase,	   SAP90/PSD-‐95	   synapse-‐

associated	  protein	  90-‐postsynaptic	  density	  protein	  95,	  SPAR	  spine	  associated	  Rap-‐Gap,	  SAPAP/GKAP	  

synapse-‐associated	  protein	  90/postsynaptic	  density	  protein-‐95-‐associated	  protein/guanylate-‐kinase-‐

associated	  protein.	  Taken	  from	  Böckers	  2006. 
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backbone molecules of the PDS (Naisbitt et al. 1999; Böckers et al.1999, 2002; Sheng and 

Kim 2000). Because ProSAP/Shank proteins are capable of building grand platforms through 

self association (Baron et al. 2006) and can interact simultaneously with different GluR 

complexes, the cytoskeleton and signalling molecules in the PSD, they are considered “master 

organizing” molecules of the PSD (Fig.6).  

 

1.3 The ProSAP/Shank Family 

  

     From current understandings of the PSD of excitatory synapses, it is believed to be 

arranged in a laminar hierarchical structure (Valtschanoff and Weinberg 2001; Zuber et al. 

2005), allowing effective organisation of signal reception, modulation and transduction. 

Moreover, it seems that this hierarchy is determined by the targeting and binding 

characteristics of the individual proteins (e.g. Fig.8). Channels and receptors at the membrane 

are organized into subcompartments that in turn are combined into larger protein units which 

are attached to the local cytoskeleton.  There are three ProSAP/Shank genes with very similar 

domain organisation (Fig. 7; Naisbitt et. al. 1999; Tu et. al. 1998; Du et. al. 1998; Yao et. al. 

1999; Böckers et. al. 1999, McWilliams et. al. 2004). Since the three ProSAP/Shank family 

members are able to build up large sheets within the PSD (Baron et al. 2006) and are able to 

interact with many different proteins, large protein complexes, membrane-spanning and 

signalling proteins and cytoskeletal components (Gundelfinger et al. 2006), they are seen as   

“master organizing” molecules of the PSD (Sheng and Kim 2000; Böckers et al. 2002). 

ProSAP/Shank molecules are early components of postsynaptic specializations during 

synaptogenesis (Böckers et al. 1999; Petralia et al. 2005), are efficiently targeted to synaptic 

sites (Sala et al. 2001; Böckers et al. 2005) and contain a great set of protein-protein 

interaction domains (Fig.7): 

• ankyrin repeats which interact with α-Fodrin for coupling on the actin based 

cytoskeleton (Böckers et al. 2001) and with sharpin for ProSAP oligomerization (Lim 

et al. 2001), 

• SH3 (Src homology 3) domain interacts with densin 180 which is postulated to have a 

great role in synaptic plasticity (Quitsch et al. 2005),  

• PDZ that interacts with GKAP/SAPAP for coupling to NMDA Receptor and cell 

adhesion molecules ( Naisbitt et al. 1999; Böckers et al. 1999;Yao et al. 1999). An 

interaction with AMPARs is also possible via stargazin/TARPs or SAP97 attached to 

the NMDA/SAP90/PSD-95 complex. There is a direct interaction of the C-terminus 
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of the GluR1 subunit (Uchino et al. 2006) and of a special GluR subunit (GluRδ2), 

that is solely expressed in Purkinje cells of the cerebellum, with the PDZ domain (and 

with the SH3 domain) (Uemura et al. 2004). PDZ binds also to alpha-latrotoxin 

receptor (CIRL; Kreienkamp et al. 2000), somatotropin receptor 2 (SSTR2; Zitzer et 

al. 1999), Cav1.3 L-type Ca2+ channel (Olson et al. 2005; Zhang et al. 2005), 

guanine nucleotide exchange factor βPIX (Park et al. 2003), receptor tyrosine kinase 

Ret9 (Schütz et al. 2004), 

• proline-rich stretches can interact with Homer , thus connecting the mGluR complex 

(Tu et al. 1999), 

• ppl domain interacts with cortactin for coupling on the actin based cytoskeleton (Du 

et al. 1998), 

• SAM (sterile alpha motif) domain binds to other SAM domains of ProSAP/Shank 

proteins for ProSAP/Shank oligomerization (Naisbitt et al. 1999; Baron et al. 2006). 

 

    
 

 

Additional components of the ProSAP/Shank complex are the insulin receptor tyrosine kinase 

substrate IRSp53 (Bockmann et al. 2002; Soltau et al. 2002) and Dynamin 2 (Okamoto et al. 

2001; Quitsch et al. 2005). All the molecules mentioned above can change the shape of spines 

and PSDs by recruiting or regulating small GTPases within the PSD. The spine associated 

Rap-Gap protein SPAR can also alter the shape of spine and PSDs by the same manner. 

Figure 7 Schematic illustrations of the protein-protein interaction domains ofProSAP/Shank family 

proteins. Please note the great similarity between the three family members.  
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SPAR is indirectly connected to the ProSAP/Shank complex by binding to GKAP/SAPAP1 or 

members of the Fezzin family of PSD proteins including PSD-Zip70 (Maruoka et al. 2005) or 

ProSAPiP1 (Wendholt et al. 2006). 

 

1.4 PSD and synaptic plasticity 

 

     Synaptic plasticity is the ability of the (post)synapse to change form and function in 

response to a number of stimuli or events (e.g. LTP, learning, intoxication). Over the last 

three decades, many experimental results on synaptic plasticity have been accumulated. Many 

of these experiments were inspired by Hebb's postulate (Hebb 1949) that describes how the 

connection from presynaptic neuron A to a postsynaptic neuron B should be modified: 

 

    “When an axon of cell A is near enough to excite cell B or repeatedly or persistently takes     

     part in firing it, some growth process or metabolic change takes place in one or both cells  

    such that A's efficiency, as one of the cells firing B, is increased.” 

 

Synaptic activity induces structural and molecular changes, which are thought to be the 

structural basis for memory and learning. With respect to spines and postsynaptic densities, 

data obtained over the last decade have shown that these structural and molecular changes in 

synaptic compartments are rapid, follow (most likely) a defined pattern of events, are 

especially regulated by NMDAR activation/Ca2+ signalling, are paralleled by endo-/exocytic 

mechanisms leading to altered receptor properties and are mediated by small GTPases 

influencing the postsynaptic cytoskeleton (Boeckers 2006). 

To date, many PSD proteins are known to change the morphology of spines and synapses 

(Hering and Sheng 2001; Lüscher et al. 2000; Yuste and Bonhöffer 2001; Carlisle and 

Kennedy 2005). Prominent members of such PSD proteins are the ProSAP1/Shank family 

proteins. When overexpressed, ProSAP/Shank induces the enlargement of spine heads (Sala et 

al. 2001). Transfection of ProSAP2/Shank3 into cerebellar neurons induces spine formation 

(Roussignol et al. 2005). The ProSAP/Shank interaction partner Densin 180, when 

overexpressed, induces excessive dendrite and filopodia formation and the reduction of spines 

and synapses in hippocampal cells (Quitsch et al. 2005). 
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1.5 The role of PSDs in diseases    

 

Regulated expression and localization of PSD proteins is indispensable for regulated 

development, maintenance and plasticity of spines and synapses. It is well established that 

mental retardation and plasticity of spines and synapses are connected (Kaufmann and Moser 

2000; Fiala et al. 2002), thus connecting the PSD to several diseases. Downs syndrome 

(Kaufmann and Moser 2000), epilepsy (Swann et al. 2000), fragile X syndrome (Irwin et al. 

2001) and 22q13.3 deletion syndrome (Watt et al. 1985) are all neurological diseases in which 

alterations in spine morphology were observed. 

 

The 22q13.3 deletion syndrome is a neurological disorder that is characterized by hypotonia, 

generalized developmental delay, normal or accelerated growth, severe delays in expressive 

speech and mildly dysmorphic facial features (Fig.12; Nesslinger et al. 1994; Wong et al. 

1997; Prasad et al. 2000; Koolen et al. 2005) is linked to the ProSAP2/ Shank3 gene, which is 

localized on chromosome 22q13.3 (Bonaglia et al. 2001). 

 

 
 

 

 

 

 

Figure 8 Patients with 22q13 deletion syndrome. Note the known facial features of the 22q13 deletion 

syndrome, prominent dysplastic ears (visible in cases 1, 2, 4 and 5), and a prominent/ pointed chin 

(cases 1 and 4–7). Taken from Koolen et al. 2005. 
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Furthermore, ProSAP1/Shank2 has been linked to cystic fibrosis, by negatively regulating of 

the cystic fibrosis transmembrane conductance regulator (CFTR; Ji Hyun Lee et al. 2007). 

Also, ProSAP1/Shank2 overexpression was found in 30% of patients with head and neck 

squamous cell carcinoma (Freier et al. 2006; Jin C. et al 2006). 

 
 
 
 
 
1.6 The Knock out Approach in the Mouse  

 

     Manipulation and culture of mouse embryonic stem (ES) cells allows the generation of 

mice with specific alteration in a chosen target gene. ES cells are capable of contributing to 

the formation of all organs when introduced into developing blastocysts (3.5 dpc embryo). 

The first step in the engineering of knock out mice is to generate a targeting vector (Figure 9), 

which contains tow regions homologous to the desired chromosomal integrating site, thus 

allowing the introduction of a specific disrupting mutation into a defined locus by 

homologous recombination. As illustrated in Figure 9, homologous recombination between 

sequences of the targeting vector and the target locus results in the replacement of the 

containing exon A with the positive selectable marker Neo (neomycin phosphotransferase) 

resistance gene cassette. The negative selectable marker HSVtk (herpes simplex thymidine 

kinase) gene which makes the cells sensitive to Gancyclovir, will be lost when proper 

recombination occurs, thereafter recombined clones become resistant to both G418 (Selector 

of eukaryotic cells stably transfected with neomycin resistant genes) and Gancyclovir. 
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                                                 Figure 9 generation of a targeting vector 

This vector is next linearized outside the region of homology and transfected into ES cells 

derived from 129sv mouse strain with agouti coat (Figure 10.1). Since ES cells are competent 

for recombination, the endogenous locus and the vectors of homology recombine 

spontaneously and at a very low frequency, thus rendering necessary a selection step to 

identify the cells where the recombination took place. The cells are then plated on feeder layer 

cells and subjected to positive selection via G418 and to negative selection via Gancyclovir 

(Figure 10.2). After 7-10 days ES cells colonies emerge (Figure 10.3) which are then picked 

and expanded so that enough cells are harvested for DNA preparation (Figure 10.4). Using 

PCR, recombined clones are then identified and microinjected in the blastocoelic cavity of 

blastocysts derived from C57BL/6 strain with black coat (Figure 10.5). Injected blastocysts 

are then transferred into pseudopregnant females (Figure 10.6). Offspring are then borne with 

multiple degrees of chimaerism which was scored simply by inspection of the coat color 

(Figure 10.7). A high degree of chimaerism showed a highly agouti coat in chimaeric mice. 

The chimaeric mice are crossed with wild type mice to obtain heterozygous mutants (Figure 

10.8). To generate the null homozygous mice, heterozygous mice are intercrossed (Figure 

10.9).   
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                                                        Figure 10: Generation of knockout mice 

 

1.6.1 Advantages and Limitations of the Knock out Approach  
 
     Specificity is considered the main advantage of the knockout mouse over the transgenic 

mouse. It is seen as a more elegant and scientifically more satisfying way, mainly due to the 

genetic precision. The main practical disadvantage of the knock out approach is time (Figure 

11). This approach is very time consuming and may take up to several years until the knock 

out mouse is ready for further phenotypic analysis.      
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                                        Figure 11: Time course for generating knockout mice 

 

 

 

 

 
1.7 Aim of the study 

 
     In search for more data concerning the functional role of the ProSAP1/Shank2 protein we 

generated a ProSAP1/Shank2 knockout mouse by the genomic targeting of ProSAP1 exon 7 

that codes for the first part of the ProSAP1 PDZ domain. ProSAP1 knockout mice have then 

been analysed with a wide set of methods. 
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2. Materials and Methods  
 

2.1. Substances 

Substances were commercially available and are stated in the chapter were the substances 
were used for the first time.  
 

2.1 Enzymes  

M-MLV Reverse Transcriptase                         Invitrogen, U.S.A.  

Proteinase K                                                       Sigma U.S.A. 

 

2.2 Nucleotides 

Hexanucleotid Mix, 10x conc.                           Roche, Germany 

PCR Supermix high fidelity                               Invitrogen  

 

2.3. Standards  

100	  bp	  DNA	  ladder	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Invitrogen,	  U.S.A.	  	  	  

