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1 Introduction 

“We are who we are because of what we learn and what we remember.” (Kandel 

2006) 

Since the beginnings of philosophy, humans wonder what the difference is 

between every one of us. What is it, that makes us unique? And what does our 

personality look like on a physical basis? 

The circumstances we were born in, our relationship to our parents and siblings, 

our raising, our culture and especially our genes can determine how we feel, 

experience and react to our environment. All of our experiences have a physical 

basis: our brain. Our adult human brain consists of about 85 billion neurons that 

form a huge network by interacting with each other (Azevedo et al. 2009, Williams 

and Herrup 1988). Most information of our lifetime is stored here and experiences 

we make have a changing impact on the anatomy and physiology of our neuronal 

cells. 

Researchers throughout the world try to find answers on several questions by 

examining brains from less complex animals. Eric Kandel, for example, worked on 

neurons of Aplysia californica, which is an organism from the species of sea slugs, 

to investigate the physiology of neurons.  

In my thesis, the brain of another organism, the laboratory mouse, specifically the 

knock-out mouse, was examined. The knockout technique is a very important 

method that enables us to explore the function of a specific gene, which codes for 

a specific protein. Deficits and consequences elicited by the absence of this gene 

or protein, and the comparison with a healthy animal, so-called wildtype, can 

indicate for its function in vivo.  

In the mice I used, the ProSAP1/Shank2 protein was inactivated, which is a large 

protein of the postsynaptic density in neurons, the main cell type for memory and 

information processing in the central nervous system. These mice are so-called 

ProSAP1/Shank2 knock-out mice.  
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1.1 The neuron 

A neuron consists of a cell body, called soma, one axon, being the efferent part of 

the informational system, and several dendrites that form the afferent site of 

information.  A neuron can form hundreds and thousands of contacts with other 

neurons, these contacts are called synapses. 

 

1.2 The synapse 

In search for a suitable term that could describe the action of transmitting 

information from one site to the other without the need of substantial continuity, 

Sherrington used “synapse” for the first time in 1897 in “A textbook of physiology” 

(Bennett 1999).  

A synapse can be formed by two neurons, by a secondary sensory cell and a 

neuron (e.g. inner haircell of the inner ear) or by a neuron and a muscle cell or 

gland cell.  The above-mentioned connections each have their own special 

features. Hereafter the neuron-neuron connections will be discussed. The efferent 

neuron transmits information via its axon, forming a presynapse, to the afferent 

neuron, which forms a postsynapse therefore. 

There are two forms of transmission of information. Electrical synapses pass their 

information via electrical signals through so-called pores, anatomical connections 

between two cells (Bennett and Zukin 2004). Whereas chemical synapses show a 

real anatomical separation between pre- and postsynapse: the synaptical cleft. To 

overcome this cleft, the information has to be encoded in biochemical 

neurotransmitters that are released from the presynapse, where a specialized 

release apparatus is located, into the synaptical cleft. The transmitter diffuses into 

the cleft, binds to a specific receptor located at the postsynaptic membrane, and a 

complex mechanism of information storage and transmission is induced in the 

receiving cell. There are two different types of chemical synapses, these are called 

Gray type 1 and type 2 (Gray 1959). In electron microscopical investigations Gray 

type 2 synapses display a similar appearance of pre- and postsynapse, they are 

called symmetrical synapses. Their synaptical cleft is narrow (12 nm), the 

presynaptical vesicles are pleomorphic and the postsynaptic density is less 

pronounced. These synapses are usually inhibitory. Whereas Gray type 1 
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synapses show an asymmetrical distribution: the postsynaptic density appears as 

a relatively dark, electron-dense structure, the synaptical cleft is wider (20 nm) and 

the presynapse displays small, round vesicles in the active zone. Gray type 1 

synapses are usually excitatory (Gray 1959). 

 

1.3 The presynaptic active zone 

As mentioned, the active zone (AZ) is located on the presynaptic site directly 

opposite to the postsynaptic membrane. Here the vesicles, containing 

neurotransmitters, are released by exocytosis. As an action potential is conducted 

over the axon and reaches its terminal, a Ca2+-depending sequence of activation 

starts, involving docking, priming and fusion of synaptic vesicles. It is not 

surprising that this apparatus needs to be highly regulated. A dense scaffold of 

different proteins that are assembled at the active zone and therefore is called 

cytomatrix at the active zone (CAZ), is believed to play a role in organizing 

neurotransmitter release sites (Dresbach et al. 2003, Dresbach et al. 2001).  

Several protein families are involved in this process. While UNC13/Munc13 

proteins play a role in priming and fusion of synaptic vesicles (Aravamudan et al. 

1999), Rab3-interacting molecules (RIMs) are believed to modulate vesicle 

exocytosis by interacting with several proteins (for review, see (Sudhof 2012)). 

Other proteins involved in formation and maintenance of the AZ are CAZ-

associated proteins (CASTs) and liprins. Whereas Bassoon and Piccolo are two 

large proteins building a scaffold and playing a role in assembly and functioning of 

the AZ (Sudhof 2012, tom Dieck et al. 1998).  

Neurotransmitters are chemical substances that are packed into vesicles in the 

active zone and are released in a Ca2+ - depending fashion from the presynaptical 

cell into the synaptical cleft, where they dock to specific receptors. They can be 

excitatory or inhibitory. Most common substances of inhibitory synapses are GABA 

(gamma-amino-butyric acide) and glycine, whereas in excitatory synapses 

glutamate is the most common transmitter in the CNS (Kirsch 2006). 
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1.4 Dendritic spines 

Neurons from different areas of the brain display a different architecture, mostly 

due to a different formation of their dendrites. Some neurons from the striatum, for 

example, called medium spiny neurons (MSN) show a medium-sized and 

branched dendritic tree, covered with thousands of dendritic spines. These spines, 

initially shown by Ramon y Cajal, display also different shapes, depending on their 

maturity level.  They can be categorized in several classes from immature to 

mature: stubby spines are abundant early in development. They lack clear necks 

and are approximally as long as wide (Miller and Peters 1981), whereas thin and 

mushroom-shaped spines can be subdivided into a head and a neck, the 

mushroom-shaped spines having a large head and a tiny neck.  These spines are 

more common in the adult nervous system, although stubby spines still do occur 

(Benavides-Piccione et al. 2002). Filopodia-like spines are believed to be the 

earliest form of a postsynapse, they are very long and thin, therefore also rapidly 

moveable. The last category comprises very rarely occurring cup-shaped or 

branched spines, which are considered to be in a state where they divide into two 

spines (Harris et al. 1992, Hering and Sheng 2001, Yuste and Bonhoeffer 2004).  

 

 

Fig. 1: Spine categories.  

This figure shows a filopodia-like spine, a thin spine, a stubby spine, a mushroom-shaped 

spine and a cup-shaped spine (also called branched spine). Reprinted with permission by 

Springer Nature:  Hering, H., Sheng, M. Dentritic spines: structure, dynamics and 

regulation. Nat Rev Neurosci 2, 880–888 (2001). https://doi.org/10.1038/35104061.  
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In fact, there are three different models of spinogenesis. The Sotelo model states, 

that the spine is formed independently (intrinsically) from a contact with it’s 

presynaptic partner (Sotelo 1978, 1990)(Fig. 2a). While Miller/Peters found a 

formation of the postsynpase directly on the dendritic shaft after having contact 

with an axon terminal. This then gives rise to formation of stubby spines (Miller 

and Peters 1981) (Fig. 2b). In the filopodial model however both, pre- and 

postsynaptic partner emerge, but on the postsynaptic site there is a “precursor”: 

the filopodium, which is replaced by a spine after it captures an axon (Vaughn 

1989)(Fig. 2c). Which of these models portrays reality, is not clear. But there are 

some evidences, that the strategy of spinogenesis is dependent on brain area, cell 

type and developmental stage. In the cerebellum, for instance, the Sotelo model 

was shown to apply to distal dendrites, whereas Miller and Peters proposed their 

model after investigations on pyramidal neurons, while synapses on the tips of 

filopodia have been found in the spinal chord (Skoff and Hamburger 1974, Vaughn 

et al. 1974). 

 

 

Fig. 2: Three models for spinogenesis.  

This diagram illustrates the essential features of the three models of spinogenesis. In the 

Sotelo model (a), spines emerge independently of the axonal terminal. In the Miller/Peters 

model (b), the terminal actually induces the formation of the spine. Finally, in the filopodial 

model (c), a dendritic filopodium captures an axonal terminal and becomes a spine. 

Reprinted with permission by Springer Nature: Yuste, R., Bonhoeffer, T. Genesis of 
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dendritic spines: insights from ultrastructural and imaging studies.Nat Rev Neurosci 5, 24–

34 (2004). https://doi.org/10.1038/nrn1300.  

 

There may be more or less consensus about which model might be the right, but 

in one point nearly everybody agrees: mushroom-shaped spines represent mature 

spines (Yuste and Bonhoeffer 2004). However above presented spine categories 

are likely to be located on a continuum of morphologically plastic structures rather 

than represent rigid forms.  

 

1.5 Synaptic plasticity 

As mentioned above, synapse or spine morphology is not static, it can be altered 

in shape and function. This is called synaptic plasticity: the ability of a synapse to 

change it’s strength in response to increases or decreases of it’s activity.  

Ramon y Cajal was one of the first who suggested a strengthening of the 

connection between nerve cells to underlie learning and memory, since it could 

have been shown that it is not neurogenesis responsible for learning (Ramón y 

Cajal 1953). 

Hebb postulated later in 1949 in his book “The organization of behavior” that 

metabolic changes may underlie these mechanisms: 

 

“When an axon of Cell A is near enough to excite a Cell B and 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.” (Hebb 1949) 

 

So-called Hebbian plasticity requires the activation of both pre- and postsynaptic 

neurons, presumably leading to a structural change in synapse and spine 

morphology by protein synthesis.  A strengthening of a synapse’s activity is called 

potentiation, whereas a weakening is called depression. It was shown, that the 

synaptic changes underlying Hebbian plasticity may be related to those changes 

observed in long-term-plasticity (LTP). LTP has four characteristics: cooperativity, 
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associativity, specificity and durability, which were identified as arguments for 

some forms of memory (Abraham et al. 1995, Bliss and Collingridge 1993, Lynch 

2004). We know short- and longterm memory, the first lasting from milliseconds to 

several hours, the last with a duration of several days and longer (Lynch 2004).  

Since protein synthesis inhibitors were shown to block persistent memory, but 

leave short-term memory intact, a parallel could be drawn to LTP, which consists 

of an early phase (E-LTP) independent from protein synthesis and a long-lasting 

phase (L-LTP), demanding protein synthesis (for review, see Lynch 2004).  LTP 

and memory consolidation both require activation of NMDA receptors (Ascher and 

Nowak 1986, Collingridge et al. 1983, Morris et al. 1986), increase of postsynaptic 

Ca2+ concentration (Bliss and Collingridge 1993, Malenka et al. 1988) and 

activation and increase of active AMPA receptor levels (Isaac et al. 1995, Liao et 

al. 1995, Rumpel et al. 1998), resulting in a downstream activation of CAMKII, 

PKA, CREB and ERK (for review, see Lynch 2004). Also, protein synthesis was 

shown to be crucial for LTP (Krug et al. 1984), likely contributing to increased 

spine numbers (Chang and Greenough 1984), spine area (Fifkova and Van 

Harreveld 1977) and the number of large spines (Desmond and Levy 1988). 

Until today, more than 100 years after Cajal, the principle of a tuned connection 

between neurons underlies the idea of learning and memory and this connection 

may be visible through changes of spine shapes (Engert and Bonhoeffer 1999, 

Yuste and Bonhoeffer 2001).  

 

1.6 The postsynaptic density 

The postsynapse lies directly vis-à-vis to the above-mentioned presynapse 

separated by the synaptical cleft. Released neurotransmitters bind to different 

receptors located at the postsynaptic membrane. A 30-40 nm thick and several 

hundreds of nanometers wide, disc-shaped structure is called the postsynaptic 

density (PSD). It is located just below the postsynaptic membrane either directly in 

the shaft or on the tip of dendritic spines. It contains many hundreds of proteins 

that form a macromolecular meshwork (Boeckers 2006).  

These proteins include cell adhesion and cytoskeletal proteins, scaffolding and 

adaptor proteins, which link membrane-bound receptors to deeper parts of the 
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PSD and furthermore G-proteins, modulators and signaling molecules (Boeckers 

2006, Husi et al. 2000, Klauck and Scott 1995, Sheng 2001, Ziff 1997).  

This work is focused is on a scaffold protein, called ProSAP1/Shank2 which is a 

large protein of the postsynaptic density in neurons, the main cell type for memory 

and information processing in the central nervous system. This protein - due to its 

protein-protein interactions sites - is able to multimerize within the PSD and cluster 

other proteins. Therefore, it is called “master scaffold of the PSD” (Boeckers 

2006). A schematic picture of the PSD is shown in Figure 3.  

 

 

Fig. 3: Schematic drawing of the postsynaptic density.  

ProSAP/Shank proteins create a dense platform (ProSAP/Shank platform, PSP) within the 

postsynaptic density by self-association via the SAM-domain. This platform is attached to 

the F-actin based cytoskeleton and the smooth endoplasmatic reticulum (SER) and co-

clusters NMDAR complexes (NRC) and mGluR complexes (mGC). ARC= AMPA receptor 

complex, CAM= cell adhesion molecules, Ch+ R= channels and receptors. Reprinted with 

permission by Springer Nature: Boeckers, T.M. The postsynaptic density. Cell Tissue 

Res 326, 409–422 (2006). https://doi.org/10.1007/s00441-006-0274-5.  
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1.7 The ProSAP/Shank family of proteins 

ProSAP1/Shank2, the protein of interest in this work, is part of a protein family 

consisting of three members: ProSAP1, 2 and 3 (respectively Shank 2, 3 and 1). 

The proline-rich-synapse-associated protein (ProSAP) (Boeckers et al. 1999b) or 

SH3 and ankyrin repeats containing protein (Shank) (Naisbitt et al. 1999, Tu et al. 

1999) owes it’s name some of it’s domains. Other names are CortBP1 (cortactin 

binding protein 1) (Du et al. 1998) and Spank3 (Tobaben et al. 2000) for 

ProSAP1/Shank2 and Synamon (Yao et al. 1999), SSTRIP (somatostatin receptor 

interacting protein) (Zitzer et al. 1999) and Spank2 for ProSAP3/Shank1 (Spank1 

for ProSAP2/Shank3, respectively; Tobaben et al. 2000).  

The three members display a different expression pattern with shared and distinct 

areas. While Shank1/ProSAP3 seems to be brain-specific (Lim et al. 1999, Yao et 

al. 1999, Zitzer et al. 1999), with localizations in hippocampus, amygdala, cortex, 

hypothalamus, striatum and cerebellar Purkinje cells (Bockers et al. 2004, Zitzer et 

al. 1999), ProSAP1/Shank2 can be found in neurons, glia, endocrine cells, liver 

and kidney (Du et al. 1998, Lim et al. 1999, Redecker et al. 2006, Redecker et al. 

