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1 Introduction 

1.1 Synaptopathy in neuropsychiatric disorders 

Neurons in animals establish and maintain their connectivity via synapses, consisting of a 

presynaptic terminal and a postsynaptic side formed by the receiving cell. Upon neuronal 

activation, excitatory glutamatergic neurons release neurotransmitter, and in some cases 

several types of neuromodulators, in the synaptic cleft (Andersen and Lømo, 1966). In order 

to convert the neurotransmitter release into synaptic signaling, a neurotransmitter has to bind 

with certain receptors on the surface of the postsynaptic terminal of other neurons. Therefore, 

on the postsynaptic end of the synaptic cleft, an electron dense protein-rich structure is 

formed in excitatory synapses, which is usually termed as postsynaptic density (PSD) 

(Boeckers, 2006). The PSD is composed of numerous structural and signaling proteins, 

including but not limited to cell adhesion molecules, several types of receptors, channels and 

transporters, scaffolding molecules, cytoskeletal proteins and their effectors. Due to the role 

of these PSD proteins in the function and structure of PSD, mutation or dysfunction in any 

of them leads to abnormalities in synaptic signaling. This is often termed as “synaptopathy”. 

In fact, many psychiatric and neurodegenerative disorders are often characterized as 

synaptopathy (Brose et al., 2010) such as Autism Spectrum Disorders (ASD) (Bourgeron, 

2015), Schizophrenia (Schmitt et al., 2011), Huntington’s disease (Li et al., 2003) and many 

other forms of intellectual disabilities.  

Autism is one of the most common psychiatric disorders first described by Kanner and 

Asperger almost 70 years ago (Jiang and Ehlers, 2013). Autism Spectrum Disorders (ASD) 

is collectively termed for similar neuropsychiatric disorders. The core features of ASD are 

repetitive stereotypic behavior, social interaction deficit and language and communication 

impairment (Association and Association, 2000). Besides these, a wide range of symptoms 

and comorbidities can occur in ASD, like mood disturbances, alteration in circadian rhythm, 

anxiety, epilepsy, gastrointestinal abnormalities. If any synaptic protein is deleted or 

truncated due to mutation, then the normal physiological function of the protein in PSD is 

disrupted. This leads to accumulation of synaptic dysfunction and behavioral abnormalities 

(Mullins et al., 2016). In this sense, ASD can be defined as synaptopathy.  
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1.2 Spine formation and morphological modulation at PSD 

Dendritic spines are tiny protoplasmic protrusions on the surface of dendrites that 

harbor the PSDs (Engert and Bonhoeffer, 1999). They are the key receiver of excitatory 

input. The spines are very dynamic in terms of size and morphology. Morphologically, 

mature spines have a bigger head than neck mimicking the structure of a mushroom. The 

immature spines have smaller head and longer neck, and are often categorized as “filopodia” 

or “thin” spines (Bourne and Harris, 2008). There are some other sub-classifications of spine 

morphology such as long thin or branched spine (figure 1). Because of the variation in shape 

and size of the PSD, protein composition of mature and immature spine can differ a lot.  

 

Figure 1: Classification of spine morphology. A) The spines can be broadly subdivided into two categories- 
mature and immature. Filopodia, long thin and thin shaped spines comprise the immature category. The mature 
category consists of stubby, mushroom and branched spine. Each category has its distinct shape and size. B) 
Spines can be categorized based on the morphology after Golgi staining. Image adapted from (Risher et al., 
2014, page 2) under creative commons attribution license. 

 

The structure and the composition of the PSD is complex and dynamic. It has been 

anticipated that around 200-400 proteins can be accommodated at a single PSD (Cheng et 

al., 2006). This protein composition is highly dynamic and subjected to a wide range of 

signaling input. Excitatory synapses are characterized by the presence of different 

glutamatergic receptors on the surface of the postsynaptic membrane. These receptors 

include metabotropic glutamatergic receptors (mGluRs), kainite receptos (KARs) and 

ionotropic glutamatergic receptors (both NMDARs (N-methyl-D-aspartate receptor) and 

AMPARs (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor)) (Lerma, 

2003; Mayer and Armstrong, 2004). Besides receptors, transporters and further ion channels 

are also located at the membrane surface.  

mature immature 
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Various scaffolding proteins hold these receptors on the surface, e.g. SHANK (SH3 

domain & ankyrin repeat containing protein, also known as ProSAP: Proline-rich synapse-

associated protein) protein family, or proteins of the MAGUK (Membrane associated 

guanylate kinases) family (Verpelli et al., 2012). Several members of these scaffolding 

protein families can be found. For example, SHANK proteins comprise three members, with 

SHANK3 being the most abundant member at the PSD. The best studied member of the 

MAGUK family is probably PSD95 (Postsynaptic density protein 95). SHANK3 proteins 

can bind other scaffolding proteins like PSD95 and Homer1. PSD95 can bind NMDARs and 

hold their position on the membrane surface (Niethammer et al., 1996). The transmembrane 

ligand Neuroligin can also bind with PSD95 (Irie et al., 1997) and SHANK (Arons et al., 

2012). Homer1, a member of another scaffolding protein family (Homer), can bind with 

mGluRs (Brakeman et al., 1997) and SHANK. GKAP (Guanylate kinase associated protein) 

is another scaffolding protein which can interact with SHANK proteins (Kawabe et al., 

1999). Further, SHANK proteins can directly bind the AMPARs (Uchino et al., 2006). Both 

GKAP and PSD95 are involved in activity dependent spine morphogenesis (Steiner et al., 

2008). 