PageRulerTM	  	  prestained	  protein	  ladder	  	  	  	  	  	  	  	  	  	  	  	  Fermentas,	  U.S.A.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

 

2.5. Antibodies 

ProSAP1        C-term SA 5192        rabbit            polyclonal        Eurogentec   

ProSAP1        C-term SA 5193        rabbit            polyclonal        Eurogentec 

ProSAP1        C-Term SA1             guinea pig     polyclonal         Eurogentec 

ProSAP1        C-term  SA2             guinea pig      polyclonal        Eurogentec    

ProSAP1        N-Term SA 6044      rabbit             polyclonal         Eurogentec 

ProSAP2        C-term                      guinea pig      polyclonal         Pineda      

Shank1a          C-term                     rabbit              polyclonal        Chemicon 

Shank 1,2,3     C-term                     goat                polyclonal        Santa Cruz 

Shank2           C-term (H-150)        rabbit              polyclonal        Santa Cruz    

ß-Aktin                                            mouse            monoclonal       Sigma  

Map2                                               rabbit              polyclonal        Chemicon               
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2.6. Equipment  

 
PCR equipment                                        

    PCR                                                                       Mastercycler gradient, Eppendorf 

    Agarose gel electrophoresis System                     BioRad 

    Gel scanner                                                            Kodak EDAS 120 

 

Immunoprecipitation equipment 

   µMACS MicroBeads kit                                          Miltenyi Biotec 

 

W.B. equipment 

    Potters                                                                    B. Braun, Biotech international 

    Electrophoresis                                                      Power pac 200, BioRad  

    Electroblotter                                                         Semidry Transfer cell, BioRad                                                          

    Transblotter                                                           Trans-Blott cell, BioRad 

    Protein determination                                            DU530, Beckman 

    Ultrasound                                                             Sonifier 250, Branson 

    Centrifuges                                                            J-25, Beckman                                                      

    Ultracentrifuge                                                      L8-55M, Beckman 

    Film                                                                       Hyperfilm ECL, Amersham Biosciences  

 

RNA isolation 

    RNeasy Kit                                                            Qiagen            

 

Light cycler equipment 

    Light cycler                                                            Roche, Germany 

    Capillaries                                                              Roche, Germany   

 

Electron microscope                                                  Zeiss, Germany  

Fluorescence microscope Axiosckop2 mot plus       Zeiss, Germany  

Camera Axiocam MRM                                            Zeiss, Germany  

Microtome HM 3555                                                 Microm international, Germany                                                                                                                      

ABC-system Vectastain                                             Vector laboratories, U.S.A. 

Paraffin embedment apparatus STP 120                    Microm international, Germany 
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Vibrotome G                                                              Oxford laboratories, U.S.A 

SuperFrostPlus coated slides                                     Menzel-Gläser, Germany                                    

BioSpin 30 Tris columns                                           BioRad, U.S.A 

Spin column wash tubes                                            BioRad, U.S.A 

Wheel Unit and software                                           Mousevital, Germany 

	  

2.7. Animals 

 

     C57BL/6 mice were used for all the different experiments. The animals were housed in 

cages with food and water ad libitum, temperature of  20-22° C and humidity controlled (50% 

relative) animal facility with 12-h light/dark cycle (light cycle 07:00-19:00). The experiments 

were conducted according to the Guidelines for Use of Experimental Animals of the European 

Community. The experiments were approved by the Animal Care Committees of the 

University of Ulm. 

    

2.8. Preparation of neuronal cell cultures  

 

     Cultures were prepared from mouse hippocampus at D19. Tissue pieces were dissected 

and collected in HBSS buffer. Afterwards, tissues were incubated in 2.5% trypsine for 7 min 

at RT. Resuspension solution was added and cells were then mechanically dissociated by 

triturating through a plastic pipette. The obtained suspension was filtered through a 100 µm 

nylon mesh and dissolved in 18 ml of DMEM. The number of viable cells was determined 

using a Neubauer-chamber. Cells were plated at a density of 40.000 cells/cm2
 
on poly-DL-

ornithine-coated culture dishes (3.5 cm2) and were incubated in a water-saturated atmosphere 

of 5% CO2 and 95% air at 37ºC. On DIV2, the medium was completely changed to 

Neurobasalmedium and was renewed every second day.  

	  

Petri dishes coated with poly-DL-ornithine	   

	  	  	  

	  	  	  	  	  One	  ml	  of	  poly-‐DL-‐ornithine	  (0.5	  mg/ml)	  was	  added	  per	  dish	  and	  left	  overnight.	  After	  

that,	  dishes	  were	  washed	  3	  times	  with	  ddH2O	  and	  left	  to	  dry.	  
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Resuspension solution 

  HBSS 

  DMEM 

  Glutamine 

  P/S 

  1%FCS 

  20%Hams-F12 

 

Neurobasalmedium 

  B27 

  PS 

  Glutamine 

	  

2.9. RNA isolation 

	  

	  	  	  	  	  Total	   RNA	   was	   isolated	   using	   RNeasy	   Mini	   Kit	   according	   to	   the	   manufacturer’s	  

instructions	   (Qiagen).	   Briefly,	   brain	   was	   excised	   and	   about	   30	   mg	   of	   tissue	   was	  

immediately	   manually	   homogenised	   with	   600µl	   RTL	   buffer	   and	   10	   µl	   β-‐ME.	  

Homogenate	  was	  then	  centrifuged	  in	  a	  QIAshredder	  Mini	  Spine	  Column	  at	  13,000	  x	  g	  for	  

3	  min.	  600	  µl	  of	  70	  %	  ethanol	  was	  manually	  mixed	  with	  the	  cleared	  supernatant.	  The	  

mix	  was	   centrifuged	   in	   a	  RNeasy	  Mini	   Spine	  Column	   at	   10,000	   x	   g	   for	   15	   sec.	   350	  µl	  

RW1	  Buffer	  was	  added	  to	  the	  supernatant	  inside	  the	  column	  centrifuged	  at	  10,000	  x	  g	  

for	  15	  sec.	  70	  µl	  DNAse	  and	  10	  µl	  DD	  Buffer	  were	  added	  to	  the	  column	  and	  left	  for	  15	  

min	  at	  RT.	  350	  µl	  RW1	  Buffer	  was	  added	  and	  the	  column	  was	  centrifuged	  at	  10,000	  x	  g	  

for	  15	  sec.	  The	  column	  was	  placed	  in	  a	  collection	  tube	  and	  centrifuged	  twice	  with	  500	  µl	  

RPE	  Buffer	  at	  10,000	  x	  g	  for	  15	  sec.	  The	  column	  was	  centrifuged	  a	  13,000	  x	  g	  for	  1	  min	  

and	  placed	  in	  an	  Eppendorf	  Biopurfree	  Eppi.	  60	  µl	  RNAse	  free	  water	  was	  added	  and	  left	  

for	  1	  min	  at	  RT	  and	  centrifuged	  at	  10,000	  x	  g	  for	  1	  min.	  The	  pellet	  was	  stored	  at	  -‐20	  °C.	  
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2.10 DNA isolation & polymerase chain reaction   

     Tail biopsies of about 0.5 cm length were obtained from 3 week old mice. Biopsies were 

then stored for 30 min at -80°C. Afterwards 700 µl of TNES and 35 µl Proteinase K (10 

mg/ml) were added. Mix was then shaken for 2 hours at 56°C and centrifuged at 13000 x g 

for 10 min at RT. The supernatant was removed to a new tube and 700µl isopropanol was 

added. The mix was centrifuged at 13000 x g for 10 min at RT. 1 ml of -20°C 70% ethanol 

was added to the pellet and the mix was centrifuged at 13000 x g for 10 min at RT. The 

supernatant was despaired and the pellet was air dried for 10-15 min. DNA was then 

resuspended in 80µl TE-buffer and shaken for 10-15 min at 65°C to aid dissolution. DNA was 

then diluted 1:20 in TE-buffer and stored at +4°C until needed. PCR was performed in a total 

volume of 25 µl containing 1.5 µl diluted DNA, 22.5 µl PCR supermix (Invitrogen), 0.5 µl 

sense primer and 0.5 µl antisense from the primer listed bellow. Amplification conditions 

were as follows: the first three amplification cycles with 30 sec denaturation at 94 °C, 30 sec 

annealing at 42°C and 1 min elongation at 72°C. The remaining 29 cycles were performed 

with 1 min denaturation at 94 °C, 1 min annealing at 55°C and 2 min elongation at 72°C. 

Products were visualised as describes in chapter 2.14.  

 

Primer:  

ProSAP1-1700S: TCC ATG GTT TCG GCA GAG CG 

ProSAP1-1842AS: TCC CTA TTG GGA GGC AGT GG 

ProSAP1-2350AS: GAT CTG CAT GTG GCT CCA GC 

TNES  

10 mM Tris, pH 7.5  

400 mM NaCl  

100 mM EDTA  

0.6% SDS  

TE-buffer  

10mM Tris, pH 8.0 

1mM EDTA 
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2.11. Reverse transcription and polymerase chain reaction (RT-PCR)  

     
     Reverse transcription was performed in a total volume of 25 µl containing 2-10 µg of total 

RNA, 1.5 µl 10x hexanucleotide mixture, 200U M-MLV reverse transcriptase, 1x M-MLV 

reaction buffer, 0.2 mM dNTP for 1 h at 37°C. The enzyme was inactivated by heating 

samples for 5 minutes at 95°C. Amplification was performed in a total volume of 25 µl 

containing 2 µl RNA, 21 µl PCR supermix (Invitrogen), 0.5 µl sense primer and 0.5 µl 

antisense primer from the primer listed bellow. Amplification conditions were as follows: the 

first amplification cycle with 30 sec denaturation at 95 °C, 1 min annealing at 60°C and 1 min 

elongation at 72°C. The remaining 35 cycles were performed with 30sec denaturation. 

Products were visualized as described in chapter 2.14. The primers used for this experiment 

were as follows:  

 

ProSAP1A	  FW2	  sense	  primer:	  

	  	  	  5’	  –	  ACC	  TTT	  GAG	  TAC	  CCA	  GGG	  –	  3’	  

ProSAP1A	  RV2	  antisense	  primer:	  

	  	  	  5’-‐	  GCT	  GCC	  TCT	  GAT	  GTG	  ACC	  –	  3’	  

ProSAP1A	  FW3	  sense	  primer:	  

	  	  5’	  –	  GCT	  GCC	  AGT	  GAC	  TGC	  ATT	  –	  3’	  

ProSAP1A	  RV3	  antisense	  primer:	  

	  	  5’	  –	  AGA	  GAG	  CTG	  GAC	  CGC	  TTT	  –	  3’	  

	  

	  

2.12. DNA agarose gel electrophoresis 

	  

	  	  	  	  	  	  	  	  	  PCR	  products	  were	  separated	  in	  1.5%	  agarose	  gels.	  Agarose	  gels	  were	  prepared	  by	  

heating	  1.5	  g	  Agarose	  in	  100	  ml	  of	  1x	  TAE	  buffer	  until	  agarose	  was	  dissolved,	  then	  3	  µl	  

EtBr	  (10mg/	  µl)	  were	  added	  to	  the	  solution.	  The	  solution	  was	  poured	  into	  a	  gel	  tray.	  The	  

gel	  was	  allowed	  to	  set	   for	  30	  min	  10	  µl	  PCR	  samples	  were	   loaded	  on	  the	  gel	  with	  2	  µl	  

loading	  buffer.	  A	  100	  bp	  DNA	  ladder	  was	  loaded	  along	  with	  the	  PCR	  samples	  and	  used	  to	  

estimate	  the	  size	  of	  PCR	  products.	  The	  electrophoresis	  was	  carried	  out	  at	  100	  V	  for	  45	  to	  

60	  min.	   The	   gel	  was	   examined	   on	  UV	   light	   (254	   nm)	   and	   pictures	   of	   gels	  were	   taken	  

using	  a	  fluorescent	  gel	  scanner.	  
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	  1x	  TAE,	  pH	  7.5	  

	  44.5	  mM	  TRIS	  	  

	  45.5	  mM	  boric	  acid	  	  

1mM	  EDTA	  

	  

Loading	  buffer	  

50%	  glycerol	  

0.05%	  BB	  

	  

	  

2.13. Quantitive real-time PCR 

	  	  	  	  	  Real	  time	  PCR	  experiment	  was	  performed	  using	  QuantiTect	  SYBER	  Green	  kit	  

according	  to	  the	  manufacturer’s	  instructions.	  This	  is	  a	  one-‐step	  RT-‐PCR,	  thus	  allowing	  

both	  reverse	  transcription	  and	  PCR	  to	  take	  place	  in	  a	  single	  tube.	  Briefly,	  master	  mixture	  

was	  prepared,	  mixed	  thoroughly	  and	  dispensed	  appropriately	  into	  PCR	  capillaries.	  1	  µg	  

template	  RNA	  was	  added	  to	  the	  individual	  PCR	  capillaries. After short centrifugation, the 

capillaries containing the master mixture were transferred to the LightCycler to monitor the 

PCR reaction. The primers used for this experiment were as follows:  

 

ProSAP1 sense primer: 

    5’- GGT CGC CCT TCA CTC CTG - 3’ 

ProSAP1 antisense primer: 

    5’- GCC GAT GCT CAG AAC TTTG -3’  

ProSAP2	  sense	  primer:	  

	  	  	  	  5’-‐	  CGC	  TCA	  ACT	  ACG	  GGC	  TAT	  TC	  -‐3’	  	  

ProSAP2	  antisense	  primer:	  

	  	  	  	  5’	  –	  CGA	  AAC	  TCC	  AGA	  TAG	  GGC	  AG	  -‐3’	  

ProSAP3	  sense	  primer:	  

	  	  	  	  5’	  –	  CTG	  TGT	  ATC	  AGA	  TGG	  CAC	  TCA	  AC	  -‐3’	  	  

ProSAP3	  antisense	  primer:	  

	  	  	  	  5’-‐	  CGA	  CTC	  AGT	  GGC	  AAA	  GAA	  TCC	  -‐3’	  
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For normalization a house keeping gene (HMBS) was amplified in every run. The reactions 

were cycled according to the following time and temperature profiles illustrated in Table 1. 