2001, Redecker et al. 2003). In brain ProSAP1/Shank2 was detected in 

hippocampus, cortex, striatum, the olfactory bulb and also cerebellar Purkinje cells 

(Boeckers et al. 1999a). ProSAP2/Shank3 however is expressed in all tissues 

examined, especially found in the brain, heart and spleen (Lim et al. 1999). In 

brain, ProSAP2/Shank3 mRNA expression is similar to the pattern of 

ProSAP1/Shank2, but shows a higher expression in the striatum and is restricted 

to granule cells of the cerebellum (Bockers et al. 2004, Boeckers et al. 1999b). 

Particularly in the hippocampus, ProSAP3/Shank1 and ProSAP2/Shank3 mRNA 

was found in the molecular layer, but not ProSAP1/Shank2, implying a dendritic 

localization, whereas ProSAP1/Shank2 signals were found in the cell body layer, 

indicating a restriction to cell somata (Bockers et al. 2004). ProSAP1/Shank2 and 

ProSAP2/Shank3 were also found in the peripheral nervous system (Raab et al. 

2010).  

The subcellular localization of ProSAP/Shank proteins is in the postsynapse of 

excitatory synapses (Boeckers et al. 1999a, Naisbitt et al. 1999) and there in 

deeper parts of the PSD (Valtschanoff and Weinberg 2001). Here they form 

multiple connections with other postsynaptic proteins, anchoring and linking 
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membrane-bound postsynaptic neurotransmitter receptors with the cytoskeleton of 

the parent neuron. For that, ProSAP/Shank proteins have several protein 

interaction motifs (Bockers et al. 2004, Boeckers et al. 2002, Sheng and Kim 

2000). 

Starting with 5-6 ankyrin repeated domains at the N-terminal, which are followed 

by an Src homology 3 (SH3) domain and a PSD-95- Discs large- zona occludens-

1 (PDZ) domain, the proteins display several proline-rich clusters (PRC) and end 

finally with a sterile alpha motif domain (SAM) at the C-terminal (Boeckers et al. 

1999a, Sheng and Kim 2000).  

 

Using those domains ProSAP/Shank proteins interact with other proteins, link 

them spatially and functionally and thus form an organized signaling machinery. 

The ankyrin repeats are attached to the actin cytoskeleton by several proteins like 

alpha-fodrin (Boeckers et al. 2002, Boeckers et al. 1999a, Du et al. 1998, Naisbitt 

et al. 1999) and Abp1 (Qualmann et al. 2004). The SH3 domain binds to glutamate 

receptor-interacting protein, which is important for AMPAR trafficking (Lu and Ziff 

2005). The PDZ domain interacts with SAPAP/GKAP proteins that are linked to 

NMDA and AMPA receptor complexes (Boeckers et al. 1999a, Naisbitt et al. 1999, 

Yao et al. 1999), while the proline-rich region interacts via Homer with the group I 

metabotropic glutamate receptor complex (mGluR) and IP3 receptors (Naisbitt et 

al. 1999, Tu et al. 1999). It also has a binding motif for cortactin (Lim et al. 1999). 

Not only are ProSAPs/Shanks able to interact with other proteins, they are also 

able to multimerize with their SAM domains and form huge ProSAP/Shank- 

platforms within the PSD in a tail-to-tail manner (Baron et al. 2006, Naisbitt et al. 

1999), a process which is Zn2+ dependent (Gundelfinger et al. 2006). 

Furthermore, the SAM domain is required for the synaptic localization of the 

ProSAP1/Shank2 and ProSAP2/Shank3 proteins, while ProSAP3/Shank1 is 

recruited to the PSD via its PDZ domain (Bockers et al. 2004, Sala et al. 2001). 

ProSAP1/Shank2 and ProSAP3/Shank1 are expressed during early brain 

development, whereas ProSAP2/Shank3 reaches its peak at p16 (Bockers et al. 

2004). Dendritic mRNA was found for all three proteins in various neuronal cells 

(Bockers et al. 2004). It was also shown that ProSAP3/Shank1 overexpression 

leads to bigger and stronger dendritic spines (Sala et al. 2001) and that dendritic 

targeting of ProSAP1/Shank2 coincides with dendrite extension and 
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synaptogenesis (Bockers et al. 2004). This suggests a local regulation of spine 

morphology in an individual synapse by local translation of ProSAP/Shank mRNA 

in response to an appropriate stimulus and underlines the role of ProSAPs/Shanks 

in synaptogenesis (Bockers et al. 2004).  

 

Fig. 4: The ProSAP/Shank protein family.  

Domain structure and major protein isoforms of the ProSAP/Shank proteins are shown for 

all family members. Alternative promoters are indicated with brown arrows. Ankyrin 

repeats (ANK), SH3 domain, PDZ domain, proline-rich region and SAM domain appear in 

the same color as their respective coding exons. The exons deleted in the different 

ProSAP/Shank KO mice are indicated in bold. In this work, the red-indexed exon (7) of the 

PDZ domain in ProSAP1/Shank2 was deleted (respectively exon 17). For clarification see 
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1.10 “Different ProSAP1/Shank2 knock-out lines”. Reprinted with permission by John 

Wiley and Sons: Sala, C., Vicidomini, C., Bigi, I., Mossa, A. and Verpelli, C. (2015), Shank 

synaptic scaffold proteins: keys to understanding the pathogenesis of autism and other 

synaptic disorders. J. Neurochem., 135: 849-858. https://doi.org/10.1111/jnc.13232.  

 

1.8 Differential splicing of ProSAP1/Shank2 

ProSAP1/Shank2 protein ranges in size between 180-220 kDa, depending on the 

translated isoform. It’s gene is located on chromosome 11q13.3 of the human 

genome and on chromosome 7 of the mouse genome and is composed of 25 

exons in both species.  

Not every ProSAP/Shank protein harbours the domains mentioned in 1.7, as the 

different splicing variants of all three family members may lack one or more of the 

domains. ProSAP1/Shank2 has three different promoters and one in-frame stop 

codon residing in exon 22 (Lim et al. 1999). The splicing variants are called 

ProSAP1A, ProSAP1 and ProSAP1E, respectively Shank2A, Shank2B and 

Shank2E (Boeckers et al. 2002, Sala et al. 2015). The shortest isoform, 

ProSAP1C/Shank2C, which was first detected in rat brain and later was found in 

human brain, results from premature termination by the in-frame stop codon in 

exon 22 (Leblond et al. 2012, Lim et al. 1999). It was not found in the mouse 

transcriptome and is therefore not shown in Fig. 4 (Jiang and Ehlers 2013). The 

largest isoform, ProSAP1E/Shank2E, was detected in liver epithelial cells, and 

was later shown to be expressed in human brain, especially in the cerebellum as 

well as in the cerebellum and liver of rat embryo (Leblond et al. 2012, McWilliams 

et al. 2004). 

Furthermore, there are some insertions that do not contain alternative start codons  

(Boeckers et al. 1999a, Lim et al. 1999), but do have alternative roles during early 

development of the brain (Boeckers et al. 1999a). With in situ hybridization it was 

shown, that transcription of ProSAP1/Shank2 splice variants with the presence of 

one insertion (called insertion A) and the absence of another insertion (called 

insertion B) was more or less restricted to the early postnatal development of the 

rat brain and decreased after three weeks (Boeckers et al. 1999a).  Tissue-specific 

alternative splicing of exons 19-20 and exon 23 have also been reported in 

humans (Leblond et al. 2012). 
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Fig. 5: Genomic view of ProSAP1/Shank2 on human chromosome 11q13.3.  

The locus is indicated by a red box. Figure based on and data derived from genecards 

(https://www.genecards.org/cgi-bin/carddisp.pl?gene=SHANK2, last access November 

2020 (Stelzer et al. 2016). 

 

Alternative splicing seems to be an important and very interesting mechanism for 

modulating the assembly of the binding partners and with it the protein 

composition of the PSD (Boeckers et al. 1999a, Lim et al. 1999): The functional 

and spatial link between NMDAR and mGluR via SAPAP/GKAP+ PSD95 and 

Homer, respectively, that are both attached to ProSAP1/Shank2, can be 

disintegrated by the transcription of an insertion in exon 22, which codes for the in-

frame stop codon and thus abolishes the proline-rich region and the SAM domain, 

resulting in a shorter protein without attachment to mGluR and the possibility for 

self-multimerization. This indicates for the importance of a fine tuned balance of 

different isoforms. Similar mechanisms are possible in ProSAP2/Shank3 and 

ProSAP3/Shank1.  

Figure 4 shows all family members and several isoforms (Sala et al. 2015).  

 

1.9 ProSAP/Shank gene mutations and human diseases 

More and more data emerges showing the involvement of all three ProSAP/Shank 

proteins in different human diseases including autism spectrum disorders (ASD), 

intellectual disability (ID) and schizophrenia (SCZ). Gene duplications, 

chromosomal deletions and translocations in all three ProSAP/Shank genes have 

been identified in human ASD patients, displaying a broad spectrum of 

phenotypes. (Berkel et al. 2010, Delahaye et al. 2009, Durand et al. 2007, 

Gauthier et al. 2010, Homann et al. 2016, Jiang and Ehlers 2013, Leblond et al. 

2012, Peykov et al. 2015, Pinto et al. 2010, Sato et al. 2012).  
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ASD has an estimated prevalence of 1% in childhood and is characterized by 

impaired social interaction and communication, along with repetitive and restrictive 

behaviour (Geschwind 2009). As a profound developmental disorder it manifests 

in the first three years of life and persists lifelong, showing the tremendous impact 

of genetic mutations on behaviour and interests.  

The first pathology described in association with ProSAP2/Shank3 mutations was 

the Phelan McDermid syndrome, a form of ID associated with ASD (Phelan et al. 

2001). Now numerous links have been published between Shank3 mutations and 

patients with ASD (Connolly et al. 2017, Durand et al. 2007). Less in number, but 

also linked to ASD are mutations of the ProSAP1/Shank2 (Berkel et al. 2010, 

Berkel et al. 2012, Leblond et al. 2014, Pinto et al. 2010) and the 

ProSAP3/Shank1 gene (Sato et al. 2012). Deletions of ProSAP1/Shank2 are 

associated with developmental delay and moderate ID together with mild motor 

problems (Sala et al. 2015). 

To study the pathogenetic effects of ProSAP1/Shank2 mutations we designed a 

knock-out (KO) mouse carrying a mutation in exon 7 in the PDZ domain, which 

leads to disruption of all ProSAP1/Shank2 isoforms (Schmeisser et al. 2012). The 

mutation leads to a frameshift of the open reading frame after exon 7 and thus to a 

stop of protein translation.  

 

1.10 Different ProSAP1/Shank2 knock-out lines 

Other groups generated different ProSAP/Shank mutant lines.  For 

ProSAP2/Shank3  twelve different mutant lines exist, whereas one mutant line was 

generated for ProSAP3/Shank1 (Eltokhi et al. 2018, Jiang and Ehlers 2013). For 

ProSAP1/Shank2 three different conventional knock-out lines exist in mouse: the 

mutant line of this work with a deletion of exon 7 of the PDZ domain, designated 

as ProSAP1/Shank2(Δex7) KO, a mutant line with a deletion of exon 6-7 in the 

PDZ domain, called ProSAP1/Shank2(Δex6-7) KO (Won et al. 2012) and a mutant 

line with a deletion in exon 24, named ProSAP1/Shank2(Δex24) KO (Pappas et al. 

2017). In addition, there are several conditional mutant lines with mutations 

restricted to one cell type. A conditional line with the deletion restricted to 

cerebellar Purkinje cells (PC) exists for all three conventional lines, using the PC 
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specific promoter PcP2, also called L7 for inactivation of the ProSAP1/Shank2 

gene in Purkinje cell. These lines are designated as ProSAP1/Shank2(Δex6-7-

Pcp2-Cre), ProSAP1/Shank2(Δex24-Pcp2-Cre) or ProSAP1/Shank2(Δex7-L7-

Cre), respectively. Two lines were generated by Kim et al., with mutations 

restricted to either excitatory or inhibitory neurons (Kim et al. 2018) and one line 

with mutations in ProSAP1/Shank2 only in parvalbumin-positive neurons (Lee et 

al. 2018). Furthermore conditional ProSAP1/Shank2(Δex24) knock-outs were 

generated for excitatory neurons of cortex and  hippocampus (Pappas et al. 2017).   

For clarification it should be mentioned here, that the variable exon numbering of 

the different mutant lines results from the fact, that the existence of the full-length 

isoform ProSAP1E/Shank2E was verified later. So the longest known protein was 

ProSAP1A/Shank2A, which starts with exon 11 of the full-length protein. The 

ProSAP1A/Shank2A isoform harbours the PDZ domain in exons 6 and 7, whereas 

in ProSAP1E/Shank2E the PDZ domain resides in exons 16 and 17. Some 

authors changed the nomenclature in respect to the full-length isoform. In this 

work however, the originally published designation is used.  

 

1.11 Goals of this work 

In this work, a characterization of the ProSAP1/Shank2(Δex7) mutant mouse was 

performed. First, the efficiency of the knock- out technique with histological and 

biochemical methods will be shown. After confirming the correct absence of the 

ProSAP1/Shank2 protein, a deeper understanding will be elaborated concerning 

the anatomy of the organelle, where ProSAP1/Shank2 is located, namely the 

synapse or dendritic spine using different techniques.   

The comparison with results obtained by other groups using different 

ProSAP1/Shank2 mutant lines follows and the distinct phenotypes will be 

discussed extensively.  

A critical discussion on results in human patients and possible explanations for 

various phenotypes within both humans and mice completes this work. The goal of 

this work is to contribute to a better understanding of what ProSAP1/Shank2 

deficiency means in mouse model.  
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2 Materials & Methods 

2.1 Materials 

2.1.1 Chemicals 

Acetic acid  Fluka/Sigma, St. Gallen/  

Deisenhofen 

Acrylamide- N’N’- methylenebisacrylamide mix  Serva, Heidelberg 

Ammonia solution 32%     Roth, Karlsruhe 

Ammonium persulfate (APS)    Sigma, Deisenhofen 

Bovine Serum Albumin (BSA)    PAA Laboratories, Pasching 

Diaminobenzidine tetrahydrochloride (DAB)  Sigma, Deisenhofen 

Dimethylarsinic acid sodium salt trihydrate  Merck Millipore, Darmstadt 

EDTA-free protease inhibitor mixture    Roche, Mannheim 

Eosin         Chroma Waldeck, Münster 

Ethanol  Fluka/Sigma, St. Gallen/  

Deisenhofen 

Entellan mounting medium    Merck Millipore, Darmstadt 

Epon 812   Fluka/ Sigma, St. Gallen/ 

Deisenhofen 

Fetal Calf Serum (FCS)     Biochrom, Berlin 

Gel Code Blue Stain Reagent    Pierce, Rockford 

D(+)-Glucose      Sigma, Deisenhofen 

L-Glutamine       Gibco/ Invitrogen, Karslruhe 

Glutaraldehyde      Sigma, Deisenhofen 

Glycine       AppliChem, Darmstadt 

Kaiser’s glycerol gelatin     Merck Millipore, Darmstadt 

Haemalaun (Mayers)     Merck Millipore, Darmstadt 

HEPES       Roth, Karlsruhe 
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Hydrogen peroxide      Sigma, Deisenhofen 

Isopropanol  Fluka/ Sigma, St. Gallen/ 

Deisenhofen 

2- Mercaptoethanol  Fluka/ Sigma, St. Gallen/ 

Deisenhofen 

Methanol  Fluka/ Sigma, St. Gallen/ 

Deisenhofen 

Milk powder       Roth, Karlsruhe 

Mowiol 4-88       Calbiochem, San Diego 

Paraformaldehyde      Merck, Darmstadt 

Paraplast       Sigma, Deisenhofen 

Picric acid       Merck, Darmstadt 

Poly-L-lysine       Sigma-Aldrich, Steinheim 

Ponceau S Red      Serva, Heidelberg 

Propanol  Fluka/ Sigma, St. Gallen/ 

Deisenhofen 

Sodium thiosulphate pentahydrate   Roth, Karlsruhe   

N’N’N’N’, -Tetramethylethylenediamin (TEMED) Sigma, Deisenhofen 

Tris (ultrapure)      USB Corporation, Cleveland 

Triton- X100       Roche, Mannheim 

Tween- 20       Roth, Karslruhe 

Uranyl acetate      Merck, Darmstadt 

VectaMount mounting medium  Vector laboratories, 

Burlingame 

Xylol        Prolabo, France 
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2.1.2 Buffers and solutions 

10% APS       1.0 g APS 

ad 10 ml with aqua deion.  

stored at 4 °C  

 

 

10 x blotting buffer     151.5 g Tris 

       720 g glycine 

       ad 4l with aqua deion. 

 

500 mM HEPES, pH 7.4    5.96 g HEPES 

ad 50 ml with aqua deion.  

stored at -20 °C  

 

 

Mowiol      2.4 g Mowiol 4-88 29 

6.0 g glycerol  

12.0 ml of 0.2 M Tris-HCl pH 8.5 

ad 20 ml with aqua deion. 

Dissolve overnight at RT  

Centrifuge at 13.000 x g for 30 min 

stored at -20 °C  
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10x PBS, pH 7.5     87.66 g NaCl 

       3.86 g Na2HPO4 

       13.82 g NaH2PO4 

       ad 1l aqua deion. 

       stored at RT 

 

10x TBS, pH 7.6     87.6 g NaCl 

        60.6 g Tris 

       ad 1l aqua deion. 

       stored at 4°C 

 

50 mM Tris/HCl, pH 7.6    6.057 g Tris 

       adjust pH with HCl to desired level 

       ad 1000 ml aqua deion. 

 

10 % SDS      50 g SDS 

       ad 500 ml with aqua deion. 

       stored at RT 

 

2.1.3 Culture media and buffers for primary hippocampal cell culture 

 

Dulbecco’s PBS      PAA Laboratories, Pasching 

DMEM (Dulbecco’s Modified Eagle Medium)  Invitrogen, Karlsruhe 

HBSS (Hank’s Balanced Salt Solution)   PAA Laboratories, Pasching 

Neurobasal Medium     Invitrogen, Karlsruhe 

Ham’s F12 Medium            Biochrom, Berlin 
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2.1.4 Biological supplements 

B27  supplement      Gibco/ Invitrogen, Karlsruhe 

L-Glutamine        Invitrogen, Karlsruhe 

Penicillin-Streptomycin     Invitrogen, Karlsruhe 

Trypsine       Invitrogen, Karlsruhe 

 

2.1.5. Primary antibodies 

Table 1: List of primary antibodies with source and application 

Name  

Product number 

Origin Company Application Dilution 

beta- actin 

A5441 

mouse Sigma-Aldrich WB 1:10.000 

Bassoon 

SAP7F407 

mouse Stressgen/ Enzo 

lifesciences 

IF 1:800 

Homer 1 

160-002 

rabbit Synaptic systems IF 1:800 

ProSAP1 

(SA5193)  

rabbit from Boeckers, Ulm 

(Schmeisser et al. 

2012) 

WB 

IHC 

1:2000 

1:5000 

ProSAP2 

(SA7502) 

rabbit from Boeckers, Ulm  WB 1:500 

Shank1a 

NB300-167 

rabbit Novus Biologicals WB 1:1000 
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2.1.6 Secondary Antibodies 

Table 2: List of secondary antibodies with source and application 

Name 

Product number 

Company Application Dilution 

anti-mouse IgG, HRP 

conjugated 

P0447 

DAKO Cytomation, 

Denmark 

WB 1:2000 

anti-rabbit IgG, HRP 

conjugated 

P0448 

DAKO Cytomation, 

Denmark 

WB 1:2000 

anti-rabbit IgG, 

biotinylated 

111-065-008 

Jackson, 

Immunoresearch, 

USA 

IHC 1:500 

anti-rabbit IgG, Alexa 

Fluor 568 conjugated 

A-11011 

Invitrogen, 

Karlsruhe 

IF 1:1000 

anti-mouse IgG, Alexa 

Fluor 488 conjugated 

A-11001 

Invitrogen, 

Karlsruhe 

IF 1:1000 

  

2.1.7 Markers 

Page RulerTM Prestained Protein Ladder  Fermentas, Burlington/  

Waltham 

2.1.8 Kits 

PierceTM ECL Western Blotting Substrate  Pierce, Rockford 

VectaStain ABC Staining Kit   Vector laboratories, 

Burlingame 
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2.1.9 Equipment 

Agarose gel electrophoresis System   Biorad, München 

Cell bench Hera Safe     Heraeus, Hanau 

Cellculture flasks      Nunc, Wiesbaden 

Cellculture plates 24 well     Nunc, Wiesbaden 

Cellculture dishes      Nunc, Wiesbaden   

Centrifuge Allegra 21     Beckman Coulter, Krefeld        

Centrifuge Avanti J-25     Beckman Coulter, Krefeld 

Centrifuge Tubes 50 ml     Beckman Coulter, Krefeld 

Chamberslides 76 x 26 mm    Menzel, Braunschweig  

Cover glasses 13 mm     Menzel, Braunschweig 

Cover glasses 60 x 24 mm    Menzel, Braunschweig                                          

Cryotom Leica CM3050S     Leica, Wetzlar 

Electrophoresis device (Power pac 200)   Biorad, München 

Electroblotter  (Semi Dry Transfer Cell)   Biorad, München     

Electroporation cuvettes     Biorad, München 

Electroporator 2510      Biorad, München 

EM 10 transmission electron microscope  Zeiss, Oberkochen 

Eppendorf cups 0.2/0.5/1.5/2 ml    Eppendorf, Hamburg   

Falcon Tubes 15/50 ml     Nunc, Wiesbaden 

Film developer Curix 60     AGFA, Schrobenhausen 

Flasks 100/250/500/1000 ml    Duran, Mainz 

Freezer -20°C       BSH, Giengen 

Freezer -80°C      Forma Scientific, Asheville 

Fridge 4°C       BSH, Giengen 

Grids (for electron microscopy)    Plano, Wetzlar                                               

Heraeus- Multifuge 3S-R     Heraeus, Hanau 
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Homogenizator Potter S     Braun Biotech, Melsungen 

Ice machine       Scotsman, Vernon Hills/Milan 

Incubator 37°C      Heraeus, Hanau 

µ MACS Column  Miltenyi Biotec, Bergisch 

Gladbach 

µ MACS micro beads  Miltenyi Biotec, Bergisch 

Gladbach 

Magnetic stirring hotplate MR 3001 K   Heidolph, Schwabach 

Microscope Axioskop 2 mot plus    Zeiss, Oberkochen 

Microscope Stemi 2000-CS    Zeiss, Oberkochen 

Transblotter (Trans Blot cell)    Biorad, München 

Microtome Microm HM 355 S                                     Microm international, 

Dreieich 

Neubauer counting chamber    Brand, Wertheim 

Nitrocellulose membrane      Schleicher & Schuell, Dassel 

Nylon cell sieve 1.25 µ m     Falcon, Gräfelfing-Lochham 

Paraffin embedment apparatus STP 120  Microm international, 

Dreieich 

Petri dishes 94 mm      Nunc, Wiesbaden 

pH meter inoLab Level 1     WTW, Weilheim 

Pipetboy       Hirschmann, Eberstadt 

Pipette tips 10 µ l/ 200 µ l/ 1ml    Eppendorf, Hamburg 

Pipettes P10, P20, P100, P1000    Eppendorf, Hamburg 

Pipettes 5/10/25 ml      Brand, Wertheim 

PVDF membrane Hybond Amersham   GE Healthcare, Freiburg 

Scanner MIRAX Desk     Zeiss, Oberkochen 

SDS-PAGE gel chamber     Biorad, München 

SDS-PAGE gel tray      Biorad, München   
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SDS-PAGE glass plates     Biorad, München 

SDS-PAGE power supply     Biorad, München 

Sterile Bench Laminar Flow    Nunc, Wiesbaden 

Sterile filters       Schleicher & Schuell, Dassel 

SuperFrostPlus coated slides  Menzel Gläser, Braunschweig 

Tabletop centrifuge Biofuge pico    Heraeus-Kendro, Hanau 

Tabletop Combispin FVL-2400    Peglab, Erlangen 

Tabletop shaker IKA-vibrax VXR    Janke & Kunkel, Staufen 

Tank Blot machinery     Biorad, München 

Thermomixer comfort      Eppendorf, Hamburg 

Vibratome G       Oxford Laboratories, Mumbai 

Vortex Reax Top      Heidolph, Schwabach 

Whatman paper       Schleicher & Schuell, Dassel 

Weighing system      Sartorius, Göttingen 

X-Ray film (Hyperfilm ECL)    GE Healthcare, Freiburg 

  

2.1.10 Software 

AxioVision Rel. 4.6.3     

Image J64 for Mac  

GIMP  2.8.14 

IBM SPSS Statistics 23.0  
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2.2 Methods 

2.2.1 Animals 

2.2.1.1 Livestock 

For this work C57BL/6JRj mice were used that were bred and kept in cages and 

allowed access to food and water ad libitum in a 12-h light/ dark cycle. Genotyping 

was done by PCR. For information about the generation of 

ProSAP1/Shank2(Δex7) knock-out mice see supplementary information in 

Schmeisser et al. 2012. The experiments were conducted according to the 

Tierschutzgesetz of the Federal Republic of Germany (§ 4 Abs. 3 TierSchG) and 

were approved by the Regierungspräsidium Tübingen (License number 0.103).  

 

2.2.1.2 Sacrification of animals 

Mice were sacrificed either by an overdose of CO2 or by perfusion-fixation with 

Bouin’s fixative (see 2.2.2.1 below). Subsequently the head was cut off and the 

skin removed. The bone between both eyes was cut by an incision and from this 

point the skull was opened with scissors from rostral to caudal. The brain was 

taken out carefully.  

 

2.2.2 Obtaining biological material for further investigation 

2.2.2.1 Perfusion and fixation 

The perfusion method was used for better histological results. Therefore a 

peristaltic pump set up was used with two syringes filled with washing solution and 

fixative solution, respectively. A valve system was used to allow a switch from one 

solution to the other without changing the inserted needle.  

The animals were anaesthetized with a sublethal dose of anaesthesia and 

monitored. At the timepoint when the animal did not show an interphalangeal 

reflex, a horizontal incision was made under the sternum of the animal, then it was 

continued on both sides of the chest. The rib cage was opened with scissors on 

both sides of the heart. A needle was inserted into the left ventricle and a small 

incision in the right atrium was done, to establish an escape route for blood and 
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perfusion fluid. The washing solution was administered immediately at a rate of 

10ml/min for 3 min. Then the valve was changed to the fixative solution and 

administered at the same rate for 5 min. Afterwards the brain was taken out as 

described previously and post-fixed in the fixative solution for 24 h. It was then 

embedded in paraplast using a paraffine embedment apparatus (see 2.2.2.2). 

 

 

Bouin’s fixative Washing solution  

75 ml saturated picric acid 100 ml 0.9% NaCl 

25 ml formaldehyde 0.5 ml Heparin 

5 ml acetic acid 

stored at 4°C, administered  

at RT 

stored and administered at 

RT 

 

 

2.2.2.2 Embedment in paraplast and obtaining sections 

Brains were taken out and embedded in paraplast. Therefore an embedment 

apparatus (STP 120, Microm) was used according to the manufacturer’s protocol. 

Embedded brains were stored at RT. Using a microtome (Microtome HM 355 S, 

Microm) 8 µm thick slices were obtained. Each slice was transferred to a warm 

bath (distilled water, 45°C), where it straightened due to the tension of the water 

surface and was then dip-mounted on slides that were stored at RT.  

 

2.2.2.3 Freezing of tissue and obtaining cryosections 

Brains or other organs were isolated and placed on a piece of aluminium foil upon 

a bath of liquid nitrogen. Depending on the size of the organ, it took from a few 

seconds to approximately 3 min until the whole organ was frozen. It was then cut 

into 16 µm thin sections using a cryotome, thaw-mounted on coated cryo-slides, 
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immediately re-frozen and stored in the cryostat during the procedure. The 

sections were stored afterwards at -80°C.    

  

2.2.2.4 Preparation of neuronal cell cultures 

Cell cultures were prepared from mouse brains at embryonic day 18 (E18).  

In a preceding step sterile cover glasses, placed in 24-well plates, were coated 

with poly-L- lysine and incubated for 1 h at 37°C. Afterwards they were washed 

three times with deionized water.  

To collect cells for the culture a pregnant mouse was sacrificed at E18 by an 

overdose of CO2. The feti were collected and decapitated. Their heads were 

placed into a petri dish filled with cold HBSS on ice. The preparation of the 

hippocampi of the fetal heads was performed on ice, the hippocampi were 

collected into a 15 ml Falcon tube filled with cold HBSS on ice.  

The following steps were carried out under a laminar flow hood. The HBSS was 

carefully removed and a volume of 1 ml HBSS was added again, containing 2% 

trypsine. This was incubated for 7 min at RT and the solution was carefully 

removed again. A washing step with HBSS followed. A resuspension solution 

(DMEM+++) was added and by using a plastic pipette the cells were mechanically 

separated. The suspension was filtered through a nylon mesh sieve and 3 ml of 

DMEM were added. By using a Neubauer counting chamber the viable cells were 

morphologically determined (intact and smooth cell membrane, small halo around 

cell membrane) and plated at a density of 30.000 cells/cm2 on the prepared coated 

coverslips. The cells were incubated at 37°C and 5% CO2 in a cell incubation 

device. After 2 h the medium was changed to Neurobasal Medium++. 
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poly L-lysin DMEM+++ 

5 mg poly-L-lysin  DMEM 

à ad 100 ml with HBSS + 1 % penicillin/streptomycine 

 + 10% FCS  

 + 1 % glutamine 

 + 20% Hams-F12 

Neurobasal Medium++  

Neurobasal Medium  

+ 2 % B27 supplement  

+ 21 % glutamine  

 

2.2.3 Histological methods 

2.2.3.1 Rehydration and dehydration of paraffine sections and mounting 

Since aqueous solutions in all staining methods were used, the paraplast 

embedded sections first had to be deparaffinized in xylol and rehydrated using a 

decreasing isopropanol series. 