Melting curves were examined for product control and crossing points were used for 

expression analysis (data not shown). The amounts of specific transcripts were calculated 

from the standard curve by LightCycler software and further normalized with respect to the 

average expression of the house keeping gene. The data of two independent analyses for each 

sample were averaged and presented as mean ± standard deviation of the mean. 

	  

Master	  mixture	  per	  capillary	  	  

10 µl RT-PCR Master mix  

0.25 µl sense primer 

0.25 µl antisense primer 

0.2 µl QuantiTect RT mix 

8.3 µl RNase free water  

 

HMBS primers were added at an amount of 1 µl sense and 1 µl antisense, thus only 6.8 µl 

RNase free water to add up to 19 µl end volume.  

 

 

 

 

 

Program Cycles Segment 

number 

Temperature 

Target (°C) 

Hold Time 

(sec) 

Slope 

(°C/sec) 

Reverse Transcribtion 1 1 50 1200 20 

Denaturation 1  1  95  900  20  

Amplification  45  1  94  15  20  

  2 58                       20 20  

  3 72  16 2 

Melting Curve  1  1  95  5 20  

  2 65 15 20  

  3 95 0  0.1 

Cooling  1  1  40  30  20  

  Table 1 Experimental protocol to run a LightCycler PCR 
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2.14. Sequencing   

	  

	  	  	  	  	  DNA	  Sequencing was performed by MWG, Germany	  

 

2.15. In situ Hybridization  

 

     In situ hybridization (ISH) represents a unique technique in which molecular, biological 

and histochemical techniques are combined to study gene expression in tissue sections and 

cytological preparations. ISH localizes mRNA sequences in situ and visualizes the product of 

gene expression while preserving cell integrity within the heterogeneous tissue, permitting 

anatomically meaningful interpretations. ISH analysis of nucleic acids was first described in 

1969 (Gall JG et al. 1969). Since then many variations of ISH methods have been developed 

(Wilcox JN et al.1993; Egger D et al. 1994). 

 

 

2.15.1. Tissue preparation 

 

       The experiments were performed using cryostat sections from mouse brains. The tissues 

were sectioned on a cryostat to 16µm thickness, thaw-mounted on coated slides 

(SuperfrostPlus), and immediately re-frozen by placing the slides in plastic slide boxes kept in 

cryostat or on dry ice. After completion of the sectioning the slides were stored at - 70°C. 

 

2.15.2. Oligonucleotide labelling and hybridization 
 
For radioisotope labeling 2.5 µl 10 x transcription buffer, 1 µl ProSAP1 Oligonucleotide (40 

ng/µl), 4.5 µl 35S-dATP and 2 µl RNase free water were mixed and incubated for 2 hours at 

37°C . The mix was then briefly centrifuged at 10,000 x g and 38 µl RNase free water were 

added. Purification was performed using Bio-Spin 30 Tris Columns according	   to	   the	  

manufacturer’s	  instructions.	  Briefly, the column was inverted several times to resuspend the 

settled gel, the tip was snaped off and the column was centrifuged for 2 min at 1,000 x g to 

remove the packing buffer. The column was placed in a clean tube and sample was applied 

directly to the center of the column. The column was centrifuged for 4 min at 1,000 x g and 

the sample was collected. For each labelled oligonucleotide 600µl cocktail, 60µl DNA and 30 
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µl t-RNA were added. Prior to use DNA was denatured through incubation in 90°C water for 

5 min and were then placed on ice for 3 min. Cryostat slides were allowed to thaw for 15 min 

at RT. Afterwards 60 ml hybridization mix was sandwiched between too slides and left to 

incubate in a moist chamber overnight at RT. Slides were then separated and washed four 

times in 1x SCC plus 0.1% β-ME for 15 min and twice in 0.5 x SCC plus 0.1% β-ME for 15 

min in a 55°C water bath. Slides were washed in 1 x SCC, 0.5 x SCC and 0.25 x SCC for 5 

min each at RT. Slides were then dehydrated in an increasing ethanol series and allowed to air 

dry at RT. Hyperfilm βMax (Amersham Biosciences) was exposed in a cassette with the 

slides for two weeks at RT and developed in Hyperprocessor. 

           

ProSAP1 Oligonucleotide: ATG 5`-3` 

CCGGGGACGCTCATCATCACAGCCAATTAATCACCC 

	  

20 x SCC ph 7,4 

175.1 g/l 3 M NaCl  

88.2	  g/l	  300	  mM	  Trinatriumcitrat	  	  

 

Cocktail  

10 ml Formamid 

4 ml 20 x SCC 

2 ml 0.2 M PBS pH 7.4 

0.2 Denhardt’s (50%) 

1 ml 20% sacrosyl 

2 g Dextran sulfate  
 
 

2.16. Blood analysis 

 

     The mice were killed using CO2 and placed on there back on an operating table. 1 ml 

syringes were used to obtain 400µl to 800µl blood trenscutanly directly from the heart.  

Probes were sent immediately to a privat lab (SynLab, Germany) for further analysis. 
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2.17. Western blotting 
 
2.17.1. Protein preparation  

2.17.1.1. Total protein isolation 

 

     Whole brains were extracted and manually homogenised with 10 ml/gr. probe buffer. 

Protein solution was then ultrasonified and denatured at 95 ºC for 5 min and stored at -70 ºC. 

 

Probe buffer   

62.5 mM TRIS-HCL  

2% SDS  

10% sucrose  

0.5 mM PMSF  

10 µg/ml aprotinin 

2.17.1.2. P2 Fraction preparation 
 
     Isolation of PSD fractions from whole mouse brain by a series of centrifugations allows 

analysing the enrichment of neuronal proteins towards the PSD. This method was first 

described in 1980 by Carlin et al. who isolated PSDs from various regions of the dog brain. 

Four brains from adult mice were homogenised in 10 ml/g  buffer A containing protease 

inhibitor mix (PIM) producing the homogenate fraction H. Homogenate was then centrifuged 

at 1,000 x g for 10 min at 4 °C to remove cell debris and nuclei. The supernatant S1 was taken 

into a pre-cooled beaker. The pellet P1 was then homogenised with 10 ml/g buffer A and 

centrifuged at 1,000 x g for 10 min at 4°C resulting in supernatant S1’ and pellet P1’. Both 

supernatant S1 and S1’were pooled and centrifuged at 12,000 x g for 15 min at 4 °C resulting 

in supernatant S2 and pellet P2 (= crude membrane fraction).  

 

Buffer A                                                  

320 mM sucrose    

5 mM HEPES pH 7,4  3  

PIM         
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2.17.2. Protein quantification 

 

     Preliminary protein quantification was made using a DU® 530 Life Science UV/Visible 

Spectrophotometer. 1µl probe was diluted in 100 µl dest.water and measured using a Bradford 

protein assay at λ= 595.0 nm.    

 

2.17.3. Polyacrylamide gel electrophoresis and protein transfer  

	  

	  	  	  	  	  	  	  	  	  	  Protein was denatured in 1x denaturing loading buffer at 95 ºC for 5 min, chilled on ice, 

and separated by SDS-polyacrylamide gel electrophoresis (6% stacking gel/ 10% resolving 

gel). Electrophoresis was performed with 1x electrophoresis buffer at constant 100 V for 10 

min followed by 170 V for 120 min. A standard-protein ladder was loaded along with the 

protein samples and used to estimate the size of proteins. Protein transfer was performed in 1x 

transferring buffer at 100 V for 90 min to nitrocellulose membrane by tank electroblotting or 

using semidry electroblotting at 150 mA for 45 min. For visual verification of transfer 

efficiency, nitrocellulose blots were stained with 1x Ponceau solution.  

	  

6%	  Stacking	  gel	  	  

0.68 ml H2O  

0.17 ml 30% acrylamide mix   

0.13 ml 1.0 M Tris (pH 6.8)   

0.01 10% SDS  

0.01 10% APS  

0.001 TEMED  

	  

10%	  Resolving	  gel	  	  

2.0 ml H2O  

1.7 ml 30% acrylamide mix   

1.3 ml 1.0 M Tris (pH 8.8)   

0.05 ml 10% SDS  

0.05 ml 10% APS  

0.002 ml TEMED  
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1x Loading buffer 

125 mM TRIS, pH 6.8 

2% SDS 

5% glycerol 

0.006% BB 

 

1x Transfer buffer, pH 8.3 

39 mM glycine 

48 mM TRIS 

0.037% SDS 

20% methanol 

 

1x Ponceau 

0.02% ponceau 

0.3% trichloracetic acid 

0.3% sulfosalicilic acid 

	  

	  

2.17.4. Detection 

	  

	  	  	  	  	  Non-specific binding sites were blocked by incubating the membranes for 90 min with 

blocking buffer and subsequently incubated overnight at 4 ºC or 120 min at RT with a 

primary antibody. Blots were washed three times (15 min) with washing buffer and then 

incubated overnight at 4 ºC or 120 min at RT with the respective secondary antibody 

conjugated to horseradish peroxidase. Secondary antibodies were washed out thoroughly by 

rinsing three times for 10 min with washing buffer. Both primary and secondary antibodies 

were diluted in 1xPBS. In all cases, immunoreaction was detected using the SuperSignal West 

Pico Chemiluminescent Substrate. Reagent A and B were mixed in a 1:1 ratio and incubated 

for 30 sec min at RT. Hyperfilm ECL (Amersham Biosciences) was exposed in a cassette 

with the blots and developed in Hyperprocessor. 
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Washing buffer, pH 7.6  

1x PBS  

0.01% Tween 20  

 

Blocking buffer, pH 7.6  

1x PBS  

5% non-fat dried milk 

 

 

2.17.5. Protein Quantification  

 

     In order to compare expressions between wild type mice and the knockout mice, W.B. 

films were scanned and the bands were measured using ImageJ 1.37v Software, (National 

institutes of health, USA. Free downloadable at http://rsb.info.nih.gov/ij/). We measured and 

compared the relative signal intensity of the bands of the same antibody in wild type and 

knockout mice. The value was then calculated in relation to the ß-actin expression level, a 

house keeping protein, using the equation bellow, thus eradicating a bias from different 

protein amounts loaded on the gel.   

  

(Areaaktin X  Meanaktin )/(AreaProSAP X MeanProSAP ) 

 

Area: Area of the band on the gel 

Mean: the mean of expression detected by the software  

 
 
2.18. Perfusion and fixation  

 

     Wash solution and Bouin’s fixative solutions were put in separate syringes and the 

peristaltic pump set up. Tygon tubing and perfusion instruments were used according to the 

manufacturer’s instructions in such a manner that the wash solution was drawn through the 

pump into tubing that is connected to the animal. A valve system was used to allow the 

fixative solution to be drawn through the tubing at later point. Mice were administered with a 

sublethal dose of an aesthesia and monitored until the point when the mouse fails to 

responded to pinching of the foot. Tow horizontal cuts through the rib cage on either side of 

the heart were made and a small incision at the bottom apex of the left ventricle was made. A 
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needle was then quickly inserted upward through the ventricle past the aortic valve so that it 

may be visualized inside the ascending aorta (Pic.1). A small incision was made in the right 

atrium to allow an escape route for the blood and perfusion fluid. Perfusion started with 

administrating wash solution at a rate of 10 ml/min for 3 min. afterwards the valve was 

changed from wash solution to Bouin’s fixative and perfusion continued at the same rate for 5 

min. The brain was removed and post fixed for additional 24 hours in Bouin’s fixative. 

Afterwards fixation was done using a Paraffin embedment apparatus (STP 120) according to 

the manufacture’s protocol (Tab. 2). 

 

 

 

 

 

 

 

 

                             
                              Pic 1 Here the Perfusion and fixation method is illustrated.  

 

 

Wash Solution  

100 ml NaCl 

0.5 ml Heparin  

 

 

Bouin’s fixative  

15 ml Picric acid  

5 ml formaldehyde  

1 ml acetic acid 
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Reagent 

station 

Reagent Infiltration time 

hour : minute 

Agitation speed 

1 Formalin 01:00 60 

2 Formalin 01:00 60 

3 Alcohol 70% 01:30 70 

4 Alcohol 80% 01:30 70 

5 Alcohol 96% 01:30 70 

6 Alcohol 100% 01:00 70 

7 Alcohol 100% 01:00 70 

8 Alcohol 100% 01:00 70 

9 Xylene 01:30 70 

10 Xylene 01:30 60 

11 Paraffin 02:00 60 

12 paraffin 02:00 60 

  

                   

2.19. Immune fluorescence staining  

 

     Culture medium was removed and cells were carefully washed with PBS buffer. Cells 

were fixed with -20°C methanol for 2 min and washed three times with PBS for 5 min at RT. 

Thereafter cells were treated with Triton-X100 for 10 min at RT. Primary antibodies were 

then added and incubated overnight at 4°C. Cells were then washed with PBS, incubated with 

secondary antibody for 40 min at RT min, again washed in PBS and rinsed briefly with aqua 

deion. One drop of 50 °C preheated Mowiol was added to the slide. Cover glass was put with 

the cells toward the slide into Mowiol and was let to dry overnight. Photographs were taken 

with a Zeiss fluorescence microscope. Using magnification of x100 synapse number per 

100µm dendrite length were counted.   

   

 

 

 

Tab 2 Fixation protocol using using a Paraffin embedment apparatus  
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2.20. H.E. Staining 

 

         Haematoxylin and eosin staining protocol is used frequently in histology to examine thin 

sections of tissue. Haematoxylin stains cell nuclei blue, while eosin stains cytoplasm, 

connective tissue and other extra cellular substances pink or red. To explore any 

morphological differences between wild type, heterozygote and knock out brains, H.E. 

staining was performed using 8 µm thick Bouin’s fixed microtome sections from mouse 

brains. Microtome sections were incubated twice for 2 min in xylene and rehydrated through a 

decreasing isopropanol series. Afterwards section were washed briefly in aqua deion. Sections 

were then incubated with haemalaun for 8-10 min at RT for the nucleus staining. Afterwards 

section were rinsed with tap water for 10 min at RT and embedded in 0,1% eosin for 5 min at 

RT. Sections were then briefly washed in aqua deion. Sections were dehydrated through an 

increasing isopropanol series and embedded twice in xylene for 5 min. Finally, sections were 

mounted with entellane.   

  

 

2.21. Azan staining  

 

      Azan (acronym for combined Azocarmin-Anilinblau of Heidenhain, 1915) is a trichromic 

stain for connective tissue (deep blue), muscle (purple red) and orange (for varied 

combination), with phosphotungstic acid as a mordant and a careful differentiation in anilin 

oil. Azan staining was performed using 8 µm thick Bouin’s fixed microtome sections from 

mouse brains as described in chapter 2.20.1. Microtome sections were imbedded twice for 2 

min in xylene and rehydrated through a decreasing isopropanol series. Afterwards section 

were embedded with anilin alcohol at 38 °C for 10-30 min and washed briefly in deion.water. 

Sections were then embedded with azocarmin at 56 °C for 10-40 min. Afterwards section 

were cooled by rinsing with deion.water until the nuclei were clearly  identified. Then 

sections were embedded in 5% phosphotungstic acid for 45-60 min. Afterwards sections were 

embedded in Anilin blue-Orange G for 2-5 min at RT and briefly washed in deion.water. 

Sections were dehydrated through an increasing isopropanol series and embedded twice in 

xylene for 5 min. Finally sections were mounted with entellane. 
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Aniline blue-Orange G 

2.5 g Aniline blue (Riedel-de Haën 32703) 

10 g Orange G (Fluka 75380)  

500 ml deion.water 

40 ml acetic acid 

(This stock-solution should be filtrated and diluted 1:3 with aqua deion before use.) 

 

 

2.22. Hopa staining  

 

Hopa originates from Haemalaun, Orange G, Phosphormolybdaen acid, Anilinblau. Nuclei 

are stained brown-purple, plasma is stained grey-blue, connective tissue is stained blue and 

erythrocytes are stained yellow. Hopa staining was performed using 8 µm thick Bouin’s fixed 

microtome sections from mouse brains as described in chapter 2.20.1. Microtome sections 

were imbedded twice for 2 min in xylene and rehydrated through a decreasing isopropanol 

series. Sections are then embedded in haemalaun for 8 -10 min at RT and briefly washed in 

deion.water. in order to Blue the sections they were rinsed in tap water for 10 min at RT. 

Thereafter sections were embedded in Orange G until a yellow-brown staining was clearly 

identified then washed briefly in deion.water. Thereafter sections were embedded in anilin 

blue phosphomolybdic acid for 2-5 min at RT and washed briefly in dest.water. Sections were 

dehydrated through an increasing isopropanol series and embedded twice in xylene for 5 min. 

Finally, sections were mounted with entellane.        

 

 

2.23. Electron microscope investigations 

 

     Due to the fact that ProSAP1 has a role in synaptogenesis (Sala et al. 2001), we 

investigated the wild type, heterozygous and the knock out mice at electron microscope level, 

to explore any differences in the number, length and area of the postsynaptic density where 

ProSAP1 is located. Tissue was fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer 

with 1 % sucrose (pH 7.3) and postfixed with 2 % osmium tetroxide for 1 h. The probes were 

then dehydrated through an increasing ethanol series, stained with 2% uranyl acetate and 
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embedded in epoxy resin ( Epon 812, Fluka, Germany). Ultrathin sections (70-80) were cut 

with a diamond knife on a Reichert ultramicrotome an collected on 3000 mesh grids. The 

sections were stained with lead citrate an examined at a voltage of 80 kv using an EM 10 

electron microscope (Zeiss, Germany). 

 

 

2.24. Phenotype observations 

 

2.24.1. Offspring number 

 

     We observed tow groups of couple mating; wild type with wild type mating and knock out 

with knock out mating through the period of approximately three years. Offspring numbers 

were obtained at the day of birth. Data are shown as mean ± standard deviation of the mean.     

 

 

 
2.24.2. Survival analysis  

     For this experiment the Kaplan Meier test was applied. This test (also known as the 

Product Limit Estimator) estimates the survival function from life-time data. A plot of the 

Kaplan-Meier estimate of the survival function is a series of horizontal steps of declining 

magnitude which, when the sample is large enough, approaches the true survival function for 

that population. The value of the survival function between successive distinct sampled 

observations ("clicks") is assumed to be constant. In medical statistics, a typical application 

might involve grouping patients into categories, for instance, those with gene A profile and 

those with gene B profile. In Figure 19, patients with gene B die much more quickly than 

those with gene A. After two years about 80% of the gene A patients still survive, but less 

than half of patients with gene B. 
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We used the Kaplan Meier test to measure the fraction of mice living for a certain amount of 

time. We compared the survival chance between the wild type, heterozygote and knock out 

group for a period of 1 year starting at the day of birth. 

 

 
 
2.24.3. Weight study 

 

     One of the methods used to characterise the ProSAP1 knockout mice was to compare their 

growth with that of wild type and heterozygous mice. 35 knockout, 20 heterozygous and 14 

wild type mice were weighted daily during the first four weeks then weekly during the next 

eleven months. In another experiment the organs of 20 wild type and 20 knockout mice were 

weighted. In each group there were 10 young mice of approximately one month of age and 10 

adult mice of approximately one year of age. Brain, liver, kidney, spleen, lung and heart were 

weighted and illustrated in compression between the groups. Data are shown as mean ± 

standard deviation of the mean.           

 

 

2.24.4. Voluntary wheel running experiment  

 
   The mice were housed separately in cages with food and water ad libitum, in a temperature 

of  20-22° C and humidity controlled (50% relative) animal facility with 12-h light/dark cycle 

(light cycle 07:00-19:00). The cages were equipped with running wheels (Diameter 11,5 cm). 

Fig. 12 example of a diagram from  a Kaplan-meier test  
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An eccentrically placed magnet in the running wheel enabled the recording of wheel 

revolutions on an event recorder (Mousvital,Germany; Pic 2).	  The activity patterns of the 

mice in separate running wheels, placed on open shelves in the experimental room, were 

assayed.  

 

 
                             Pic. 2 Illustration of the cages, those were equipped with running wheels. 
                                   An eccentrically placed magnet in the running wheel enabled the 
                                   recording of wheel revolutions on an event recorder 
 

2.25. Statistic  

 

     Statistical analysis was performed using SPSS 15.0 for Windows, copyright SPSS Inc. 

 

2.25.1 Independent-samples T-test 

 

     The Independent-Samples T Test procedure compares means for two groups of cases. 

Independent-samples T-test was performed on synapse count via Golgi staining and 

immunoflurescense staining, offspring count, voluntary wheel running experiment, blood 

analysis and weight analysis with a level of p < 0,05 or p < 0,1 required to obtain statistical 

significance. 
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2.25.2 One-Way ANOVA 

 

     The One-Way ANOVA procedure produces a one-way analysis of variance for a 

quantitative dependent variable by a single factor (independent) variable. Analysis of variance 

is used to test the hypothesis that several means are equal. This technique is an extension of 

the two-sample t test. Once one has determined that differences exist among the means, post 

hoc range tests (Tukey’s) and pair wise multiple comparisons can determine which means 

differ. Range tests identify homogeneous subsets of means that are not different from each 

other. Pair wise multiple comparisons test the difference between each pair of means, and 

yield a matrix where asterisks indicate significantly different group means at an alpha level of 

0.05. One-way analyses of variance (ANOVA) were performed on ProSAP/shank mRNA 

expression levels, post synaptic density length and area measurements and synapse count via 

electron microscope analysis, followed by posthoc Tukey’s with a level of  p < 0,05 or p < 0,1 

required to obtain statistical significance.  
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3. Results 
 
3.1 DNA analysis 

  

3.1.1 Genotyping of ProSAP1 Knockout mice  

   

   Prior to all experiments and tests for characterisation of the ProSAP1/shank2 knockout 

mouse, the genotype of each mouse examined should be clearly identified for successful 

comparison between the three different mouse groups, wild type heterozygous and knockout 

mouse.  DNA from every mouse used in this study was prepared at the age of 21 days as 

described in chapter 2.10 and was loaded on an agarose gel as described in chapter 2.12. 

Using the primer pairs s1700 and as1842, as well as s1700 and as2350 for ProSAP1/shank2, 

two bands representing two alleles were detected: one band representing the wild type allele 

at 650 bp and one band representing the knockout allele at 150 bp in the heterozygous mouse 

(Fig.13).   

                   

                        
Figure 13 (left) partial schematic illustration of the ProSAP1/shank2 exon sequence in the wild type allele and in 

the knockout allele.  ProSAP1/shank2 sense primer at the 1700th AA, ProSAP1/shank2 antisense primer at 

the 2350th AA,  ProSAP1/shank2 antisense primer at the 1842th AA; (right) DNA agarose gel using s1700 

and as 2394 ProSAP1/shank2 primer pair on knockout (-/-), heterozygous (+/-) and wild type (+/+) mice. 

 

 

 

 

 

!
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3.2 mRNA analyses 

 

     After verifying that the “knockout” procedure was successful on the DNA level, we 

examined the mRNA expression levels of the ProSAP1/shank2 family members. Expecting 

the mRNA expression level of ProSAP1/shank2 to be neglectable in the knockout mice and 

unchanged in the heterozygous or the wild type mice, the following experiment was 

performed. 

      
 
3.2.1 In situ Hybridization 

 

     Several knockout mice were sacrified and used for this experiment as described in chapter 

2.15. Although the knockout hybridization signal was not neglectable in the knockout mouse, 

it was significantly reduced in comparison to the wild type hybridization signal (Fig.14).  

 

 

 
 

 

 

The data from this experiment were not fully as expected. There was still a detectable signal 

in the knockout hybridization essay; ergo mRNA was still present; giving rise to the 

assumption that there might be unknown ProSAP1/shank2 splice variants. To investigate 

these results more carefully the light cycler experiment was performed to quantify the 

differences in the mRNA expression levels between the three mice groups, followed by a RT-

PCR and sequence analysis experiment in order to explore any unknown splice variants.   

Figure 14 Comparison between in situ hybridizations from 

knockout (-/-) and wild type (+/+) mouse brain. A great 

difference in signal intensity is observed between -/- and +/+.  

-/-                          +/+ 
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3.2.2 Light cycler 

 

     The expression level of ProSAP/shank family members mRNA was measured in cortex 

and cerebellum of wild type (n=4), heterozygous (n=4) and knockout (n=4) mice by using the 

LightCycler technology as described in chapter 2.10 and 2.13. The data of two independent 

analyses for each sample were averaged and presented as mean ± standard deviation of the 

mean. One way ANOVA test was performed to verify significance. The steady-state levels of 

the housekeeping gene HMBS were almost unchanged. ProSAP1/shank2 mRNA expression 

level was significantly decreased in -/- and +/- mouse groups both in the cortex (Mean: -/- 

0,24 ± 0,06 ; +/- 0,65 ± 0,20 ; +/+ 1,12 ± 0,26 ; p < 0,05 ) and the cerebellum (Mean: -/-  0,80 

± 0,15 ;  +/-  3,06 ± 0,78 ; +/+  4,90 ± 1,02 ; p < 0,05 ) as shown in Figure 15.  