Decreasing isopropanol series 

2x xylol for 2 min 

2x 100% isopropanol for 2 min 

2x 96% isopropanol for 2 min 

2x 75% isopropanol for 2 min 

2x 52% isopropanol for 2 min 
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For rehydration after the staining the steps were inversed using an increasing 

isopropanol series: 

 

Increasing isopropanol series 

2x 52% isopropanol for 2 min 

2x 75% isopropanol for 2 min 

2x 96% isopropanol for 2 min 

2x 100% isopropanol for 2 min 

2x xylol for 2 min 

  

The sections were finally permanently mounted with Entellan. 

 

2.2.3.2 Haematoxylin- eosin staining (H.E. staining) 

The haematoxylin and eosin staining is the most widely used staining method in 

medical histological diagnostics. Thin sections stained with H.E. display a pink 

color for eosinophilic structures like cytoplasm and connective tissue stained by 

eosin and blue cell nuclei stained by haematoxylin.  

To examine whether there are morphological differences between ProSAP1 

Knock-Out mice and wildtype mice, an H.E. staining was performed. 

8 µm thick microtome sections from brains that have been fixed with Bouin’s 

fixative and embedded in paraplast were used. The sections were deparaffinized 

and rehydrated using a decreasing isopropanol series. After being rinsed briefly in 

deionized water, the sections were incubated with Mayer’s haemalaun for 8 min at 

RT and again rinsed with flowing tap water for 10 min. The stained sections were 

then incubated in 1% eosin for 1 min at RT and washed again in deionized water. 

To be finally mounted in Entellan, the sections were dehydrated through an 

increasing isopropanol series.  
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2.2.3.3 Golgi-Staining and categorization of spines 

6 adult male knock-out mice and 6 adult male wildtype mice were sacrificed and 

their brains were removed to be placed immediately into a Golgi-Cox solution for 4 

weeks in a light-impermeable container at RT. 

After this period the brains were rinsed briefly with deionized water and cut into 

200 µm thick sagittal sections using a Vibratome. The sections were developed by 

incubation with 16% ammonia for 30 min in the dark, rinsed with deionized water 

and fixed by applying 1% sodium thiosulfate for 7 min in the dark. Again the 

sections were rinsed briefly in deionized water and finally mounted in Kaiser’s 

glycerol gelatine. A Zeiss microscope with a 100 objective was used to gain z-

stack images of two different brain regions: 1) striatal medium spiny neurons 

(MSN) between rostral-caudal bregma 1 and -1 of the striatum and 2) cerebellar 

Purkinje-cells. Dendritic spines were analyzed regarding spine number and 

morphology with Axiovision Software (Zeiss) and Image J software. In the striatum 

two secondary dendrites were analyzed from 6 cells per mice (=36 cells/ 72 

dendrites). In the cerebellar Purkinje cells two tertiary distal dendrites in 6 cells per 

mouse were measured (also 36 cells/72 dendrites). The spines were grouped into 

four categories according to Harris et al. (1992): mushroom- shaped spines, thin 

spines, stubby spines and cup-shaped or branched spines. The analysis was 

taken out blinded in respect to the genotype.  

 

Golgi-Cox solution ammonia solution 16% 

1% potassium dichromate 2 ml ammonia solution 23%  

1% mercuric chloride 2 ml aqua bidest. 

0.8% potassium chromate  

  

1% sodium thiosulphate  

1 g sodium thiosulfate  

ad 100 ml aqua deion.  
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Fig. 6: Example for spine categories and their criteria according to Harris et al.  

Branched spines are also called cup-shaped spines. For description see chapter 1.4: 

Dedritic spines and Figure 1. Figure reprinted with permission by The Journal of 

Neuroscience: Harris KM, Jensen FE, Tsao B. Three-dimensional structure of dendritic 

spines and synapses in rat hippocampus (CA1) at postnatal day 15 and adult ages: 

implications for the maturation of synaptic physiology and long-term potentiation. J 

Neurosci. 1992 Jul;12(7):2685-705. doi: 10.1523/JNEUROSCI.12-07-02685.1992. 

Erratum in: J Neurosci 1992 Aug;12(8):followi. PMID: 1613552; PMCID: PMC6575840. 

 
Since the categorization of spines is a quite subjective measurement, I tried to 

standardize this process. Each spine was measured three times: length (L, from 

dendrite to the highest point of the head), diameter of the head (Dh, widest spot) 

and the diameter of the neck (Dn). I extended the criteria by Harris et al. 1992 (see 

Fig. 6) and reformulated them mathematically. The following formulas were used 

then to assign the spines to these 4 categories: spines were classified as cup-

shaped or branched, if there was more than one head detectable, they were 

classified as mushroom-shaped, if their ratio of head and neck diameter (Dh/Dn) 

was above 2, they were classified as stubby spines, if their ratio of neck diameter 

and length of the spine (Dn/L) was above 0.75 and their ratio of head/neck 

diameter (Dh/Dn) ranged between 1 and 2 (or equal to 1 or 2). Those spines, 
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which showed a ratio of neck diameter and length (Dn/L) between 0.1 and 0.75 

and a ratio of the diameter of head and neck above or equal to 2, were classified 

as thin spines, whereas spines with a ratio of neck diameter and length (Dn/L) less 

than 0.1 and a ratio of head/neck diameter (Dh/Dn) of 1 were classified as 

filopodia-like spines.  

 

Table 3: Formulas for assignment to spine categories 

Spine shape Criteria 

cup-shaped or “branched” more than one head detectable 

mushroom-shaped Dh/Dn >2 

stubby Dn/L>0.75 and 

1≤ Dh/Dn ≤2 

thin 0.1<Dn/L <0.75 and 

Dh/Dn ≤2 

filopodia-like Dn/L<0.1 and 

Dh/Dn=1 

 

I included filopodia-like spines in order to cover the whole range of mathematically 

possible combinations. However, this spine type did not occur in striatum and 

cerebellum in my analysis.  

Due to spine motility and maturation some spines are in between groups and can‘t 

be assigned clearly to a category. Furthermore here a 2D technique was used, 

therefore some spines can be distorted concerning mostly their length. These are 

short spines (Dn/L> 0.75) that are not stubby according to Harris et al. (Dh≠Dn). 

Since their head/neck ratio is less or equal 2, they do not meet the criterion for 

mushroom-shaped spines either. Nevertheless, these very rarely occurring spines 

were assigned to the group of stubby spines. With these formulas, the whole 

range of occurring spines could be covered.       
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2.2.3.4 Immunostaining of sections and cultured cells 

Tissue sections from brains fixed with Bouin’s fixative displayed an unspecific 

background staining using the anti-ProSAP1 antibody. To prevent that, 

cryosections were used for all immunohistochemistry- stainings.  

 

2.2.3.4.1 Immunohistochemistry with DAB 

Sections were thawed at RT, rinsed briefly in 1 x PBS and fixed with cold methanol 

(-20°C) for 3 min. Afterwards the slides were rinsed twice in 1 x PBS, each for 5 

min. They were then incubated in methanol/ H2O2 to block the endogenous 

peroxidase and again rinsed in 1 x PBS twice for 5 min.  For permeabilization 

0.5% Triton X in 1 x PBS was applied for 15 min at RT. After an incubation in 2% 

BSA in 1 x PBS for 1h at RT, the first antibody, diluted in 2% BSA in 1 x PBS in 

proper concentration, was applied. Therefore we used a wet chamber to incubate 

the sections overnight at 4°C.  

The next morning, the sections were washed twice in 1 x PBS for 5 min each and 

the secondary antibody, diluted 1:500 in 1 x PBS, was applied for 2 hours at RT.  

After this incubation the sections were rinsed again twice in 1 x PBS for 5 min 

each. Afterwards the VectaStain ABC staining system was applied and incubated 

for 2 h at RT, followed by two further washing steps as described previously. Then 

the sections were incubated with the DAB staining solution for 2 min to detect 

antigen-antibody sites. The sections were then immediately washed with 50 mM 

Tris/HCl  for 3 min, followed by a further washing step in 1 x PBS for 5 min at RT. 

Before being dehydrated by use of increasing isopropanol series and mounted 

with Entellan as described previously, the sections were rinsed briefly in deionized 

water.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

Methanol/ H2O2 DAB staining solution  

45 ml 1x PBS 250 µ l DAB 

5 ml methanol 5 ml 50 mM Tris/HCl 

50 µ l H2O2 3 µ l H2O2 
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VectaStain ABC staining kit  

25 µ l solution A  

25 µ l solution B  

4ml 1 x PBS  

 

2.2.3.4.2 Indirect immunofluorescence 

The indirect immunofluorescence staining is a method to show a specific staining 

of proteins of interest. The primary antibody binds to the specific antigen, whereas 

the secondary antibody, labelled with a fluorescent dye, called fluorochrome, is 

used to recognize the first one. With this method, it is possible to use multiple 

primary antibodies simultaniously that can be revealed in a second step by using 

secondary antibodies with different fluorescent colors.  

 

2.2.3.4.2.1 Indirect immunofluorescence (IF) staining in tissue sections 

For immunofluorescence staining, the same steps as described for DAB- immuno-

staining were used until the incubation of the primary antibody. Also in IF staining, 

the first antibody, diluted in 2% BSA in 10 mM PBS in proper concentration, was 

applied in a wet chamber overnight at 4°C.   

The next day the sections were washed two times in 10 mM PBS for 5 min each 

and incubated with the secondary antibody for 1 h at RT with a dilution of 1:1000. 

After two washing steps with 10 mM PBS the sections were rinsed briefly in 

deionized water and mounted with mowiol containing DAPI. 

 

2.2.3.4.2.2 Indirect immunofluorescence staining of cell cultures 

In this work the cells were fixated and stained at days in vitro (DIV) 7, 10, 14 and 

21 to investigate differences in density of synapses between wildtype and knock-

out mice. 
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After removing the culture medium the coverslips were carefully washed with  

Dulbecco’s 1x PBS with calcium and magnesium. Cells were fixed with cold 

methanol (-20°C) for 2 min on ice. The plates were then washed three times using 

1x PBS for 5 min each at RT. After this the cells were treated with a Triton X-100 

solution for 8 min on ice to permeabilize the membranes for the first AB and 

incubated with 2% BSA as a blocking solution for 2h at RT. Thereafter the primary 

antibody, diluted in blocking solution, was applied at 4°C overnight using a wet 

chamber. 

The next day the cells were washed twice with 1x PBS for 10 min each at RT. 

Subsequently the secondary, Alexa- conjugated antibody was applied for 1 h at 

RT, diluted in 1x PBS. Again the cells were washed twice with 1x PBS for 10 min 

each and incubated with DAPI for 3 min. The cells were washed again three times 

for 5 min each in 1x PBS and then rinsed briefly in deionized water. The glasses 

were mounted using Vecta Mount mounting medium and let dry overnight at 4°C. 

For further investigations photographs were taken using a Zeiss fluorescence 

microscope (Axioskop 2, Zeiss). In this study, a presynaptic protein, called 

Bassoon, and a postsynaptic protein, called Homer, were stained. Bassoon was 

labeled with a green fluorescent protein, while Homer was labeled red fluorescent. 

The synapse number per dendrite length was determined. The colocalization of 

both proteins (green and red= yellow) was considered to be a synapse.  The 

experiment was carried out blinded in respect to the genotype.  

 

Triton X-100 solution 2 % BSA blocking solution 

10 mM PIPES 2 g BSA 

50 mM NaCl ad 100 ml 1x PBS 

300 mM sucrose  

3 µ M MgCl2  

0.5% Triton X-100  
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2.2.4 Electron microscopy 

With electron microscopy it is possible to investigate the smallest organelles of the 

cell. ProSAP/Shank proteins are located within the postsynaptic density. 

Therefore, the length and the thickness of the PSD in wildtype and in knock-out 

mice was analyzed. Also, the number of PSDs per 100 µm2 in the hippocampal 

CA1 region was determined.  

Therefore the perfusion method for tissue fixation was used as described above 

(2.2.2.1). Brains from 4 WT and 4 KO mice were removed and post-fixed in 2% 

glutaraldehyde in 0.1 M cacodylate buffer containing 1 % sucrose overnight. After 

incubation with 2 % osmium tetroxide for 1 h and dehydration through an 

increasing ethanol series, the brains were stained with 2% uranyl acetate for 4 min 

and finally embedded in epoxy resin. By cutting with a Reichert ultramicrotome 

ultrathin sections (70-80 nm) from the hippocampal CA1 region were obtained and 

collected on grids. Before examination with an EM 10 electron microscope at 80 

kV the grids were stained with 1% lead acetate for 1 min and then dried under a 

heating lamp. Several ultrathin slices were located on one grid.  From every slice 

there were 6 images taken as follows: two images in the left upper corner, two 

images in the middle and two images in the right lower corner. Blinded in respect 

to the genotype the density of the PSDs, and the length and thickness of each 

PSD were measured using the Image J software. Only PSDs that displayed the 

following criteria were counted: visible active zone with vesicles, an electron-dense 

postsynaptic density and a postsynaptic dendritic spine.  

For measurement of length and thickness, besides above- mentioned criteria, the 

electron-dense structure had to be surrounded by a fully intact postsynaptic 

membrane.  
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Perfusion solution, pH 7.3 post-fixation solution 

2% paraformaldehyde 2% glutaraldehyde 

2.5% glutaraldehyde 1% sucrose 

1% sucrose  in 0.1 M cacodylate buffer 

 in 0.1 M cacodylate buffer  

Cacodylate buffer  

0.1M Dimethylarsinic acid sodium salt trihydrate 
 

2.2.5 Protein analysis 

2.2.5.1 Proteinextraction from tissue 

For proteinextraction fresh brains or spinal chords were used immediately after 

sacrificing the animals. The brain or spinal chord was removed and placed in 2 ml 

of cold buffer A on ice, or 1 ml respectively.  The organ was homogenized with 12 

strokes in a Potter S on ice (900 rpm) and centrifuged for 10 minutes at 1000 g in 

a precooled centrifuge (4°). After centrifugation the supernatant S1 was collected 

and the pellet was resuspended in a same volume of buffer A.  Again it was 

homogenized with 12 strokes and centrifuged for 10 minutes at 1000 g. The 

resulting supernatant S2 was poured to S1, the pellet discarded. Both 

supernatants (S1+ S2) were centrifuged again at 12000 g for 15 minutes. After 

discarding the supernatant the pellet P2 was resuspended in 1ml of cold Triton X-

100 lysis buffer. It was stored at -80°C.  