 

 

 

 

 
Figure 15 ProSAP1/shank2 mRNA expression level is shown as a relation to the mRNA expression level of the 

housekeeping gene HMBS. ProSAP1/shank2 mRNA expression in the cerebellum (left diagram) and cortex 

(right diagram) of knockout (-/-), heterozygous (+/-) and wild type (+/+) mice. Please note the significant 

difference in the mRNA expression level between the +/- & -/- mice in the cortex and the cerebellum with a 

mean difference of 0,41 ± 0,09 and 2.26 ± 0,36, respectively (p < 0,05) . Also please note the greater significant 

difference in mRNA expression level between the +/+ & -/- mice in the cortex and the cerebellum with a mean 

difference of 0,87 ± 0,09 and 4,10 ± 0,36, respectively (p < 0,05). A significant difference in the mRNA 

expression level was also observed between the +/+ & +/- mice in the cortex and the cerebellum with a mean 

difference of 0,46 ± 0,11 and 1,84 ± 0,43 , respectively (p < 0,05). 

 

** 

** 

** 

-/-              +/-            +/+ -/-              +/-            +/+ 

** 

                                                     ProSAP1/shank2 
                        Cerebellum                                                     Cortex    
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There were no significant alterations in ProSAP2/shank3 mRNA expression levels in the 

cortex (Mean: -/- 11,43 ± 3,47 ; +/- 10,78 ± 2,16 ; +/+ 11,13 ± 2,34 ; p < 0,05 ) or in the 

cerebellum (Mean: -/- 1,90 ± 0,37 ; +/- 2,44 ± 0,48 ; +/+ 2,06 ± 0,26 ; p < 0,05 ) as shown in 

Figure 16. 

 
 

 

             
Figure 16 ProSAP2/shank2 mRNA expression level is shown as a relation to the mRNA expression level of the 

housekeeping gene HMBS. ProSAP2/shank2 mRNA expression in the cerebellum (left diagram) and cortex 

(right diagram) of knockout (-/-), heterozygous (+/-) and wild type (+/+) mice. Please note that there are no 

significant differences in the mRNA expression level between the three groups.  

 

 

Also there were no significant alterations in ProSAP3/shank1 mRNA expression levels in the 

cortex (Mean: -/- 9,31 ± 2,21 ; +/- 7,75 ± 2,79 ; +/+ 7,66 ± 1,62 ; p < 0,05 ) or in the 

cerebellum (Mean: -/- 5,86 ± 1,35 ; +/- 6,00 ± 1,24 ; +/+ 5,77 ± 1,47 ; p < 0,05 ) as shown in 

Figure 17. The steady-state levels of the housekeeping genes HMBS were almost unchanged.   

 

 

 

 

 

 

 

 

 

-/-              +/-            +/+ -/-              +/-            +/+ 

                                                     ProSAP2/shank3 
                        Cerebellum                                                     Cortex    
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Figure 17 ProSAP3/shank1 mRNA expression level is shown as a relation to the mRNA expression level of the 

housekeeping gene HMBS. ProSAP3/shank1 mRNA expression in the cerebellum (left diagram) and cortex 

(right diagram) of knockout (-/-), heterozygous (+/-) and wild type (+/+) mice. Please note that there are no 

significant differences in the mRNA expression level between the three groups.  

 

 

 

3.2.3 RT-PCR and sequence analysis 

 

     cDNA from knockout, heterozygous and wild type mice was prepared as described in 

chapter 2.11  and loaded on an agarose gel as described in chapter 2.12. Using the same 

primer pair s1700 and as2350 or as1842 for ProSAP1/shank2 as used in the genotyping 

experiment (chapter 3.1) the expected results were obtained (Fig.18). Due to the fact that only 

the two expected 150 bp bands representing the two knockout alleles were found in the 

knockout specimen, there were no indications for the existents of any unknown 

ProSAP1/shank2 splice variants.    

 

 

 

 

-/-              +/-            +/+ -/-              +/-            +/+ 

                                                     ProSAP3/shank1 
                        Cerebellum                                                     Cortex    
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Figure 18 (left) Schematic illustration of the ProSAP1/shank2 exon sequence in the wild type Allele (WT) and 

in the knockout allele (KO).  ProSAP1/shank2 sense primer at the 1700th AA, ProSAP1/shank2 antisense 

primer at the 1842 or  2350th AA; (right) cDNA Agarose gel using the same primer pairs in wild type (-/-), 

heterozygous (+/-) and wild type (+/+) mice. WT DNA was used as control.    

 

On the amino acid sequence level of the knockout allele the absence of exon 7 was verified 

and two stop codons in the new reading frame of exon 8 were detected (Fig.19). Presence of 

the two stop codons insures the termination of transcription and by that proves that the 

knocking out procedure was successful.  

 

 
Figure 19 Amino acid sequence of a ProSAP1/shank2 cDNA from knockout mice. Between exon 6 (red) and 

exon 8 (blue), exon 7 (green) is “knocked out”. Two stop codons ( * ) (TAA and TGA) are detected in the new 

reading frame of exon 8 , thus verifying that the knocking out procedure was successful . 

 

 

 

 

 

 

 

 

 

 

! !
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3.3 Protein level analysis 

  

     The purification of whole brain homogenate into P2 fraction was performed as described 

in chapter 2.17.1.2. Quantification of protein expression levels was performed as described in 

chapter 2.17.5. To insure that identical protein amounts were loaded, ß-actin detection was 

performed (Fig.20). In figures 21-24 it is shown that different ProSAP1/shank2 antisera 

detected the protein in the wild type specimen but failed to detect it in the knock out 

specimen. Using ProSAP2 C-term gp antiserum no differences between the specimens were 

observed (Fig.24).     
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Figure 21 (right) W.B. gel loaded with knockout (-/-) and wild type 

(+/+) P2 fraction lysates from the brain using the ProSAP1 C-term rb 

antiserum. (left) Quantification of Protein expression levels detected 

by the ProSAP1 C-term antiserum in relation to ß-actin expression 

levels of the same specimens. Please note that the expression level in 

the +/+ specimen is x 2040 as in the -/- specimen.  

+/+      - /-          
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45 

Figure 20 W.B. gel loaded with knockout 

(-/-) and wild type (+/+) P2 fraction 

lysates from the brain using the ß-Actin 

antibody. Please note that there are no 

differences between the protein amounts 

loaded on the gel. 

+/+             - /-          
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Figure 22 (right) W.B. gel loaded with knock out (-/-) and wild 

type (+/+) P2 fraction lysates from the brain using the ProSAP1 C-

term gp antiserum. (left) Quantification of Protein expression levels 

detected by the ProSAP1 C-term antiserum in relation to ß-actin 

expression levels of the same specimens. Please note that the 

expression level in the +/+ specimen is x 2450 as in the -/- 

specimen. 

Figure 23 (right) W.B. gel loaded with knock out (-/-) and wild 

type (+/+) P2 fraction lysates from the brain using the ProSAP1 N-

term rb antiserum. (left) Quantification of Protein expression levels 

detected by the ProSAP1 N-term antiserum in relation to ß-actin 

expression levels of the same specimens. Please note that the 

expression level in the +/+ specimen is x 1350 as in the -/- 

specimen.   

ProSAP1 C-term SA1 gp 

ProSAP1 N-term SA 6044 gp 
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3.4 Morphology analysis 

 

     In our quest to characterize the ProSAP1/shank2 knockout mouse, examinations of various 

organ systems were made. Any abnormality in the knockout mice could also be explained by 

a malfunction of an organ system other that the CNS where ProSAP1/shank2 is mainly 

expressed. Morphological analyses were performed in order to find any differences between 

the knockout and the wild type mice on different levels of cell morphology. 

 

 

 

 

 

Figure 24 (right) W.B. gel loaded with knock out (-/-) and wild 

type (+/+) P2 Fraction lysates from the brain using the ProSAP2 C-

term gp antiserum. Please note that there are no changes in the 

protein expression level in the knockout specimen. (left) 

Quantification of Protein expression levels detected by the 

ProSAP2 C-term antiserum in relation to ß-actin expression levels 

of the same specimens. Please note that the expression level in the 

+/+ specimen is identical to that in the -/- specimen.  
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3.4.1 Macroscopically and microscopically analysis  

 

     Several knockout mice were sacrificed and their organs were examined with a 2.5 

magnification loop. The mice were perfused and fixed as described in chapter 2.18. H.E. 

staining was performed as described in chapter 2.20 on brain sections (Fig.25). Azan and 

Hopa stainings were performed as described in chapters 2.21 and 2.22 on heart, liver, kidney, 

spleen and lung (Fig. 26- 30). There were no macroscopic alterations in the organs originated 

from the knockout mice.   
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Figure 25 H.E. staining of the cerebellum and the hippocampus of ProSAP1/shank2 knock 

out mouse. (a) x10 magnification of the cerebellum, (b) x 20 magnification of the 

cerebellum revealing a detailed view of the Purkinje (P), molecular (M) and the granular (G) 

cells. (c) x 10 magnification of the hippocampus demonstrating the different regions CA1-3 . 

(d) 20 x magnification of the CA1 area of the hippocampus. Please note that there are no 

morphological abnormalities observed in the knock out mouse. 
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Figure 27  The liver of a 

knockout mouse. (upper fig.) 

Macroscopic observation with a 

2.5 x magnification loop. (lower 

fig.) Azan staining (right). Hopa 

staining (left). 

 

Figure 26 The heart of a 

knockout mouse.  (Upper Fig.) 

Macroscopic observation with a 

2.5 x magnification loop. (lower 

fig.) Azan staining (right). Hopa 

staining (left). 
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Figure 28  The kidney of a 

knockout mouse.  (upper Fig.) 

Macroscopic observation with a 

2.5 x magnification loop. (lower 

fig.) Azan staining (right). Hopa 

staining (left). 

 

Figure 29 The spleen of a 

knockout mouse. (upper fig.) 

macroscopic observation with a 

2.5 x magnification loop. (lower 

fig.) Azan staining (right). Hopa 

staining (left). 
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3.4.2 Synapse number via immunoflurescence staining  

 
     Hippocampus cells from wild type and knockout mice were maintained as described in 

chapter 2.8 and fluorescence staining was performed as previously described in chapter 1.19. 

E48 hippocampus cell from three wild type and three knockout mice were stained with the 

ProSAP2 C-Term gp antibody for synapse number and with the Map2 antibody for dendrite 

length measurement (Fig. 31). There was no difference observed in synapse number between 

wild type mice ( n=132 , mean synapse number per 100 µm dendrite length 26,79 ±7,81, p < 

0,05 ) and knockout mice ( n= 130 , mean synapse number per 100 µm dendrite length 28,60 

± 8,33, p < 0,05 ) (Fig. 32). Data are shown as mean ± 2 standard deviations of the mean. 

 

 

 

Pic. X.5 
 
The Lung 

Figure 30 The lung of a knockout 

mouse. (upper fig.) macroscopic 

observation with a 2.5 x 

magnification loop. (lower fig. ) 

(right) Azan staining (left) Hopa 

staining. 
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Figure 32 Synapse number in cells of mouse hippocampus cell culture. Please note that there is no 

significant difference between wild type mice and knockout mice. The experiment was carried out 

blind. 

Figure 31 Immunoflourescence staining using Map2 (red) and ProSAP2 (green) antibodies. 

There were no significant differences found in synapse number between wild type (a) and 

knock out (c) mice. In figures b & d are x 100 magnifications of wild type and knockout 

dendrites, respectably. The experiment was carried out blind.  
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3.4.3 Electron microscopically analysis 

 

     Electron microscope experiments were performed as described in chapter 2.23. Attention 

was given to the post synaptic density (PSD) of excitatory synapses in CA1 region of the 

hippocampus of four wild type, four heterozygous and eight knock out mice. PSD length and 

area were measured (Fig. 33-35) and synapse number per 100 µm² hippocampus area was 

calculated (Fig. 36 & 37). Data are shown as mean ± 2 standard deviations of the mean. 

 

   
 

 

 

 

 

PSD measurement revealed significant differences between the three mouse groups. The PSD 

in the knockout group was significantly longer ( n= 163, mean 13,44 ± 4,58 , p < 0,05 ) than 

in the wild type ( n= 74, mean 10,78 ± 3,13, p < 0,05 )  and the heterozygous ( n=91 , mean 

10,06 ± 2,74, p < 0,05 ) group (Fig. 34). The PSD area was also significantly bigger in the 

knockout group ( n= 163 , mean 16,688 ± 9,23 , p < 0,05 ) when compared to the wild type ( 

n= 74 , mean 12,80 ± 5,28 , p < 0,05 ) and the heterozygous ( n= 91 , mean 12,17 ± 7,05 , p < 

0,05 ) groups (Fig.35). Data are shown as mean ± 2 standard deviations of the mean.    

 

 

 

 

a. 

Post.
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b. 

Post.
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Area

Figure 33 Electron microscope photograph of mouse hippocampus. (a) A synapse with the presynaptic 

region (Pre) and the post synaptic region (Post). The red lines demonstrate the post synaptic density (PSD) 

length. (b) The red lines demonstrate the PSD area.  
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Figure 34 Comparison of post synaptic density (PSD) length measurements between wild 

type (+/+), heterozygous (+/-) and knockout (+/-) synapses in mouse hippocampus. A 

significant difference was found between -/- & +/+ mice with a mean difference of 2,65 ± 

0,53 ( p < 0,005). A significant difference was also observed between -/- & +/- mice, with 

a mean difference of 3,37 ± 0,50 ( p< 0,005). No significant difference was found between 

+/+ & +/- mice. The experiment was carried out blind. 

*** 
*** 

Figure 35 Comparison of post synaptic density (PSD) area measurements between wild 

type (+/+), heterozygous (+/-) and knockout (+/-) synapses in mouse hippocampus. A 

significant difference was found between -/- & +/+ mice with a mean difference of 3,87 ± 

1,10 ( p < 0,005). A significant difference was also observed between -/- & +/- mice, with 

a mean difference of 4,51 ± 1,103 ( p< 0,005). No significant difference was found 

between +/+ & +/- mice. The experiment was carried out blind.  

*** 
*** 

PSD lenght 

PSD area 
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Synapse number measurements revealed a significant reduction in synapse number in the 

knockout mice (n= 68 , Mean 19,37 ± 8,49 , p < 0,05 ) when compared to the wild type    ( n= 

32 , Mean 31,25 ± 8,29 , p < 0,05 ) or to the heterozygous ( n= 35 , 27,89 ± 11,11 , p < 0,05 ) 

mice ( Fig’s. 36 & 37). Data are shown as mean ± 2 standard deviations of the mean.    

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36 Electron microscope photographs of mouse hippocampus cells. The difference between the knock 

out and the other two groups is clearly demonstrated.  
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Figure 37 Comparison of synapse number between wild type (+/+), heterozygous (+/-), 

and knock out (-/-) mice. Measurements were calculated as synapses per 100 µm² 

mouse hippocampus area. Please not the significant difference between the -/- & +/+ 

mice with a mean difference of 11,87 ± 1,9 (p < 0,005)and the significant difference 

between -/- & +/- mice with a mean difference of 8,51 ± 1,9 ( p < 0,005). No significant 

difference was observed between the +/+ & +/- mice. The experiment was carried out 

blind  

*** 
*** 

Synapse number 
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3.5 Phenotype analysis 

 
3.5.1 Offspring number analysis 

 

     Data of offspring number from wild type with wild type mating (n = 12) bearing 113 mice 

and knock out with knock out mating (n=53) bearing 387 mice were collected throughout a 

period of three years. A significant difference was found between the knockout (mean 7,30 ± 

2,47 , p < 0,1) and the wild type (mean 9,41 ± 3,44, p < 0,1) mice (Fig. 38) . Data are shown 

as mean ± 2 standard deviations of the mean.    
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Figure 38 Offspring number of wild type (+/+) and knockout (-/-) mice. Please 

note the significant reduction in knock out offspring number in comparison to 

the wild type mice with a mean difference of 2,11 ± 1,05 ( p < 0,1). 
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3.5.2 Survival analysis  

 
     For this experiment the survival probability of 329 knockout, 229 heterozygous and 93 

wild type mice in a period of 3 months was calculated. Significant differences were found 

between all three groups. As wild type mice have a 100% probability to survive the fist week 

of life, heterozygous mice have a 92% chance and knock out mice only have a 78% chance 

(Fig.39).    
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Figure 39 Kaplan Meier analysis of wild type (+/+), heterozygous (+/-) and 

knockout (-/-) mice. A clear significant difference was found between the three 

groups. Wild type mice have a 100% chance to survive the first week of life, 

whereas the heterozygous mice have a chance of 78% and the knockout mice 

only have a chance of 78%. The experiment was terminated after 90 days 

because no more changes were expected. 



 64 

 

   

 

 

3.5.3 Weight analysis 

3.5.3.1 Total weight analysis 
 

     35 knockout, 20 heterozygous and 14 wild type mice were weighted daily during the first 

four weeks beginning at day 10 after birth, then weekly during the next eleven months. In 

Figure 40 the weight in grams is illustrated, only through a period of 120 days, because at that 

time the weight of the mice in all three groups stabilized. All three groups achieve a similar 

weight in the adult stage (Fig. 40). There was no apparent difference between the wild type 

and the heterozygous mice. The knockout mice seemed to have a delay in gaining weight 

between day 30 and 60, when compared to the other groups (Fig. 41).  
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Figure 40 Weight measurements of wild type (+/+), heterozygous (+/-) and knockout (-/-) mice.  

Please note that there were no significant differences between +/+ & +/- mice. The -/- mice had a 

delayed weight gaining in comparison to +/+ & +/- mice. Please note also that all three mice 

groups achieved a normal weight in the adult status.   
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In Figure 41 the delay in weight gaining in the knock out mice is emphasized. It is clearly 

illustrated that between day 30 and 60 the knock out mice curve displays slop not seen in the 

wild type or the heterozygous mice curves. 
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Figure 41 Comparison of weight increasment between wild type (+/+), 

heterozygous (+/-) and knockout (-/-) mice. The -/- out curve clearly shows a 

slop beginning at day 30 and ending approximately at day 60.   
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3.5.3.2 Organ weight analysis 
 

     For this experiment 10 young knockout (Mean age 34 ± 6,9 days) and wild type mice 

(Mean age 32 ± 5,2 days) as well as 10 adult knockout (Mean age 333,5 ± 21,5 days) and wild 

type (Mean age 372,5 ± 16,5 days) mice were sacrified, thereafter heart, liver, kidney, spleen 

and lung were weighted in comparison. Data are shown following the formula: organ weight / 

mouse total weight. By comparing the young mice significant differences were found between 

the knock out lung (Mean weight 0,36 ± 0,17 %. , p < 0,05) and the wild type lung ( mean 

weight 0,23 ± 0,3 gr. , p < 0,05). Significant difference was also found between the knockout 

brain (mean weight 1,92 ± 0,16 %. , p < 0,1) and the wild type brain ( mean weight 1,75 ±0, 

24 %. , p < 0,1). Between the other organs no significant differences were found (Fig. 42). By 

comparing the adult mice no significant differences were found between any of the organs 

examined (Fig. 43).    

 

 

 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42 Comparison of organs weight between young knockout and wild type mice. 

A significant difference was detected between the -/- & +/+ lungs and the brain with a 

mean difference of 0,12 ± 0,05 % ( p < 0,05) and 0,16 ± 0,09 % ( p< 0,1), respectively . 

No significant differences were found between the other organs.   

** 

* 

** 
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3.5.4. Blood analysis 

 

     For this experiment 11 knockout (Mean age 115 ± 4,9 days) and 8 wild type (Mean age 

108 ± 10,7 days) mice were sacrified and blood was collected as described in chapter 2.16. 

The samples were sent immediately to be tested by an authorized lab. In table 3 all blood 

parameters examined are illustrated. Of all parameters examined only thrombocytes count, 

erythrocytes, and MCV yield a significant difference between the wild type and the knockout 

mice (Fig’s 44 – 46 ). 
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Figure 43 Comparison of organs weight between adult knock out and wild 

type mice. No significant differences were found between the organs. 
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Table 3  Group statistic of all blood parameters examined in wild type (-/-) and knockout (-/-) mice. 

Please not that in some mice few parameters were not evaluated due to small amounts o blood collected. 

a  t cannot be computed because the standard deviations of both groups are 0. 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Genotype N Mean Std. Deviation Std. Error Mean 
Leukocytes / 10³ µl +/+ 7 6,9286 2,46827 ,93292 
  -/- 10 7,4100 1,83935 ,58165 
Erythrocytes / 106µl +/+ 7 9,5529 ,38879 ,14695 
  -/- 10 10,1320 ,45847 ,14498 
Hemoglobin g/dl +/+ 7 15,1286 ,76095 ,28761 
  -/- 10 15,6000 ,51208 ,16193 
Hematocrit % +/+ 7 48,1286 1,93194 ,73020 
  -/- 10 49,4800 1,62945 ,51528 
MCV fl +/+ 7 50,4143 1,36067 ,51429 
  -/- 10 48,8800 1,72678 ,54606 
MCH  pg +/+ 7 15,8429 ,71381 ,26979 
  -/- 10 15,4300 ,74095 ,23431 
MCHC g/dl +/+ 7 31,4286 ,68730 ,25977 
  -/- 10 31,5400 1,07103 ,33869 
Thrombocytes x10³ /µl +/+ 7 217,2857 77,67607 29,35879 
  -/- 10 337,1000 121,28428 38,35346 
segmented neutrophils % +/+ 7 730,4286 554,35063 209,52484 
  -/- 10 574,0000 338,32430 106,98754 
band neutrophils % +/+ 7 ,0000 ,00000(a) ,00000 
  -/- 10 ,0000 ,00000(a) ,00000 
Lymphocytes % +/+ 7 6001,571

4 2097,91848 792,93865 

  -/- 10 6627,800
0 1706,13135 539,52610 

monocytes % +/+ 7 184,8571 205,34477 77,61303 
  -/- 10 164,0000 149,55712 47,29412 
eosinophilic granulocytes % +/+ 6 ,0000 ,00000(a) ,00000 
  -/- 8 ,0000 ,00000(a) ,00000 
basophilic granulocytes % +/+ 7 ,0000 ,00000(a) ,00000 
  -/- 9 ,0000 ,00000(a) ,00000 
AST U/l +/+ 8 1076,500

0 785,23027 277,62082 

  -/- 11 1288,090
9 897,48487 270,60187 

ALT U/l +/+ 8 387,6250 391,97775 138,58506 
  -/- 11 596,5455 577,71574 174,18785 
gamma GT U/l +/+ 8 40,5000 80,20153 28,35552 
  -/- 11 17,0000 11,34901 3,42185 
LDH U/l +/+ 8 6730,875

0 1837,97882 649,82364 

  -/- 11 8855,363
6 1340,92552 404,30426 

Amylase U/l +/+ 8 3088,500
0 517,46774 182,95247 

  -/- 11 3433,090
9 494,42339 149,07426 

Lipase U/l +/+ 8 165,0000 28,78492 10,17700 
  -/- 11 153,0000 36,89173 11,12328 
CK U/l +/+ 8 2229,875

0 1875,90507 663,23260 

  -/- 11 1900,636
4 1620,23506 488,51925 

cholesterol mg/dl +/+ 8 231,2500 85,92979 30,38077 
  -/- 11 253,6364 41,77864 12,59673 
Triglycerides md /dl +/+ 8 150,0000 55,54921 19,63961 
  -/- 11 122,7273 47,13617 14,21209 
Kreatinin mg/dl +/+ 8 ,6000 ,10690 ,03780 
  -/- 11 ,6091 ,08312 ,02506 
Urea mg/dl +/+ 8 70,7500 18,14820 6,41636 
  -/- 11 75,0909 16,11493 4,85883 
Na mmol/l +/+ 7 154,1429 5,87164 2,21927 
  -/- 11 153,7273 2,53341 ,76385 
Cl mmol/l +/+ 6 107,0667 2,92552 1,19434 
  -/- 11 107,8727 1,74419 ,52589 
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Figure 44 Box-blot demonstration of erythrocyte number from wild type 

(+/+) and knockout (-/-) mice. Please note the significant difference between 

the +/+ (n= 7, mean 9,55 ± 0,14 ) and the -/- (n= 10 , mean 10,12 ± 0,45 ) 

erythrocyte number at a mean difference of 0,57 ± 0,20 ( p < 0,05 ) .   

    

Figure 45 Box-blot demonstration of thrombocytes number from wild type 

(+/+) and knockout (-/-) mice. Please note the significant difference between 

the +/+ (n= 7, mean 217,28 ± 77,67 ) and the -/- (n= 10 , mean 337 ± 121,28 ) 

thrombocyte number at a mean difference of 119 ± 48,30 ( p < 0,05 ).  

-/-                                       +/+ 

-/-                                        +/+ 

** 

** 
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3.5.5. Voluntary wheel running experiment  

 

     One of our observations regarding the knockout mice was that they seemed to be more 

active than the wild type mice. The knockout mice seemed to be jumping in the corner of their 

cages most of the time as they were inspected in the animal facility (Pic.3). In order to 

examine any difference in activity patterns between the knockout and the wild type mice a 

voluntary wheel running experiment was performed. In this experiment 11 knockout (Mean 

age 85 ± 4,9 days) and 11 wild type (Mean age 78 ± 7,1 days ) were used as described in 

chapter 2.26.4. The distance each mouse runs between 20:00 and 08:00 was assayed. There 

were no significant differences observed in mean cumulative distance achieved each night 

between the wild type and the knockout mice (Fig.47). Activity pattern through out the night 

did not show any differences as well (Fig. 48). 
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Figure 46 Box-blot demonstration of MCH from wild type (+/+) and knockout 

(-/-) mice. Please note the significant difference between the +/+ (n= 7, mean 

50,41 ± 1,36 ) and the -/- (n= 10 , mean 48,88 ± 1,72 ) MCH at a mean 

difference of 1,53 ± 0,75  ( p < 0,1 ).  