 

buffer A, pH 7.4    Triton X-100 lysis buffer 

320 mM sucrose 150 mM NaCl 

5 mM HEPES 50 mM Tris HCl 

PIM 1% Triton X-100 
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2.2.5.2 SDS- polyacrylamide gel electrophoresis (SDS-PAGE) 

Electrophoresis is the migration of charged molecules in a solution in an electric 

field. Sodium dodecyl sulfate (SDS) is an anionic detergent that denaturates 

proteins. 2- Mercaptoethanol or DTT reduces disulfide bridges. All proteins are 

charged negatively, their migration is therefore determined by molecular weight 

and can thus separate them from each other.   

The gel upon which the protein samples are loaded, consists of two parts: a 

resolving gel, the major part, and a stacking gel upon the resolving gel. The 

components for the resolving gel were mixed in an appropriate order and poured 

between two glassplates, a special assembly for SDS-PAGE, to polymerize. A thin 

layer of isopropanol was poured on top of the resolving gel to ensure a horizontal, 

flat surface without air bubbles. After a polymerization time of approximately 20 

minutes, the isopropanol was discharged and the surface of the gel was washed 

carefully with deionized water. After mixing the components for the stacking gel in 

an appropriate order, it was poured on top of the resolving gel. A comb was 

inserted to build pre-formed sample slots. After the polymerization of the stacking 

gel the comb was removed very carefully and the gel was inserted into a special 

gel chamber filled with 1x electrophoresis buffer.   

Protein samples were denaturated in 1x loading buffer at 95°C for 5 minutes and 

then chilled on ice. Along with an appropriate standart-protein ladder the samples 

were poured carefully into the pre-formed slots in the polyacrylamide gel. The 

protein ladder was used later to estimate the size of the proteins of interest. 

Electrophoresis was finally performed by applying 100 V for 10 minutes, followed 

by 160 V for 120 minutes.  
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6% stacking gel    10% resolving gel 

0.68 ml H2O 2.0 ml H2O 

0.17 ml 30% acrylamide mix 1.7 ml 30% acrylamide mix 

0.13 ml 1.0 M Tris (pH 6.8) 1.3 ml 1.0 M Tris (pH 8.8) 

0.01 ml 10% SDS 0.05 ml 10% SDS 

0.01 ml 10% APS 0.05 ml 10% APS 

0.001 ml TEMED 0.002 ml TEMED 

  

loading buffer electrophoresis buffer, pH 8.3 

125 mM Tris, pH 6.8 192 mM glycine  

2% SDS 25 mM Tris  

5% glycerol 0.1% SDS 

0.003% bromphenol blue  

1% mercaptoethanol  

 

2.2.5.3 Western Blot analysis 

2.2.5.3.1 Blotting procedure 

After the electrophoresis the separated proteins were transferred – called blotted- 

on a nitrocellulose membrane for further analysis. In this work either a tank blot 

transfer method or the semi-dry electroblotting method was used.  

For the semi-dry method the gel was put on the membrane, enclosed from both 

sides by a pair of Whatman papers. All components were soaked well with transfer 

buffer before use. For blotting 15 V were applied for 30 min.  
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The tank blot method was mostly used for greater proteins. Therefore, 4 Whatman 

papers, the gel and 2 sponge pads were impregnated in transfer buffer. A PVDF 

membrane was activated in methanol first and then rinsed in transfer buffer. Using 

a special plastic grid of the tank-blot cassette all components were put together as 

follows: 

Sponge pad 

2 Whatman papers 

PVDF membrane 

SDS-gel 

2 Whatman papers 

Sponge pad 

 

The cassette was placed in the tank filled with transfer buffer containing a 

magnetic stirrer. The tank was placed onto a cooling device and a current of 90 V 

was applied for 90 min at 4°C. 

For visual verification of transfer efficacy the membranes were stained with 

Ponceau solution.  

 

Transfer buffer, pH 8.3    Ponceau 

80 ml 10 x blotting buffer  0.02% ponceau 

200 ml methanol 0.3% trichloracetic acid 

1 ml 10% SDS 0.3% sulfosalicilic acid 

ad 1l with aqua deion.  
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2.2.5.3.2 Protein detection 

To block unspecific binding sites the membrane was incubated with 5% filtered 

milk for 3 h at RT on a shaker. Afterwards the primary antibody, diluted in the 

blocking solution, was applied at 4°c overnight on a shaker. 

The next morning the membrane was washed with TBST for 45 min with changing 

the buffer every 15 minutes on a shaker. Thereafter the secondary HRP-linked 

antibody was applied in a dilution of 1:2000 in TBS for 2 h with shaking at RT. 

Again the membrane was washed while shaking for 45 minutes in 3 changes of 

TBST.  

The following steps were carried out in a dark room. 

For detection the membrane was incubated with a Pierce ECL Western Blotting 

Substrate and placed into an X-ray film cassette. An X-ray film was exposed to the 

membrane from a few seconds to several hours, depending on the strength of the 

signal. The film was developed by using a developing machine. 

 

Blocking solution TBST 

5% milk in TBST 0.05% TWEEN in TBS 

 

2.2.5.4 Gel Code Blue Stain Reagent staining 

Gel Code Blue Stain Reagent is a colloid of Brilliant Blue G-250, a blue dye from 

the textile industry, which is now in use to stain proteins in analytic biochemistry. 

Using this form, it is possible to visualize the protein bands in the gel that were 

separated by electrophoresis. First the gel was washed in deionized water for 30 

min and then placed into a container filled with the dye solution. After incubation 

for at least 1 h - the incubation time depended on the strength of the staining- the 

gel was washed in deionized water for 1 h to enhance the staining sensitivity and 

to clear the background. All steps were performed on a shaker at RT. The wet gel 

was then scanned.  
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2.2.6 Affinity purification of antibodies 

For all axperiments in this study the ProSAP1/Shank2 antibdoy was purified 

against the other two family members. A column-based separation system from 

Miltenyi Biotec was used for this purpose.  

COS-7 cells were transfected with pEGFP-Shank1 or pEGFP-ProSAP2/Shank 3. 

The cells were heated up at 95°C and vortexed. A short centrifugation step 

followed. 50 µl of magnetic beads were added to 200 µl of the transfected cell 

lysate containing the corresponding fusion protein, mixed well and incubated for 

30 minutes on ice.  

Meanwhile the columns were rinsed with 200 µl of lysis buffer and PIM.  

The fusion protein coupled to magnetic beads was loaded on the column (one 

column for pEGFP-Shank1a and one for pEGFP-ProSAP2/Shank3). The anti-

ProSAP1 antiserum was then purified by letting it flow subsequently through both 

columns. The purified antibody was stored a 4°C.  

The transfection step was done by our technician Ms Manz.  

 

lysis buffer, pH 8 

150 mM NaCl 

150 mM Tris/HCl 

1% Triton X-100 

 

2.2.7 Statistical analysis 

Statistical analysis was performed with SPSS. After verification of normally 

distributed data with Shapiro-Wilk’s test and homogeneity of variances with 

Levene’s test an unpaired Student’s t-test was calculated. Statistical significance 

was accepted when *p< 0.05, **p< 0.01, ***p< 0.005.   
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3 Results 

3.1 The ProSAP1/Shank2 protein is not expressed in ProSAP1/Shank2 
knock-out animals  

Western Blot analysis verified that indeed knock-out animals don’t show any 

expression of the ProSAP1 protein while displaying normal expression of beta-

actin, which was used as a loading control here (Fig. 7a). In wildtype- brain tissue 

all three splicing variants can be seen (ProSAP1, 1A, 1E). For all experiments 

visual quantification of protein amounts was performed with the Blue Stain 

Reagent method (Fig. 7b). Protein analysis of whole spine homogenates showed 

similar results (Fig. 7e). While the other two family members ProSAP2/Shank3 and 

Shank 1 seem to be expressed normally in both genotypes and appeared to have 

no up- or downregulation in their expression levels (Fig. 7c and d). 

 

 

Fig. 7: Western blot analysis and visual protein quantification.  

a) Western blot of pooled (n=10) whole brain homogenate from wildtype (+/+) and 

ProSAP1/Shank2 knock-out mice (-/-). ProSAP1/Shank2 isoforms are marked by 

arrowheads: ProSAP1/Shank (black), ProSAP1A/Shank2A (grey) and 

ProSAP1E/Shank2E (white).  

b) Visual quantification of protein amounts on a gel stained with Gel Code Blue Stain 

Reagent. For both genotypes equal amounts were loaded. 
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c) Western blot of whole brain homogenate from wildtype (+/+) and ProSAP1 knock-out 

animals (-/-), stained with anti-ProSAP2/Shank3. 

d) Western blot of whole brain homogenate from wildtype (+/+) and ProSAP1 knock-out 

animals (-/-), stained with anti-Shank1a.   

e) Western blot of whole spine homogenates (n=2) from wildtype (+/+) and ProSAP1 

knockout animals  (-/-). Stained with anti-ProSAP1. 

Parts of this figure were published in Schmeisser et al. 2012: Autistic-like behaviours and 

hyperactivity in mice lacking ProSAP1/Shank2. Nature. 2012 Apr 29;486(7402):256-60. 

doi: 10.1038/nature11015. PMID: 22699619. 

 

3.2 No anatomical differences in brain structure  

Histologic staining methods were used to compare the anatomical appearance 

and structure of the brains of wildtype and knock-out animals. In H.E. staining no 

gross anatomical difference was revealed (see Fig. 8).  

 

 

Fig. 8: Hematoxylin-eosin staining.  

Paraffin-embedded sagittal whole-brain slices from +/+ and -/- animals stained with 

hematoxylin-eosine. Coordinates from median plane are given to both sides (lateral 

+0.6mm for +/+ and lateral +0.75mm for -/-). For histological overview some areas are 
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marked:  hippocampus (circle), cortex (*), lateral ventricle (lv) and the cerebellum (C). 

Scale bar 2000 µm. 

 

3.3 Expression pattern of ProSAP1/Shank2 

Immunohistochemistry- stainings showed an expression of ProSAP1/Shank2 in 

the isocortex, striatum, hippocampus and cerebellum as already described 

(Boeckers et al. 1999a) in wildtype mice (Fig. 9a, c, d). While no protein was 

detected in brain slices of ProSAP1/Shank2 knock-out mice showing only 

unspecific background staining in DAB staining (Fig. 9a) and only DAPI-stained 

nuclei in immunofluorescence- staining of hippocampus and cerebellum (Fig. 

9c+d). DAB staining revealed a predominant expression of ProSAP1/Shank2 in 

the area of the dorsal horn in the wildtype animal, while showing only unspecific 

background staining in the knock-out animal. The specific staining of 

ProSAP1/Shank2 was visible in cryosections and sections from paraffin-

embedded brains which were fixated by perfusion with ice-cold methanol, while 

perfusion with Bouin`s fixative showed unspecific staining, making it impossible to 

distinguish between WT and KO.  
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Fig. 9: Immunohistochemistry stainings.  

a) Immunohistochemistry with DAB staining on whole-brain sagittal cryosections from WT 

(+/+) and ProSAP1 KO mice  (-/-) stained against ProSAP1.  Unspecific background 

staining seen in -/-, while darker areas in +/+ indicate the presence of ProSAP1 in cortex 

(*), hippocampus (circle), striatum (S) and cerebellum (C). Scale bar 2000 µm. Small 

insertions showing enlarged hippocampi with cornu ammonis regions CA1, CA2 and CA3.  

Scale bar 500 µm.  

b) Immunohistochemistry with DAB staining against ProSAP1/Shank2 of spinal chord. 

Genotype as indicated. A predominant expression of ProSAP1/Shank2 can be seen in the 

area of the dorsal horn (dh), v= ventral. Scale bar 500 µm. 

c) Representative fluorescence immunohistochemistry staining on sagittally sectioned 

cryo slices of the hippocampus from WT (+/+) and ProSAP1 KO mice (-/-). Images on top 

showing DAPI-stained nuclei (blue) and ProSAP1 (red), while lower images show only 

staining with anti- ProSAP1 antibody. Scale bar 500µm. 

d) Representative fluorescence immunohistochemistry performed on sagittaly sectioned 

cryo-slices of the cerebellum from WT (+/+) and ProSAP1 KO mice (-/-). Upper images 

showing DAPI (blue, nuclei) and anti-ProSAP1 antibody (red), lower images show only 

anti-ProSAP1 staining. Scale bar 500µm.  

Parts of this figure were published in Schmeisser et al. 2012 (additional material): Autistic-

like behaviours and hyperactivity in mice lacking ProSAP1/Shank2. Nature. 2012 Apr 

29;486(7402):256-60. doi: 10.1038/nature11015. PMID: 22699619. 

 

3.4 Slightly less and smaller PSDs on electron microscopic level  

After the absence of ProSAP1/Shank2 in different brain regions was shown by 

protein analysis, further investigational steps were performed in those regions. 

Electron microscopy was performed in hippocampal CA1 region. Here, the number 

of PSDs per 100µm2 was assessed as well as their length and thickness.  

Therefore randomly selected electron microscopy images of the CA1 region from 4 

wildtype and 4 knock-out animals were analyzed. These data are based on 85 

images from wildtype and 90 images from knock-out animals. 

Sites that displayed an active zone and a postsynaptic spine containing an 

electron-dense PSD were analyzed (see Fig. 10b).  
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Fig. 10: Number of postsynaptic densities per 100 µm2 in hippocampal CA1 region. 

a) The number of postsynaptic densities were measured according to 2.2.4 for wildtype 

(+/+) and knock-out (-/-) mice. Mean values are indicated on top of respective bar. 

Standard deviation: 9,71 for +/+ and 11,89 for -/-, n = 85 images from 4 wildtype mice and 

n = 90 images from knock-out mice were analyzed.  

b) Representative electron microscopy images of CA1 synapses from wildtype (+/+) and 

ProSAP1/Shank2 knock-out (-/-) animals.  Synaptic vesicles (arrowheads), PSDs (arrows) 

and dendritic spines (asterisks). Scale bar: 100 nm.  

Figure 10b is according to figure 1B.b in Schmeisser et al. 2012: Autistic-like behaviours 

and hyperactivity in mice lacking ProSAP1/Shank2. Nature. 2012 Apr 29;486(7402):256-

60. doi: 10.1038/nature11015. PMID: 22699619.  

 

Only a slight and not significant reduction of PSD numbers was revealed. (19.29 ± 
9.71 for +/+ and 18.29 ± 11.89 for -/-, p=0.82, Fig. 10a).  There were small 

differences for length (286.57 ± 116.72 for +/+ and 276.24 ± 113.25 for -/-, p= 

0.35) and thickness (66.58 ± 20.90 for +/+ and 63.26 ± 17.49 for -/-, p= 0.07) of 

the PSDs, which did not reach statistical significance (Fig. 11a+c). To visualize 

and detect whether ProSAP1/Shank2 deficient mice have a different distribution of 

the length and/ or thickness of their PSDs, a cumulative frequency plot was 

calculated. Here a small reduction for length and thickness for knock-out animals 

could be seen (Fig. 11b+d). Values are presented as mean ± standard deviation, p 

values derived from unpaired two-tailed student’s t-test. 
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Fig. 11: Electron microscopy analysis of PSD length and thickness.  

a) Mean values with standard deviation of PSD length for wildtype (+/+, 286.57 nm ± 

116.73) and knock-out animals (-/-, 276.24 nm ± 113.25), n= 225 PSDs from 4 wildtype 

mice and 216 PSDs from 4 knock-out mice.   

b) same data as (a), presented as cumulative frequency plot as indicated.  

c) Mean values with standard deviation of PSD thickness for wildtype (+/+, 66.58 nm ± 

20.90) and knock-out animals (-/-, 63.26 nm ± 17.49), n= 225 from 4 wildtype mice and n= 

216 from 4 knock-out mice.  

d) same data as (c), presented as cumulative frequency plot as indicated.  

This figure is according to figure 1B.b in Schmeisser et al. 2012: Autistic-like behaviours 

and hyperactivity in mice lacking ProSAP1/Shank2. Nature. 2012 Apr 29;486(7402):256-

60. doi: 10.1038/nature11015. PMID: 22699619.   
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3.5 In vitro hippocampal neurons show a decrease in synapse number  

In vitro analysis of primary hippocampal neurons of both genotypes at different 

time points showed some significant differences.  

A presynaptic marker (Bassoon, green) and a postsynaptic marker (Homer, red) 

were counted when overlapping or being located side by side at DIV 7, 10, 14 and 

21. Figure 12b shows an exemplary hippocampal neuron stained with both 

antibodies. Figure 12c depicts detailed view of secondary dendrites separately for 

Bassoon, Homer and merged for each genotype at DIV21. ProSAP1/Shank2 

knock-out neurons showed more synapses at DIV7 (0.50 ± 0.09, compared to WT: 

0.42 ± 0.11, p= 0.03) and less at DIV10 (0.43 ± 0.07 compared to WT: 0.53 ± 0.14, 

p=0.004) while no difference was detected at DIV14 (WT 0.61 ± 0.21, KO 0.66 ± 

0.31, p=0.43). However a clear decrease in synapse number of knock-out neurons 

was revealed at DIV 21 (KO 0.92 ± 0.26, WT 1.21 ± 0.31, p= 0.008, Fig.12a). Data 

is presented as mean ± standard deviation, p- values derived from unpaired, two-

tailed t-tests (* p<0.05, **p<0.01). Please note, that the quantification of synapses 

here is not related to area, but to distance, unlike in chapter 3.4 for electron 

microscopy.   

 

Fig. 12: Number of synapses at different time points 

a) Quantification of synapses per 10µm of cultured hippocampal neurons from wildtype 

(+/+) and ProSAP1 knock-out (-/-) animals, studied at DIV 7,10,14 and 21. Data presented 

as mean + standard deviation. N(+/+/-/-) = 17/16 cells  (d7), 26/17cells (d10), 20/30 cells 
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(d14), 16/17 cells (d21). P- values derived from unpaired, two-tailed t-tests (* p<0.05, 

**p<0.01).  

b) Exemplary image of a hippocampal neuron stained with anti-Bassoon (green 

fluorescent) and anti-Homer (red fluorescent), while nuclei of surrounding cells are blue 

(DAPI). Scale bar 20 µm. 

c) Detailed view of a secondary dendrite with colocalization of presynapses (stained with 

anti-Bassoon in green) and postsynapses (stained with anti-Homer in red) from wildtype 

(+/+) and knock-out (-/-) cells. DIV21. Scale bar 1 µm. 

 

3.6 Different distribution of dendritic spine categories  

Golgi- impregnated neurons of striatum and cerebellum showed a different 

distribution of dendritic spines according to categories as described by Harris et al. 

(1992). Examples of Golgi- impregnated spine types are shown in Fig. 13. 

 

 

Fig. 13: Example of Golgi- impregnated spines. 

Exemplary images for cup-shaped or branched spines (left), mushroom-shaped spines 

(center) and thin spines (right). Next to the mushroom-shaped spine on the right side a 

stubby spine is located. Scale bar 1 µm.  

 

3.6.1 More immature spines in medium spiny neurons  

Fig. 14b shows an exemplary image of a medium spiny neuron (MSN) of the 

rostral striatum. A first overview displayed only a small insignificant increase in 

spine number per 10 µm in ProSAP1/Shank2 knock-out mice (25.92 ± 4.18 for WT 

and 28.13 ± 7.75 for KO, p= 0.14, unpaired two-tailed student’s t-test, Fig. 14a).  
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Fig. 14: Number of dendritic spines in the rostral striatum.  

a) Mean values of spines per 10 µm comparing wildtype (+/+) and knock-out (-/-) animals. 

Values are indicated on top of respective bar. Standard deviation 4.18 (+/+), 7.75 (-/-). 

N=36 cells/ 6 mice for each genotype.  

b) Exemplary image of a medium-spiny neuron (MSN) of the rostral striatum. Several 

primary dendrites spread from the perikaryon (asterisk), dividing into secondary dendrites, 

covered with thousands of dendritic spines (red arrows). Scale bar 20 µm. 

 

This was further analyzed by assigning the triple measured spines to different 

types using mathematical formulas. This calculation displayed a different 

distribution for both genotypes. Mushroom-shaped spines were the predominant 

spine type in both genotypes. There was shown a lower value of these mature 

spines for knock-outs (57.6% ± 18.0 in WT and 50.9% ± 20.3 in KO) but this 

difference remained insignificant (p= 0.15). However thin spines, which are 

considered to represent immature spines together with stubby spines, were 

significantly more in knock-out compared to wildtype (25.7% ± 12.1 in WT and 

31.8% ± 13.0 in KO, p= 0.042), while the distribution for stubby (14.9% ± 7.9 in 

WT and 16,0 % ± 9.8 in KO, p= 0.62) and cup-shaped spines (1.8% ± 2.3 in WT, 

1.2% ± 1.3  in KO, p= 0.66) were not different (Fig. 15). Values are presented as 

mean ± standard deviation, p values derived from unpaired two-tailed student’s t-

test (*p<0.05).  
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Fig. 15: Distribution of spines in the rostral striatum. 

Distribution of spine types in rostral striatum for wildtype (+/+) and knock-out animals (-/-). 

Values are presented as mean proportions of total spine counts. Spine types comprise 

cup-shaped spines, mushroom-shaped spines, thin spines and stubby spines. An 

exemplary secondary dendrite is depicted underneath the diagram for each genotype. 

Total number auf spines measured: 5631/6 mice (+/+), 6428/6 mice (-/-). Scale bar 1 µm. 

Unpaired two-tailed student’s t-test (*p<0.05). 
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3.6.2 More mature and less immature spines in cerebellar Purkinje cells  
The same analysis was conducted in cerebellar Purkinje cells (Fig. 16b). Also 

here, a small reduction of spine number per 10 µm was insignificant (p= 0.44, 

unpaired two-tailed student’s t-test).  

 

 
Fig. 16: Number of dendritic spines in cerebellar Purkinje cells.  

a) Mean values of spines per 10 µm comparing wildtype (+/+) and knock-out (-/-) animals. 

Values are indicated on top of respective bar. Standard deviation 5.09 (+/+) and 7.8 (-/-). 

N=36 cells/ 6 mice for each genotype. 

b) Golgi-impregnated exemplary image of the cerebellar cortex, which is divided into 3 

layers: the granular layer, containing granular cells, the Purkinje cell layer, where the 

perikarya of Purkinje cells are located and the molecular layer, containing their impressive 

dendritic tree. Scale bar 100 µm. 

 

The mathematical analysis of spine types however revealed a strongly different 

distribution of spine categories (Fig. 17). Also in this brain area mushroom-shaped 

spines were the predominant spine type with a significantly higher value in knock-

out animals (83.0% ± 7.5 in WT, 88.3% ± 5.1 in KO, p=0.001). Both immature 

spine types were accordingly reduced (thin 11.0% ± 6.4 in WT, 8.2% ± 3.9 in KO, 

p=0.035; stubby 5.7% ± 5.4 in WT, 3.4% ± 3.5 in KO, p=0.033). All three findings 

were statistically significant. Values are indicated as mean ± standard deviation, p 

values derived from unpaired, two-tailed student’s t-test (**p<0.01, *p<0.05).  
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Fig. 17: Distribution of spines in cerebellar Purkinje cells. 

Distribution of spine categories in Purkinje cell layer of the cerebellum for WT (+/+) and 

KO animals (-/-). Values are indicated as mean proportions of total spine counts. Spine 

types comprise cup-shaped spines, mushroom-shaped spines, thin spines and stubby 

spines. An exemplary tertiary distal dendrite is depicted underneath the diagram for each 

genotype. Total number of spines measured: 2360/6 mice (WT), 2376/6 mice (KO). Scale 

bar 1 µm. Unpaired, two-tailed student’s t-test (**p<0.01, *p<0.05). 
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4 Discussion 

4.1 WB and immunohistochemistry findings 

In this work it was shown that wildtype mice express ProSAP1/Shank2 in cerebral 

cortex, hippocampal formation and the molecular layer of the cerebellum and to a 

lesser extent in the basal ganglia. This is in accordance with former findings in rat 

brain (Boeckers et al. 1999a, Boeckers et al. 1999b). In ProSAP1/Shank2 knock-

out mice lack of the protein expression was shown by WB analysis and 

immunohistochemistry. Together these findings were the basic requirement to 

perform all subsequent investigations.  

Additionally the expression of ProSAP1/Shank2 was shown in the dorsal horn of 

the spinal chord, which could not be shown before. Also the WB analysis of whole 

spinal chord homogenates showed detection of ProSAP1/Shank2 protein in 

wildtype, whereas no protein was detected in knock-out homogenates.  

Further, WB analysis of whole brain homogenates showed that the expression of 

the other two family members ProSAP2/Shank3 and ProSAP3/Shank1 seemed 

not to be altered. This was disproved later by further analysis, showing an 

upregulation of ProSAP2/Shank3 expression level at P70 for the striatum and a 

downregulation of ProSAP3/Shank1 at P25 for the hippocampus (Schmeisser et 

al. 2012). The results were shown however in crude synaptosomal fractions of 

hippocampus, striatum and cerebral cortex separately, as it could not be detected 

in whole brain homogenates. Therefore, the results found in this study are not 

contradictory to above mentioned findings and the investigation was not designed 

to prove alterations in expression levels of ProSAP2/Shank3 and 

ProSAP3/Shank1, but only to give an overview, showing no substantial differences 

comparing WT and KO.  

 

4.2 Hippocampal differences  

4.2.1 Unstable synapses in vitro  

Cell culture analysis of primary hippocampal neurons revealed a decrease in 

synapse number at DIV 10 and 21, starting from an increased number at DIV 7. 
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ProSAP1/Shank2 deficient hippocampal neurons show a normal and functional 

synaptogenesis at DIV7 loosing them subsequently until DIV21. This implies 

unstable synapses of ProSAP1/Shank2 hippocampal knock-out neurons in vitro. 

The findings are consistent with results from a study, where knock-down of 

endogenous ProSAP1/Shank2 in primary hippocampal neurons from rat brain 

showed decrease in synaptic contacts along with more thin, immature filopodia-

like spines (Berkel et al. 2012).  

An increase of spines in cell culture was shown for ProSAP2/Shank3 after 

overexpression of the Shank-WT protein and inversely a reduction of spines after 

transfection with a truncated ProSAP2/Shank3 protein (Durand et al. 2012). A 

positive effect on the diameter of spine heads and their length was also visible 

after overexpression (Durand et al. 2012). According to that, another group 

(Roussignol et al. 2005) showed a reduced spine density after knock-down of 

ProSAP2/Shank3 in vitro, and inversely a formation of functional dendritic spines 

in aspiny neurons after transfection of ProSAP2/Shank3. Similar results were 

published for ProSAP3/Shank1: cultured hippocampal neurons transfected with 

WT ProSAP3/Shank1 showed an increase in spine head diameter but a decrease 

in spine length and in contrast a reduction of spine size and spine density when 

overexpressed with dominant negative ProSAP3/Shank1 mutants (Sala et al. 

2001). 

Taken together, a decreased number of synapses in mature primary hippocampal 

neurons in vitro was shown in the present study, while immature neurons in vitro 

displayed an increased number of synapses. The decrease in synapse number 

compared to wildtype is comparable to other studies investigating the effects of 

other mutant ProSAP/Shank proteins (Durand et al. 2012, Roussignol et al. 2005, 

Sala et al. 2001) and is consistent with a knock-down experiment for 

ProSAP1/Shank2 (Berkel et al. 2012). However an increased synaptic 

fragility/unstability for ProSAP1/Shank2 deficient cells in vitro during development 

was not investigated before, although it has been shown before that 

ProSAP1/Shank2 takes part in early synaptogenesis (Bockers et al. 2004, 

Boeckers et al. 1999a, Lim et al. 1999). The findings in the present study show 

that ProSAP1/Shank2 is not required for synapse formation in vitro, but may play a 

critical role in stabilization of synapses, which is in accordance with published 

findings.  



 57 

4.2.2 Alterations in vivo 

EM analysis of this study showed no significant decrease in PSD number and only 

slight decrease in PSD length and thickness, which did not reach statistical 

significance.  These results were already published in 2012 (Schmeisser et al. 

2012). However a left shift of both length and thickness was visible showing 

shorter and thinner PSDs. With Golgi analysis a decreased number of dendritic 

spines was shown for the hippocampal CA1 region in ProSAP1/Shank2(Δex7) 

knock-out mice (Schmeisser et al. 2012). The difference to WT was small, but 

significant. However such findings were not detected in the 

ProSAP1/Shank2(Δex6-7) mutant line (Won et al. 2012). Pappas et al. showed a 

reduced dark part of the PSD in electron microscopy for the 

ProSAP1/Shank2(Δex24) mutant line in CA1 (Pappas et al. 2017).  

In ProSAP3/Shank1 mutant mice a decreased spine density together with 

decreased measures for spine head diameter and spine length was detected in 

vivo (Hung et al. 2008). The EM analysis showed a decreased PSD thickness and 

length, whereas the analysis for length did not reach significance either (Hung et 

al. 2008). 

ProSAP2/Shank3 mutants displayed a decreased spine density and longer 

dendritic spines in hippocampal CA1 region, but no change in length or thickness 

of PSD (Wang et al. 2011), while two other PrSAP2/Shank3 mutant mouse models 

showed no difference for spine density and ultrastructural measures (Kouser et al. 

2013, Schmeisser et al. 2012). Wang et al. (2016) published no alteration in 

hippocampal spine density in the CA1 region for a complete ProSAP2/Shank3 

knock-out mouse model.  

Taken together, in hippocampus ProSAP3/Shank1 mutants display fewer, smaller 

and shorter spines, while the ultrastructure is correlating, but does not always 

reach significance. ProSAP2/Shank3 mutants show alterations in one study, which 

were not found in three other studies (Kouser et al. 2013, Schmeisser et al. 2012, 

Wang et al. 2016, Wang et al. 2011). Also for ProSAP1/Shank2 the findings are 

inconsistent: less spines detected in one study, reduced dark part in another, no 

difference in the third.  