-/-                                     +/+ 
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Figure 47 Mean cumulative distance achieved each night by the wild 

type (+/+) and knockout mice (-/-). Please note that there are no 

significant differences between the two mice groups. 

Pic. 3 The picture should illustrate a strange behavior 
seen in knockout mice. They are hyperactive, jumping 
up and down the cage.  
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  Figure 48 Comparison of mean running distance achieved by the wild type (+/+) and the knockout mice  

  (-/-) depicted each minute between 20:00 and 08:00. There were no significant differences found between   

  the two mice groups.    

 

 

4. Discussion 
 
4.1 DNA analysis 

      

     Prior to all experiments and tests in order to characterise the ProSAP1 knockout mouse, 

the genotype of each mouse examined was clearly identified for successful comparison 

between the three different mouse groups, wild type, heterozygous and knockout mouse.  

DNA from every mouse used in this study was prepared at the age of 21 days and loaded on 

an agarose gel. Using the primer pair s1700 (exon 6) and as2394 (exon 8) for ProSAP1, two 

bands representing two wild type alleles are detected at 650 bp in the wild type mouse, one 

band representing the wild type allele at 650 bp and one band representing the knockout allele 

at 150 bp in the heterozygous mouse and two bands representing tow knockout alleles at 150 

bp in the knockout mouse (Fig.13).   

 

4.2 RNA analyses 
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    After verifying that the Knockout procedure was successful on the DNA level, we 

examined the mRNA expression levels of the ProSAP family members. Because the knockout 

mice were generated by genomic targeting of ProSAP1 exon 7 that codes for the first part of 

the ProSAP1 PDZ domain we expected early termination of transcription as well as mRNA 

expression level of ProSAP1 to be neglectable in the knockout mice and unchanged in the 

heterozygous or the wild type mice. We also expected ProSAP2 and ProSAP3 mRNA 

expression level to be the same in the three mice groups. In the in situ hybridization, the 

hybridization signal was not neglectable in the knockout mouse; it was significantly reduced 

in comparison to the wild type hybridization signal (Fig. 14). This data led us to the 

assumption that there might be unknown ProSAP1 splice variants. To investigate these results 

more carefully the light cycler experiment was performed to quantify the differences in the 

mRNA expression levels between the three mice groups, followed by a RT-PCR and 

sequence analysis experiment. Data from the LightCycler clearly showed that the steady-state 

levels of the housekeeping gene HMBS were almost unchanged and were therefore used as 

level of reference in compression of ProSAP mRNA expression level between wild type, 

heterozygous and knockout mice. ProSAP1 mRNA expression level was highest in the wild 

type group, followed by the heterozygous group, whereas the expression level of knockout 

group was neglectable both in cerebellum and cortex (Fig. 15). mRNA expression level of 

ProSAP2 and ProSAP3 where similar in all mice groups both in cerebellum and cortex (Fig’s 

16 & 17). Therefore, compensatory overexpression of ProSAP2 or ProSAP3 mRNA could be 

excluded. 

Although this data did not absolutely comply with the in situ hybridization data, we do 

believe that the knockout mice indeed have neglectable mRNA expression levels. In situ 

hybridization is a very sensitive method, so that even very small levels of mRNA would 

appear on the developed film. Furthermore, due to mRNA splicing mechanisms there are two 

other ProSAP1/Shank2 spliceforms. PoSAP1A (Böckers et. al. 1999) and ProSAP1E 

(McWilliams et. al. 2004). The positive signal in the in situ hybridization experiment in the 

knockout group could be targeting on of these spliceformes.  

To verify the specificity of RT-PCR products sequencing analysis were performed. On the 

amino acid sequence level of the knockout allele the absence of exon 7 was verified and two 

stop codons in the new reading frame of exon 8 were detected (Fig.19). Presence of the two 

stop codons insures the termination of transcription and by that proves that the knocking out 

procedure was successful. 
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4.3 Protein level analysis  

 

     The next step in validating that the knockout procedure was successful was to verify the 

absence of the ProSAP1 protein in the knockout mice. We decided to conduct western blot 

analysis from the mice brains. Western blot analysis showed that diverse ProSAP1 antisera 

detected the protein in the wild type specimen but failed to detect it in the knock out specimen 

(Fig’s 21-23). In order to investigate if ProSAP2 or ProSAP3 were compensatory 

overexpressed, western blot analysis using ProSAP2 C-term gp antiserum (Fig.24) and 

ProSAP3 commercial antiserum (data not shown) were done. There were no differences 

between the specimens. Therefore, compensatory overexpression of ProSAP2 or ProSAP3 

could be excluded.  

 
 
 
4.4 Morphology analysis 

      

4.4.1 Gross Morphology  

 

  Due to the fact that ProSAP1 is expressed in many different organs such as brain ( Böckers 

et al. 1999-2001-2002), heart, lung, kidney, lever (Lim et. al 1999;Tobaben et. al. 2000), 

endocrine cells (Redecker et al. 2001 & 2007) and gastrointestinal tract (Raab et al. 2010) we 

examined these various body parts looking for differences in size, gross morphology and 

histology in the knockout mice. This approach allowed us to search for any structural 

abnormalities and by that imply if there were any organ abnormalities or systematic failures, 

e.g. kidney or lever insufficiencies that could be accompanied by encephalopathy which could 

explain the knockout mice strange behaviour as described in chapter 4.5.5 . An important side 

to this experiment was to grossly role out such systemic failures, thus strengthening the notion 

that the knockout mice distinguished behaviour is due to ProSAP1 absence in the synapses, in 

which we have found a structural abnormality at cellular level (chapter 4.4.3).  We detected 

no gross abnormalities in size or histological structure in any of the organs examined from the 

knockout mice based on the H.E., Hopa and Azan stainings (Fig. 25 – 30). Although 

morphological abnormalities are not always present in organ dysfunctions we could grossly 

rule out any clear organ abnormality. Further investigations were obviously needed in order to 

clearly rule out any organ malfunction. For that end we decided to make blood analysis and 
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compare knockout to wild type mice (chapter 4.5.3). 

 

4.4.2 Synapse Morphology  

 
     Spine maturation and growth is promoted by ProSAP at cellular level (Sala et al., 2001).  

We examined the number and ultrastructure of synapses, analyzing thin-section electron 

microscopic micrographs from wild type and knockout mice brains (Fig’s. 33 & 36). Here, we 

found reduction in synapse number in the knockout mice, 19,37 ± 8,49 and wild type 31,25 ± 

8,29 synapses per 100 µm2 hippocampus area (Fig. 37). Moreover, the mean PSD area and 

length were significantly elevated in the knockout mice. PSD area in the knockout mice 16,68 

± 9,23 nm2 compared to PSD area in wild type mice 12,80 ± 5,28 nm2(Fig. 35). PSD length in 

the knockout mice 13,44 ± 4,58 nm compared to PSD length in the wild type mice 10,78 ± 

3,13 nm (Fig. 34). PSD size is positively correlated with synapse strength (Harris and 

Stevens, 1989; Matsuzaki et al., 2001). Electrophysiological experiments on the knockout 

mice performed by the Gundelfinger group in Germany showed no abnormalities (personal 

correspondence). Thus suggesting PSD enlargement is not due to synapse strengthening but 

rather due to morphological expansion of the PSD in the absence of ProSAP1. 

The decline in synapse number in the knockout mice could theoretically be an effect of either 

development abnormality or increased synaptic destruction in the adult brain. In order to shed 

more light into these theories, we decided to examine synapse numbers in hippocampus cell 

culture from wild type and knockout embryos. If the reduction in synapse number is also seen 

in the hippocampus culture, that would imply a developmental abnormality in the knockout 

synaptogenesis rather than an increased synapse destruction in the adult brain. Using 

immunoflourescence staining the synapse number was compared between wild type and 

knockout mice (Fig. 31). We found no significant differences between the mice groups. 

Synapse numbers in the knockout mice 28,60 ± 8,33 did not differ from wild type 26,79 ± 

7,81 synapse number (measured in synapses per 100 µm dendrite length; Fig. 32).  

Therefore our hypothesis is that during embryological development the knout mice due have 

normal synaptogenesis and the decline in synapse number seen in the adult knout mice could 

be due to increased synapse destruction in the adult brain. Increased apoptosis in the adult 

knockout brain could be an effect of many different things, for example structural instability 

of the synapses. In order to investigate this effect further experiment are necessary.  
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4.5 Phenotype analysis 

 

     In a knockout project it is very important to carefully investigate the phenotype of the 

animal. A different phenotype could be seen in many diverse aspects of the animal examined. 

One needs a large battery of different examinations and tests in order to be able to distinguish 

any alteration in the animal’s physiology and behaviour. We therefore initiated few 

experiment designed to investigate abnormalities in survival, fertility, blood physiology, 

weight and activity. 

 
 
 
4.5.1 Survival analysis 

 

     The survival probability of knock out, heterozygous and wild type mice was assayed in a 

period of 3 months. Significant differences were found between all three groups. As wild type 

mice have a 100% probability, heterozygous mice have a 92% chance and knock out mice 

have only a 78% chance to survive the fist week of life (Fig.39). 

A clear reason for the decline in survival of the knockout mice could not be detected via 

postmortem investigation of the cadaver. Gross morphology of the organs yielded no clear 

answers. In order to shed more light to these results we reviewed all known diseases 

associated with the ProSAP/Shank family proteins and tried to explain the Data shown on the 

basis of the possible deficiencies the Knockout mice could develop.   

A reason for this significant decline in survival probability whining the knockout group could 

be related to there misbalance in regulation of cystic fibrosis transmembrane conductance 

regulator (CTFR), which is discussed further on (chapter 4.5.4). ProSAP1 negatively regulates 

CTFR (Ji Hyun Lee et al. 2007). Thus, hyper-functioning of CFTR would be observed in 

ProSAP1 knockout mice. In the gastrointestinal tract, CFTR mediates electrogenic Cl- and 

HCO3- secretion. Na+/H+ exchanger isoform NHE3, on the other hand mediates 

electroneutral NaCl absorption. The agonist-induced activation of anion secretion and 

inhibition of salt absorption causes secretory diarrhea. Channel gaiting of CFTR involve three 

processes, 1) phosphorylation of the regulatory domain, 2) ATP binding and hydrolysis by the 

nucleotide binding domains, and 3) interactions of CFTR molecules among themselves and 

with other proteins (Gadsby et al., 1999; Kirk et al. 2000; Sheppard et al. 1999). PDZ-domain 

interactions are important for the first and third process. ProSAP1 diminishes basal as well as 

cAMP induced phosphorylation of CFTR and by that reducing the open probability of the 



 77 

channel (Kim JY et al., 2004). Oppositely, ProSAP1 knock down in T84 cells augmented 

CFTR currents (Kim JY et al., 2004). It is thought that ProSAP1 inhibits CFTR by association 

with phosphatase or by competition with a PDZ adapter protein that mediates CFTR 

activation (Kim JY et al., 2004). Hyper-functioning of CFTR evokes secretory diarrhea (Chao 

et al., 1994). The world’s leading cause of mortality in early childhood 

(http://www3.who.int/whosis). In analogy to humans the knockout mice could present with 

the same symptoms. Secretory diarrhea in the knockout mice offsprings is a possible reason 

for there premature demise (Fig.39). Another argument that strengthens this notion is the 

abnormal weight-gaining pattern of the knockout mice (chapter 4.5.5). A counterargument for 

secretory diarrhea was the normal sodium level in the knockout mice (chapter 4.5.4). 

The second possible reason for the decline in survival of the knockout mice could be mental 

developmental delay. As we previously mentioned, PSD proteins are very important for 

regulated development, maintenance and plasticity of spines and synapses.  Because of the 

role of ProSAP/Shank proteins as “master scaffolding molecules” (Shenk and Kimm 2000) 

and involvement in changes of synaptic morphology (Sala et al. 2001) mutations affecting 

these proteins results in pathological disorders. It is well established that mental retardation 

and plasticity of spines and synapses are connected (Kaufmann and Moser 2000; Fiala et al. 

2002), thus connecting the PSD to several diseases. Downs syndrome (Kaufmann and Moser 

2000), epilepsy (Swann et al. 2000), fragile X syndrome (Irwin et al. 2001) and 22q13.3 

deletion syndrome (Watt et al. 1985) are all neurological diseases in which alterations in spine 

morphology were observed. As previously described in chapter 4.4.2 the knockout mice have 

significantly fewer synapses in CA1 hippocampal region as compared to the wild type and 

heterozygous mice. This finding supports the hypothesis that the knockout mice most 

probably have an alteration of there mental status. Such abnormalities would make it very 

difficult for the knockout mice to fight through their way in order to feed. This would explain 

the weight abnormalities we have seen (chapter 4.5.4) and subject these mice for Infanticide 

(chapter 4.5.2). 