The ultrastructural findings of the present study are supporting a loss of spines 

and also a decrease of PSD length and thickness. Without a strong difference 
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and/or statistical significance however it remains to be solved in detail. I therefore 

propose an analysis of all hippocampal regions separately both for spine number 

and PSD measurements. For Hutsler & Zhang stated, that the layer and even the 

dendrite type has a significant effect and can alter the result, as it was shown in 

human brain tissue of ASD patients, where interestingly an increase of spine 

density in some cortical layers was shown (Hutsler and Zhang 2010).  

 

4.3 Differences in the striatum 

Golgi analysis of the striatum revealed no alterations in spine number, however 

spine type composition showed more immature spines. In these mutant mice 

hyperactivity and extended self-grooming were found (Schmeisser et al. 2012).  

An increase of NMDA- and AMPA-receptors accompanied these findings 

indicating an altered, and maybe compensating, function of the striatum 

(Schmeisser et al. 2012). 

In another study, no alterations for PSD length and thickness could be detected in 

electron microscopic investigations for ProSAP1/Shank2(Δex24) mutants (Pappas 

et al. 2017).  

For the other family member, ProSAP2/Shank3, a decreased spine density in 

medium spiny neurons was shown for a ProSAP2/Shank3 mutant mouse model 

(Peca et al. 2011) without differences for spine length, head and neck diameter. 

The ultrastructural analysis in the striatum revealed a decrease in length and 

thickness of the PSD and the group declared a striatal hypertrophy. Additionally 

repetitive self-grooming and social interaction deficits were reported.  Striatal 

investigations in another ProSAP2/Shank3 knock-out mouse model showed also 

decreased spine density and PSD length and thickness, together with repetitive 

self-grooming, aberrant social behaviour, anxiety-like behaviour and, interestingly, 

hypoactivity (Wang et al. 2016). 

Repetitive/compulsive-like behaviour was previously associated with cortico-

striatal-thalamo-cortical circuitry dysfunction for other mouse models (Burguiere et 

al. 2015, Shmelkov et al. 2010, Welch et al. 2007) and for ProSAP2/Shank3 

mutant mice (Peca et al. 2011, Zhou et al. 2016). 
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It is important to repeat here, that ProSAP/Shank proteins are distributed 

differently throughout the brain, particularly in the cerebellum and the striatum 

(Bockers et al. 2004, Lim et al. 1999, Peca et al. 2011, Wang et al. 2016). In the 

striatum ProSAP1/Shank2 and ProSAP3/Shank1 show less expression than 

ProSAP2/Shank3, which could be the reason for stronger differences revealed in 

above-mentioned studies.  

Summerized, in striatum, ProSAP1/Shank2(Δex7) deficient mice show no 

decrease in spine density, but significantly more thin spines, 

ProSAP1/Shank2(Δex24) mutants show no alterations in ultrastructure, while 

mutations in ProSAP2/Shank3 display a stronger phenotype including less, 

smaller and shorter spines and decreased PSD length and thickness (Peca et al. 

2011, Wang et al. 2016).  

 

4.4 Differences in the cerebellum 

The slightly and insignificantly decreased spine number in the cerebellum found in 

the present study is in accordance to a study with similar insignificant decrease, 

found in the same ProSAP1/Shank2(Δex7) mutant line (Peter et al. 2016). Also, 

Peter et al. found that spine length and width was not altered, along with a normal 

ultrastructure (Peter et al. 2016).  

In contrast, this present study showed a strongly altered composition of spine 

types in favor of mature spines, which suits to the hyperactivity found in our 

mutants (Schmeisser et al. 2012). In all three studies the same 

ProSAP1/Shank2(Δex7) mutant line was used (Schmeisser et al. 2012, Peter et al. 

2016). The lack of consistency could be explained by the sex of the mice involved 

in the experiments. While mice from both sexes were used in Peter et al., in the 

present study only male mice were analyzed. Since the behavioural phenotype 

differed between male and female mice (Schmeisser et al. 2012), it is very 

possible that also molecular and morphological changes can be different. 

Differences in spine density between both sexes were described previously in rats 

(Mong et al. 2001, Shors et al. 2001, Woolley and McEwen 1992, Yankova et al. 

2001). Also in humans six family members with the same inherited mutation in 

ProSAP3/ Shank1, were found to behave differently depending on their sex (Sato 

et al. 2012). Until now there is however no study comparing male and female 
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ProSAP1/Shank2 knock-out mice separately to male and female wildtype mice 

concerning their morphological differences. Interestingly, in the above mentioned 

study (Peter et al.) mice carrying a Purkinje cell- specific mutation of 

ProSAP1/Shank2  (ProSAP1/Shank2(Δex7-L7-Cre) did not display hyperactivity, 

which was previously described for global ProSAP1/Shank2(Δex7) knock-out mice 

(Schmeisser et al. 2012), but showed impaired motor learning. What is even more 

interesting, is the finding, that those mice still displayed abnormal social and 

repetitive behaviour (Peter et al. 2016).  

Another study, however, showed a markedly reduced density of PSDs in the 

cerebellum of global ProSAP1/Shank2(Δex6-7) KO mice, whereas PSD length and 

thickness were unaltered (Ha et al. 2016). They also reported mismatched 

alignment of the active zone and the postsynaptic density and an increase of free 

spines along with impaired motor coordination. They compared these results to 

mice with a restricted ProSAP1/Shank2 deletion in cerebellar Purkinje cells 

(ProSAP1/Shank2(Δex6-7-Pcp2-Cre). Those animals displayed impaired motor 

coordination similar to global ProSAP1/Shank2(Δex6-7) KO mice, but showed no 

autistic-like behaviours, unlike the ProSAP1/Shank2(Δex7-L7-Cre) mutant animals 

with Purkinje-cell specific deletion (Peter et al. 2016). Interestingly, repetitive and 

anxiety-like behaviours detected in ProSAP1/Shank2(Δex6-7-Pcp2-Cre) mutant 

mice from Ha’s study (2016) were different from the repetitive and anxiety-like 

behaviours displayed by global ProSAP1/Shank2(Δex6-7) mutant mice (Won et al. 

2012).  

Another group generated a Purkinje-cell specific ProSAP1/Shank2 knock-out 

mouse line with a deletion of exon 24 (Pappas et al. 2017). Those 

ProSAP1/Shank2(Δex24-Pcp2-Cre) mice displayed impaired motor coordination, 

like global ProSAP1/Shank2(Δex24) deficient mice. No hyperacticity however was 

detected in the cerebellar deletion, whereas the global deletion showed increased 

locomotor activity (Pappas et al. 2017).   

Impaired motor learning was a consistent finding for all three conditional Purkinje-

cell specific mutant lines. Other distinct findings indicate for the interplay of more 

than one brain region in autistic-like behaviours and makes the search for specific 

functions of ProSAP1/Shank2 in distinct areas of the brain more complex. 
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However, cerebellar ProSAP1/Shank2 is crucial for motor learning and 

coordination and has an impact on social, repetitive and anxiety-like behaviour.  

Interestingly, the differences between global and Purkinje cell-specific deletion of 

ProSAP1/Shank2 were not the same in above-mentioned studies.  

 

4.5 ProSAP1/Shank2 seems to play different roles in different brain regions 

The exact role of dendritic spines still is not clear, and a multitude of studies 

contribute to a very complex picture. Several studies on LTP and LTD (long-term 

depression) showed no change in spine number but a change in the distribution of 

spine categories, also alterations in density were reported (Bastrikova et al. 2008, 

Geinisman 2000, Medvedev et al. 2010). Following LTP, an increase in 

mushroom-shaped spines was observed, whereas following LTD the number of 

thin spines increased (Medvedev et al. 2010). Mushroom-shaped spines are 

considered to be persistent (“memory”) and increase in number with age, whereas 

thin spines are believed to be transient (“learning”) and thus more plastic (Bourne 

and Harris 2008, Holtmaat et al. 2005, Segal 2010, Trachtenberg et al. 2002, 

Yuste and Bonhoeffer 2004). Mushroom-shaped spines are also believed to have 

a protecting function on their parent neuron by building microdepartments with 

caged glutamate and restricted access to glutamate receptors (for review see 

Segal 2010).  

Other studies showed changed spine density in different brain areas and different 

species following visual deprivation/ stimulation, enriched environment, 

hibernation, sex and oestrus cycle (Comery et al. 1995, Globus and Scheibel 

1967, Mong et al. 2001, Moser et al. 1997, Parnavelas et al. 1973, Popov and 

Bocharova 1992, Popov et al. 1992, Rampon et al. 2000, Shors et al. 2001, 

Woolley and McEwen 1992, Yankova et al. 2001). Weaver and Reeler mutant 

mice add an important and very interesting detail to our knowledge about spines: 

although lacking a presynaptic partner, they display normal spine density and 

morphology (Landis and Reese 1977, Mariani et al. 1977, Rakic and Sidman 

1973, Sotelo 1975). Even “naked” spines have been described in rat hippocampus 

(Wenzel et al. 1994). Together these findings indicate a very complex influence on 

dendritic spine number and morphology. 
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Translated to the findings in the present study it could mean that ProSAP1/Shank2 

alters the balance between stabilization of spines and spine plasticity differently in 

different brain regions. In striatum it could be required for spine stabilization and 

enlargement, since it’s absence induces less mushroom-shaped and more thin 

spines. This function is presumably performed together with Homer and Cortactin, 

both binding partners of ProSAPs/Shanks, as shown for ProSAP2/Shank3 and in a 

knock-down experiment (MacGillavry et al. 2016, Sala et al. 2001). In the 

cerebellum however ProSAP1/Shank2 seems to play a role in spine plasticity, for 

it’s absence causes a shift to more mature, stable spines. The assumption that 

ProSAP1/Shank2 plays different roles depending on the brain area, correlates with 

differently altered expression levels for NMDA and AMPA receptors analyzed in 

cortex, hippocampus, striatum and cerebellum in ProSAP1/Shank2 knock-out mice 

compared to wildtype (Peter et al. 2016, Schmeisser et al. 2012).  

 

4.6 Cell-type specific deletion of ProSAP1/Shank2 leads to different 
phenotypes 

Recently, Kim et al. could show that even cell-type specific deletion of 

ProSAP1/Shank2 leads to different phenotypes. They designed mutants with a 

deletion of ProSAP1/Shank2 in excitatory neurons that showed social interactions 

deficits, mild hyperactivity and anxiety-like behaviour and other mutants with a 

deletion in inhibitory neurons showing social communication deficits, self-grooming 

and mild hyperactivity in a novel environment (Kim et al. 2018).  Also Lee et al. 

showed that a deletion of ProSAP1/Shank2 in Parvalbumin positive interneurons, 

a subtype of GABAergic interneurons, leads to a reduction of the hyperactivity 

displayed by global ProSAP1/Shank2(Δex6-7) mutant mice while showing only a 

novelty-induced enhanced self-grooming compared to wildtype (Lee et al. 2018). 

In contrast, global ProSAP1/Shank2(Δex7) and ProSAP1/Shank2(Δex6-7) mutants 

showed enhanced self-grooming without the exposure to a novel environment 

(Schmeisser et al. 2012, Won et al. 2012). These results implicate a complex 

regulation of behaviour by different cell-types and needs to be disentangled by 

further studies. It shows however that the absence of ProSAP1/Shank2 in only 

inhibitory or only excitatory neurons may lead to other phenotypes than the 
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absence in both cell types. Thus, mutations in ProSAP1/Shank2 seem to have 

additive or compensatory effects on different kinds of behaviour.  

 

4.7 Distinct phenotypes in different ProSAP1/Shank2 knock-out lines  

Although all three ProSAP1/Shank2 mutant lines have very similar mutations, a 

similar genetic background (C57Bl/6N and C57Bl/6J) and western blots and/or 

immunohistology revealed no residual expression of the ProSAP1/Shank2 protein, 

distinct phenotypes were observed (Pappas et al. 2017, Schmeisser et al. 2012, 

Won et al. 2012). One could imagine, that the absence of the same protein will 

produce the same phenotypes, but there seems to be no clearly definable 

ProSAP1/Shank2 –deficiency phenotype. Reduced body weight was found in 

ProSAP1/Shank2(Δex7), but not in ProSAP1/Shank2(Δex6-7) and 

ProSAP1/Shank2(Δex24). Also, opposite results were found for NMDA/AMPA 

ratio: increased ratio in ProSAP1/Shank2(Δex7) and reduced for 

ProSAP1/Shank2(Δex6-7) and ProSAP1/Shank2(Δex24). Basal synaptic 

transmission and mEPSC was not altered in ProSAP1/Shank2(Δex6-7), whereas 

synaptic transmission and mEPSC amplitude, but not mEPSC frequency were 

decreased in  ProSAP1/Shank2(Δex7). Different morphological changes in the 

CA1 region were already discussed in chapter 4.2.2 (reduced spine density in 

ProSAP1/Shank2(Δex7), reduced dark part of PSDs in ProSAP1/Shank2(Δex24)  

and no alterations for ProSAP1/Shank2(Δex6-7). Also, behavioural results were 

different showing enhanced jumping and self grooming for 

ProSAP1/Shank2(Δex6-7)  and ProSAP1/Shank2(Δex7), but reduced self 

grooming and increased locomotor activity for ProSAP1/Shank2(Δex24).  Social 

interactions were reduced in ProSAP1/Shank2(Δex6-7) and 

ProSAP1/Shank2(Δex7) mutants, while ProSAP1/Shank2(Δex24) animals 

displayed a different abnormal social behaviour (Pappas et al. 2017). Additionally, 

ProSAP1/Shank2(Δex24)  mutants showed hyperactivity, cognitive disabilities, 

abnormalities in coordination and balance, a bipolar-associated mania-like 

behaviour with anhedonia-like behaviour and perturbed circadian rhythms, which 

was new for ProSAP1/Shank2 deficiency. Treatment with valproic acid or lithium 

could normalize hyperactivity and circadian rhythms, unfortunately the group did 

not report whether the treatment had impact on other behaviours (Pappas et al. 
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2017). Impaired spatial learning in the Morris water maze was a consistent finding 

for all three conventional ProSAP1/Shank2 knock-out lines. Conditional knockout 

lines were described in chapter 4.4 and 4.5 and added again different behavioural 

and anatomical results to the colorful behavioural picture.  