 
4.5.2 Offspring number analysis 

 

     Data of offspring number from wild type with wild type mating and knock out with knock 

out mating were collected throughout a period of three years. A significant difference was 

found between the knockout 7,30 ± 2,47 and the wild type 9,41 ± 3,44 mice (Fig. 53). To date 

there is no connection between ProSAP and the reproductive system. We therefore believe 

that because of week or abnormal offsprings, as seen by the maternal parent, are often eaten 
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by them. This behaviour is also called infanticide and is often seen in adult C57BL/6 mice 

(Svare et al. 1982). Our hypothesis is that, we where unable to register every birth and 

subsequent postpartum incorporation of the offspring by the mother. However we were able 

to find body parts such as limbs in the cages, we could not be absolutely sure of the missing 

offspring number. Therefore we believe that this significant difference is in fact due to 

infanticide of some knockout offsprings directly after birth, before we were able to register 

them. Possible reasons for the knockout offsprings to be seen as weak or seem ill would be 

the same as previously discussed, namely developmental delay and/or misbalance in 

regulation of cystic fibrosis transmembrane conductance regulator (CTFR). 

 

 

 

 

4.5.3 Blood analysis  

 

     In the blood analysis experiment we chose to observe parameters that would be abnormal 

at the presence of any malfunction in the haematopoietic, pancreatic, hepatic, fat metabolism 

or renal system (Tab.3). Of all parameters examined only thrombocytes count, erythrocytes, 

and MCV yielded a significant difference between the wild type and the knockout mice (Fig’s 

44 - 46). The knockout mice had an elevated erythrocyte count 10,12 ± 0,45 106/µl in 

comparison to the wild type erythrocytes count 9,55 ± 0,14 106/µl (Fig. 44). Due to the fact 

that the erythrocyte life span could be only shortened but never elongated, an erythrocytosis is 

always a product of erythrocyte overproduction. An exception to the role is the 

pseudopolyglobuly, which occurs because of a reduction in plasma volume. In humans 

pseudopolyglobuly occurs e.g. in CO-intoxication in smokers or in patients under severe 

stress. In our case the plasma volume is normal because the potassium levels were not 

elevated and other risk factor for pseudopolyglobuly is obviously not present within our mice 

population. Ergo the knockout mice did not have pseudopolyglobuly but a real erythrocytosis. 

There are many reasons for elevated erythrocytes count for example an erythropoietin 

producing kidney tumor, chronic O2 deficiency, Polycythemia vera (PV), structural heart 

failure with a right to left shunt and chronic lung disease with ventilation disorder. Our gross 

examination of the heart and kidney ruled out a kidney tumor or heart failure. The mice were 

held in facilities were oxygen levels were monitored. Our hypothesis is that our knockout 

mice could have a ventilation disorder. ProSAP1/Shank2 has been recently linked to cystic 
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fibrosis, by negatively regulating the cystic fibrosis transmembrane conductance regulator. 

CFTR is controlled by elaborate positive and negative regulations for an efficient 

homeostasis. It has been shown that expression and activity of CFTR can be regulated either 

positively or negatively by PDZ domain-based adaptors (Lee JH et al. 2007). Positive 

regulation is established by PDZ domain-based adaptors such as EBP50/NHERF1. 

Furthermore, this is a dynamic regulation of CFTR activity by physical and physiological 

competition between EBP50-CFTR and ProSAP1/Shank2-CFTR associations (Lee JH et al., 

2007). In the ProSAP1 knockout mice the absence of ProSAP1/Shank2-CFTR association 

would lead to a misbalance in this regulation. Respiratory disorders are likely to happen.   

The knockout mice had an elevated thrombocyte count 337 ± 121,28 103/µl in comparison to 

the wild type mice 217,28 ± 77,67  103/µl. There are tow types of thrombocytosis, reactive 

and clonal. Reactive thrombocytosis is seen in chronic diseases such as crohn’s disease, 

ulcerative colitis and Tuberculosis. Furthermore it is found in diseases associated with tumors 

or hemolytic anemia. Clonal thrombocytosis is a symptom of essential thrombocythemia, 

polycythemia vera and other distinctive blood diseases. The mean corpuscular haemoglobin 

(MCH) in the knockout mice 48,88 ± 1,72 pg was reduced in compression to the wild type 

mice 50,41 ± 1,36 pg. Hypochromatism is seen in disorders such as iron deficiency, 

pyridoxine deficiency and thalassemia. In our case hypochromatism accompanied by 

erythrocytosis and thrombocytosis is not explained by any of the disorders mentioned above. 

Considering all three blood analysis abnormalities seen in the knockout mice, namely 

erythrocytosis, thrombocytosis and hypochromatism, the only illness that would explain these 

abnormalities altogether would be a chronic inflammatory disease. We believe that the 

knockout mice have a disorder in the respiratory system because of the reasons mentions 

prior. 

 

4.5.4 Weight analysis 

 

     Comparison between young knockout and wild type mice yielded a significant difference 

in lung and brain weight. Knock out lungs were 0,12 ± 0,05 % heavier than the wild type 

lungs. Knock out brain was 0,16 ± 0,09 % heavier than the wild type brain (Fig. 42). These 

differences were observed only in the comparison of young mice and were not observed in the 

comparison of adult mice (Fig. 43). No significant differences in weight were found between 

the other organs investigated. A reason for differences in lung weight would be again the 

relationship of ProSAP with CTFR, as discussed in previous chapters. Such an abnormality 
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would affect the animal’s lungs as it does in humans with cystic fibrosis. The lung would be 

filled with mucus and therefore weigh more than the normal lungs of the wild type mice. Even 

though the lungs showed to gross abnormalities in the Azan and Hopa stainings (Fig. 30), the 

mucus would have been washed off during the fixation process and therefore not visible. 

These differences were seen only in the young mice because adult mice with this kind of 

abnormality would not have survived to this age. As to the surprising difference in the brain 

weight of young knockout mice, in a brain with less synapses (chapter 4.4.2), we find no clear 

reason for such an abnormality. Further investigations are needed to answer this question. 

Upon examination of the overall weight gain, clear differences were seen in knockout mice 

group. The knockout mice show a slower development in weigh gain, after the third week, 

when compared to the wild type and heterozygous mice (Fig. 41). The knockout mice, 

however, are able to reach a normal and stable gain in weight after the tenth week (Fig. 41). 

As previously mentioned ProSAP1 was found to be most important in synaptic plasticity and 

is link to learning and memory processes (Sala et al. 2001). A possible reason for the delayed 

development in weight gain is the inability of the knockout mice to accommodate to the new 

environment as they were all separated from the maternal parent at the age of three weeks and 

were harboured with there siblings of the same gender in separate cages. In this new 

environment, in which the mice are on their own, they have to eat and drink independently, 

we believe that our knockout mice needed more time to adjust. They however did manage to 

adjust and were able to reach normal development both of weight increment (Fig. 41) and 

overall weigh (Fig. 40). Another reason could be the misbalance in regulation of cystic 

fibrosis transmembrane conductance regulator (CTFR). This could result is secretory diarrhea 

in the knockout mice and account for this abnormal weight-gaining pattern in the first few 

weeks of life. 

 

4.5.5 Voluntary wheel running experiment  

 
     During our three years observation of the mice we were able to establish a peculiar 

behaviour in the knockout mice distinguishing them from the wild type and the heterozygous 

mice. The knockout mice offspring were hyperactive, moving more and harder to get hold of 

than the other mice groups. Initially we called them “pop corn” mice because every time the 

cage was opened they tried to jump out. The knockout mice seemed to be jumping in the 

corner of their cages most of the time as they were inspected in the animal facility (Pic.1). In 

order to be able to quantify this different behaviour in the knockout mice, we measured there 
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nocturnal activity via a voluntary running wheel experiment. There were no significant 

differences observed in mean cumulative distance achieved each night between the knockout 

mice and the wild type mice (Fig.63). We decided to measure the activity pattern through out 

the night in order to examine the possibility that although the knockout mice run the same 

cumulative distance, they do so in less time. Thus, implicating some kind of hyperactivity 

pattern. Activity pattern through out the night did not show any significant differences as well 

(Fig. 64). A running wheel assay is only one of many experiments in which one could essay 

the activity of an animal. In order to investigate the activity of our knockout mice more 

intensely, further experiment such as infrared beam or emitter based measurements are still 

required in order to give a final statement about the activity pattern of the mice. Wheel 

running only registers voluntary movements. In contrast, the two other methods record all the 

movements including eating, drinking and grooming which increases noise levels. A 

mentionable advantage of the emitter-based measurement is that many modern systems allow 

you to easily record locomotor activity and certain physiological parameters such as body 

temperature or heart beat simultaneously (Jud et al., 2005). 
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5. Summary 
     Prior to all experiments and tests in order to characterise the ProSAP1 knockout mouse, 

the genotype of each mouse examined was clearly identified for successful comparison 

between the three different mouse groups, wild type, heterozygous and knockout mouse. Then 

we examined the mRNA expression levels of the ProSAP family members. ProSAP1 mRNA 

expression level was highest in the wild type group, followed by the heterozygous group, 

whereas the expression level of knockout group was neglectable both in cerebellum and 

cortex. mRNA expression level of ProSAP2 and ProSAP3 where similar in all mice groups 

both in cerebellum and cortex. Therefore, compensatory overexpression of ProSAP2 or 

ProSAP3 mRNA could be excluded. The next step in validating that the knockout procedure 

was successful was to verify the absence of the ProSAP1 protein in the knockout mice. 

Western blot analysis showed that diverse ProSAP1 antisera detected the protein in the wild 

type specimen but failed to detect it in the knock out specimen. There were no differences in 

the protein levels of ProSAP2 or ProSAP3 between the specimens. Therefore, compensatory 

overexpression of ProSAP2 or ProSAP3 could be excluded. Due to the fact that ProSAP1 is 

expressed in many different organs we examined various body parts looking for differences in 

size, gross morphology and histology in the knockout mice. We detected no gross 

abnormalities in size or histological structure in any of the organs examined from the 

knockout mice based on the H.E., Hopa and Azan stainings.  Spine maturation and growth is 

promoted by ProSAP at cellular level. We examined the number and ultrastructure of 

synapses, analyzing thin-section electron microscopic micrographs from wild type and 

knockout mice brains. Here, we found reduction in synapse number in the knockout mice. 

Moreover, the mean PSD area and length were significantly elevated in the knockout mice. 

This was probably due to morphological expansion of the PSD in the absence of ProSAP1. 

The decline in synapse number in the knockout mice could theoretically be an effect of either 

development abnormality or increased synaptic destruction in the adult brain. We found no 

significant differences in synapse numbers in hippocampus cell culture from wild type and 

knockout embryos. Therefore our hypothesis is that during embryological development the 

knout mice due have normal synaptogenesis and the decline in synapse number seen in the 

adult knout mice could be due to increased synapse destruction in the adult brain.  

     We then performed experiment designed to investigate abnormalities in survival, fertility, 

blood physiology, weight and activity. Significant differences were found between all three 

groups in regard to survival probability. As wild type mice have a 100% probability, 

heterozygous mice have a 92% chance and knock out mice have only a 78% chance to survive 
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the fist week of life. A clear reason for the decline in survival of the knockout mice could not 

be detected via postmortem investigation of the cadaver. Gross morphology of the organs 

yielded no clear answers.  Data of offspring number from wild type with wild type mating and 

knock out with knock out mating were collected throughout a period of three years. A 

significant difference was found between the knockout 7,30 ± 2,47 and the wild type 9,41 ± 

3,44 mice. To date there is no connection between ProSAP and the reproductive system. We 

therefore believe that because of week or abnormal offsprings, as seen by the maternal parent, 

are often eaten by them. This behaviour is also called infanticide and is often seen in adult 

C57BL/6 mice. Our hypothesis is that, we where unable to register every birth and subsequent 

postpartum incorporation of the offspring by the mother.  In the blood analysis experiments 

we only found significant differences in thrombocytes count, erythrocytes, and MCV. We 

however have no proven scientific hypothesis to explain these results. 

Comparison between young knockout and wild type mice yielded a significant difference in 

lung and brain weight. Knock out lungs were 0,12 ± 0,05 % heavier than the wild type lungs. 

Knock out brain was 0,16 ± 0,09 % heavier than the wild type brain.. These differences were 

observed only in the comparison of young mice and were not observed in the comparison of 

adult mice. No significant differences in weight were found between the other organs 

investigated. We find no clear reason for such an abnormality. Upon examination of the 

overall weight gain, clear differences were seen in knockout mice group. The knockout mice 

show a slower development in weigh gain, after the third week, when compared to the wild 

type and heterozygous mice. The knockout mice, however, are able to reach a normal and 

stable gain in weight after the tenth week. The knockout mice offspring were hyperactive, 

moving more and harder to get hold of than the other mice groups. In order to be able to 

quantify this different behaviour in the knockout mice, we measured there nocturnal activity 

via a voluntary running wheel experiment. There were no significant differences observed in 

mean cumulative distance achieved each night between the knockout mice and the wild type 

mice.  
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