A direct comparison of mutants with a ProSAP1/Shank2(Δex6-7) or a 

ProSAP1/Shank2(Δex7) deletion in a mixed C57Bl/6N/C57Bl/6J background was 

conducted in 2017 and confirmed distinct phenotypes (Lim et al. 2017), thus 

linking different results to slightly different mutations and not to slightly different 

backgrounds. They also found decreased mRNA levels for Gabra2, which 

encodes the a2 subunit for type A γ-aminobutyric acid (GABAA) receptor in 

ProSAP1/Shank2(Δex6-7) mutants, but not in ProSAP1/Shank2(Δex7). Treatment 

with L838,417, an allosteric modulator of the receptor, could restore reduced 

GABA receptor- mediated inhibitory neurotransmission and observed learning and 

memory deficits, but not social interaction deficits. Treatment with L838,417 

showed no effect on the behavioural phenotype of ProSAP1/Shank2(Δex7). Social 

interactions deficits however could be restored in ProSAP1/Shank2(Δex6-7) mice 

by increasing NMDAR responses via D-cycloserine, a partial agonist of NMDAR or 

3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl benzamid (CDPPB), which is an allosteric 

activator of mGluR5 and enhances NMDAR function (Won 2012). No recovery of 

hyperactivity and anxiety-like behaviour was detected however. For the same 

mutant line, activation of NMDAR function was performed by treatment with 

clioquinol, a Zn2+ chelator elevating the postsynaptic Zn2+ concentration, which 

activates NMDAR indirectly through postsynaptic activation of the tyrosine kinase 

Src (Manzerra et al. 2001). As expected, the NMDAR enhancement restored 

social interaction deficits, but did not change anxiety-like behaviour, hyperactivity 

and repetitive behaviour (Lee et al. 2015).  

Summarized, impaired spatial learning and altered social behaviour were 

consistent findings through all three conventional ProSAP1/Shank2 mutant lines. 

Decreased NMDAR function seems to underlie social interactions deficits, 

whereas reduced inhibitory neurotransmission seem to cause learning and 

memory deficits. Both could be restored by potentiating the respective receptor 

function. Autistic-like repetitive behaviour and hyperactivity were not altered by 

treatments including enhancement of glutamatergic or inhibitory transmission. 

Mood stabilizers like valproic acid and lithium could however restore normal 
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activity in a hyperactive stage and perturbed circadian rhythms in 

ProSAP1/Shank2(Δex24) mutants.  

 

4.8 Possible explanations for divergent phenotypes in humans and mouse 
models 

In humans, mutations of ProSAP1/Shank2 are associated with a wide range of 

neuropsychiatric disorders. ASD, ID, SCZ and bipolar disorder have been reported 

(Berkel et al. 2010, Leblond et al. 2012, Pappas et al. 2017), while the same 

mutation can contribute to distinct disorders. Two mutations (SHANK2(K535R) 

and SHANK2567S) were each identified in one patient with ID and in one with 

ASD, that were not related with each other (Berkel et al. 2010, Peykov et al. 2015).  

Further may ProSAP1/Shank2 mutations that were shown to be associated with 

one specific neuropsychiatric disorder, show different subtypes. In a study with 

489 patients diagnosed with SCZ and 659 healthy controls a repeatedly detected 

point mutation (SHANK2(A1731S) was found in 4 unrelated patients with different 

clinical characteristics of SCZ (Peykov et al. 2015). Even related patients display 

different clinical features: seven brothers were found to carry the same point 

mutation while five of them were diagnosed with SCZ, one with a schizotypical 

personality and one was schizoaffective (Peykov et al. 2015). Interestingly, the 

mother, who was healthy, transmitted the mutation to her sons. Other families 

were identified with inherited mutations in SCZ- or ASD-diagnosed patients without 

a clinical phenotype in their parents (Berkel et al. 2012, Peykov et al. 2015). 

Besides, a DNA hypermethylation within the ProSAP1/Shank2 gene was found in 

a patient with ID (Kolarova et al. 2015).  

Althogether, these findings show that in humans, 1) ProSAP1/Shank2 mutations 

are highly variable and their contribution to a specific neuropsychiatric disorder still 

remains to be unpredictable, 2) the severity of symptoms found in patients covers 

a wide range within the same disorder, 3) other genes may contribute to the 

expression and severity as seen in differently affected relatives, 4) epigenetic 

factors may contribute to phenotypical expression and 4) female carriers seem to 

be somehow protected.   
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Some of the factors can be excluded to some extent in mouse models, such as the 

contribution of other genes and environmental factors as inbreed mice share the 

same genetic background and are kept under the same or very similar 

circumstances. Still, the gender difference was implied and remains to be 

investigated in detail.  

Distinct phenotypes in mouse models therefore are most likely to be ascribed to 

different mutations. Different mutations can lead to differently truncated protein 

products or mRNA remnants accumulating within the soma or even within the 

postsynapse and consequently alter protein-protein interactions and even the 

postsynaptic protein- scaffold.  

A very interesting study was conducted in 2012 by Berkel et al., combining 

ProSAP1/Shank2 mutations found in human patients with primary hippocampal 

neurons from rat brain by transfection. Three mutations were investigated: two 

inherited (SHANK2A(L1008_P1009dup) and SHANK2A(T1127M)) and one de 

novo mutation (SHANK2A(R462X). SHANK2A(L1008_P1009dup) is a duplication 

mutation in the proline-rich region close to the Homer- binding motif, 

SHANK2A(T1127M) is a missense mutation that also resides in the proline-rich 

region in the Dynamin 2- binding site and (SHANK2A(R462X) leads to a stop in 

the middle of the proline-rich region, thus losing the bindings sites for Homer, 

Cortactin, Dynamin 2 and the SAM domain in the truncated protein. Therefore it is 

not surprising, that SHANK2A(R462X) showed most profound alterations. After 

knock-down of endogenous ProSAP1/Shank2, primary hippocampal neurons were 

overexpressed with the three different variants after showing reduced spine size 

and increased dendritic arborization in the absence of the protein. While 

duplication and T1127M variants localized to dendritic spines, R462X accumulated 

allover the cell soma. In a rescue experiment, overexpressed human SHANK2A-

WT and L1008_P1009dup could restore the arborization and spine phenotype. 

Overexpressed T1127M however was able to rescue only the dendritic arbor 

phenotype, while overexpressed R462X was not able to restore either increased 

branching nor spine size (Berkel et al. 2012).  

Differences of the mutations in the three conditional knock-out lines of 

ProSAP1/Shank2 deficient mice could be explained similarly: 

ProSAP1/Shank2(Δex24) mutants with a disruption in the proline-rich region 
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showed a phenotype, which is different from the other two mutant lines. They 

consequently lack only two domains: the proline-rich region and thus the Homer 

and the cortactin binding motifs and the SAM domain. The resulting truncated 

protein is much shorter than the normal protein would be, but longer than the 

truncated proteins resulting from the ProSAP1/Shank2(Δex6-7) line and the 

ProSAP1/Shank2(Δex7) line. Those lack the PDZ domain with PSD-95 and the 

NMDAR and AMPAR as binding partners, the proline-rich region with Homer and 

mGluR and cortactin as interactions partners and the SAM domain with the loss of 

self-oligomerization. Yet the truncated protein from the ProSAP1/Shank2(Δex6-7) 

mutants should be somewhat shorter than those of the ProSAP1/Shank2(Δex7).  

To illustrate the complicated postsynaptical protein- relationships I would like to 

take a hypothetical microscopic view at what might be happening in the 

postsynapse in WT versus ProSAP1/Shank2 KO animals.  In the normal wildtype 

PSD the ProSAP1/Shank2 protein multimerizes via SAM, connects to the actin 

cytoskeleton via ankyrin repeats and proline-rich region. AMPA and NMDA 

receptors bind to GKAP/SAPAP/PSD95 and are indirectly connected to the PDZ, 

whereas the mGluR binds through Homer to the proline-rich region of the same or 

a neighboring ProSAP1/Shank2 protein or even a ProSAP2/Shank3 or 

ProSAP3/Shank1 protein. The dense scaffold is complete. Some alternatively 

spliced and thus shorter ProSAP1/Shank2 proteins are part of the scaffold and 

may contribute to specific local requirements, like higher concentration of specific 

binding partners in one area.  

On the other hand the postsynapse with truncated ProSAP1/Shank2 proteins may 

look very differently, but still is functioning. Since the various induced mutations 

were claimed to disrupt all isoforms, no full-length ProSAP1/Shank2 protein is 

available in this postsynapse. This could imply unstable scaffolds, especially 

during development, where ProSAP1/Shank2 was reported to be one of the first 

components recruited to the postsynapse and required for synaptogenesis 

(Bockers et al. 2004). This is in line with the findings of this study, stating unstable 

synapses in vitro (chapter 3.5). The SAM domain, required for multimerization, is 

abolished in all three mutant lines. So the mutlimerization of the scaffold proteins 

has to be performed through ProSAP2/Shank3 and ProSAP3/Shank1.  Also the 

proline-rich region does not exist in the truncated ProSAP1/Shank2 proteins of all 

three mutant lines. Homer and mGluR therefore are not binding partners of 
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ProSAP1/Shank2 in a postsynapse of mutant animals. Also the cortactin-binding 

motif resides in the proline-rich region. Truncated ProSAP1/Shank2 proteins are 

not attached to the actin-based cytoskeleton via cortactin. Alternative translation 

sites (e.g. promoter 2 or 3), may produce proteins without ankyrin repeats and 

direct attachement to the cytoskeleton. These proteins could accumulate in the 

postsynapse but also floating into the cytosol, since they lack the dendritic 

targeting element (Bockers et al. 2004). This accumulation in turn could hamper 

transportation and signaling mechanisms. Additionally, mRNA remnants may also 

accumulate within the postsynapse.  

Truncated proteins of the ProSAP1/Shank2(Δex24) mutants however still harbor a 

PDZ domain and may bind to SAPAP/GKAP and the ionotropic glutamate 

receptors, whereas proteins of the ProSAP1/Shank2(Δex6-7) and 

ProSAP1/Shank2(Δex7) do not. This could explain partly the different phenotype 

of ProSAP1/Shank2(Δex24) mutants. Another explanation could be the different 

expression of ProSAP/Shank proteins throughout the brain and therefore different 

compensation mechanisms of other proteins in the absence of fully-functioning 

ProSAP1/Shank2 proteins.  

Proteins resulting from the genetic ProSAP1/Shank2(Δex6-7) and 

ProSAP1/Shank2(Δex7) mutations have only an SH3 domain with or without 

ankyrin repeats, depending on the used promoter, while ProSAP1/Shank2(Δex7) 

mutants still have proteins containing one more exon than ProSAP1/Shank2(Δex6-

7). Even a protein with only one translated exon (16 of the full-length form) could 

be translated in ProSAP1/Shank2(Δex7).  If we now consider, that individual 

synapses may use different promoters and alternative splicing to respond 

appropriately to stimuli and that regulations of these responding mechanisms are 

not strictly directed, but have a latitude in different brain areas, we may 

understand, why ProSAP1/Shank2 mutants display different phenotypes despite 

their genetic similarities and why some changes do not reach statistical 

significance.  

 

4.9 Conclusion and outlook 

This study showed several results, that contributed to the characterization of the 

ProSAP1/Shank2 deficient mouse model. First, it was shown that the full length 



 69 

protein is not expressed in deficient mice by Western blot and 

immunohistochemistry, while the already described expression pattern of 

ProSAP1/Shank2 was confirmed in WT. The expression of ProSAP1/Shank2 in 

the dorsal horn of the spinal chord was added to the knowledge. Further no 

substantial difference in brain structure between WT and KO was detected in 

conventional histological techniques. Using hippocampal cell culture a synapse 

stabilizing effect of the ProSAP1/Shank2 protein could be detected, showing a 

decrease of synapse numbers in vitro for KO neurons over development. In adult 

KO mice a slight decrease of the number, the length and the width of hippocampal 

CA1 PSDs were found by electron microscopy. A similar, but more profound effect 

was shown for Golgi- stained striatal medium spiny neurons, which displayed more 

immature spines in KO animals. Interestingly an inverse effect was visible for 

Purkinje cells with the same technique.  

However the interpretation of findings related to ProSAP/Shank proteins is 

hampered by several layers of complexity including three different family members 

displaying several splicing variants with different expression patterns in the brain 

and presumably complex compensation patterns of other proteins. Different 

alterations depending on gender and likely oestrus cycle can make it very difficult 

to investigate different roles in different brain regions and cell types with complex 

compensation mechanisms at the level of protein interactions and neuronal 

circuits. Also, different mutations of ProSAP1/Shank2 genes contribute to altered 

findings of the different research groups investigating these proteins. Cell-specific 

restrictions of ProSAP1/Shank2 mutations however have the potential of 

disentangling specific functions in different brain regions.  

International collaborations and comparable experiments already began and will 

surely help to disentangle dissimilarities and light up the function of ProSAP/Shank 

proteins in synaptogenesis/spinogenesis and it’s contribution to synaptopathies in 

humans in detail. It would be interesting and important to know, how the use of 

different promoters and alternative splicing is regulated and if this is changed in 

mutants. A visualization of truncated proteins in all mutant lines would help to 

validate the hypothesis of accumulation. Futhermore, a comparison of 

accumulated remnants in special areas and different cell types may help to clarify 

not only ProSAP1/Shank2 brain-specific functions, but also different phenotypes in 

humans.  
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5. Summary 

Proline-rich synapse- associated (ProSAP)/ SH3 and ankyrin repeats containing 

(Shank) proteins are located in deeper parts of the post-synaptic density in 

excitatory neurons, where they act as master-scaffolding molecules. The protein 

family consists of three members: ProSAP1/Shank2, ProSAP2/Shank3 and 

ProSAP3/Shank1, which are differently distributed throughout the brain. Mutations 

within these proteins have been associated with neurodevelopmental and 

neuropsychiatric disorders in human patients, including autism-spectrum 

disorders, intellectual disability, schizophrenia and bipolar disorder. These 

mutations include missense, duplications and stop mutations, while they can occur 

as de novo or inherited mutations.  The phenotypical presentation covers a wide 

range of intensities within the same disease and the same family of patients.  

To gain insight into the pathophysiology of these conditions, several knock-out 

mouse lines were generated throughout the world. The first of these mutant lines 

is presented here, called ProSAP1/Shank2(Δex7) which was shown to present 

autism-like behaviour and hyperactivity. As pictured in this work, mice with global 

mutation of ProSAP1/Shank2 show no difference in brain anatomy, but display 

unstable synapses in vitro as shown in primary hippocampal cell culture during 

development and slightly less and smaller postsynaptic densities in the CA1 region 

(cornu ammonis 1) of mutant animals as assessed by electron microscopy 

techniques. Golgi staining revealed more immature dendritic spines in the 

striatum, whereas more mature spines in the cerebellum of mutant animals could 

be detected, which indicates a cell-type specific function of the protein.   

Interestingly, the different ProSAP1/Shank2 mutant lines display different 

phenotypes, resembling the wide range of symptoms and severity seen in human 

patients. Possible explanations include gender differences, contribution of other 

genes and differently truncated proteins, possibly changing the post-synaptic 

assembly of proteins.   

To identify and to understand the changes in anatomical, physiological and 

behavioural regards in animal models will enlighten the understanding and 

treatment of neuropsychiatric diseases in humans. This work contributed 

considerably to the characterization of the ProSAP1/Shank2(Δex7) knock-out 

animals.  
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