Besides receptors, the scaffolding proteins can bind with small GTPase effectors. 

Small GTPases act as molecular switches. Their activity is determined by the ratio of 

GDP/GTP-bound state. They are inactive when they are GDP-bound and active when GTP-

bound. The transition between GTP-bound and GDP-bound states is modulated by small 

GTPase effectors. GTPase activating proteins or GAPs convert the active GTP-bound state 

to inactive GDP-bound state. The reverse is promoted by guanine nucleotide exchange 

factors or GEFs (figure 2). Besides GAPs and GEFs, there are other modulators of Rho 

GTPases, namely guanine nucleotide dissociation inhibitors or GDIs. They anchor the 

inactive GDP-bound small GTPases at the cytoplasm (Van Aelst and D’Souza-Schorey, 

1997). Both SynGAP and β-PIX are small GTPase modulators. SynGAP can interact with 

PSD95 (Kim et al., 1998). Similarly, SHANK3 can interact with β-PIX (Park et al., 2003). 

Thus, the scaffolding molecules act as a hub for the small GTPases for their localization at 

the PSD. This interaction between scaffolding molecules and small GTPase effectors is 

particularly interesting due to the role of small GTPases on activity dependent spine 

morphogenesis and actin polymerization. Scaffolding proteins can also directly interact with 

actin and its effectors. For example, SHANK3 can interact directly with actin (Han et al., 



      Introduction 

4 

 

2013). Actin effectors (e.g. α fodrin, IRSp53 and cortactin) can interact with scaffolding 

proteins and be localized at the PSD (Boeckers, 2006).  

 

 

Figure 2: Rho GTPases act as molecular switches.  Rho GTPases are inactive when GDP-bound and active 
when GTP-bound. The conversions between active and inactive states are modulated by GEFs and GAPs. GDIs 
also help inactive GTPase to be anchored in the cytoplasm. Image adapted from Sarowar and Grabrucker, 2016 
(page 4) under creative commons attribution license (CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0/legalcode) (GTP: Guanosine 5'-triphosphate, GDP: Guanosine 5'-
diphosphate, GAP: GTPase activating protein, GEF: Guanine nucleotide exchange factors, GDI: Guanosine 
nucleotide dissociation inhibitor).  
  

 

 The PSDs of mature spines are able to accommodate more receptors and structure-

supporting scaffolding proteins (Cingolani and Goda, 2008). The main cytoskeletal 

component of the spine is actin. Actin, a small protein of 42 kDa molecular weight, has a 

pivotal role in activity dependent neuronal structural remodeling and synaptic vesicle 

formation/ release (Sarowar and Grabrucker, 2016). Actin can occur in two states – 

monomeric G actin and filamentous F actin. Monomeric G actin can be activated by 

ADP/ATP exchange and then forms stable actin nuclei. These actin nuclei acts as a seed for 

filamentous actin. At any given time, monomeric activated G actin can be added to the “+” 

or barbed end. At the same time, monomeric G actin can leave the nuclei at the “-” or pointed 

end. Therefore, a state of tread-milling is always present in the polymerization process of 

actin (Firat-Karalar and Welch, 2011; Shekhar et al., 2016).  

Dynamics of actin polymerization has a far-reaching impact on spine morphogenesis 

(figure 3). In case of synaptic activation and long term potentiation (LTP), the G/F actin 

equilibrium shifts towards F actin formation enlarging the size of the spine head. 
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Subsequently, the structure is stabilized and PSD proteins are recruited to the site (Sorra and 

Harris, 2000). In contrast, in case of synaptic loss or long term depression (LTD), the 

equilibrium favors the state of monomeric G actin and thus, the spine area is reduced 

(Okamoto et al., 2004). Along with the spine size, the amount of receptors surfacing the 

membrane also varies. In line with this, in case of LTP, more receptors are available to 

receive the input from the presynaptic terminal (Fukazawa et al., 2003). Further, synaptic 

depression is often associated with spine shrinkage (figure 3).  

 

 

Figure 3: Activity dependent spine morphogenesis.  In case of synaptic activation, the amount of filamentous 
F actin increases, which in turn increases the spine size. In the PSD of such mushroom shaped spines, more 
PSD proteins and receptors can be accommodated, which ensures enhanced synaptic signaling. On the other 
hand, in case of synaptic depression, the filamentous F actin is monomerized to G actin, yielding spine with 
smaller size. Along with the size, the PSD proteins and receptors are also reduced in immature spine. Image 
adapted from Sarowar & Grabrucker, 2016 (page 4) under creative commons attribution license (CC BY 
4.0, https://creativecommons.org/licenses/by/4.0/legalcode). 

 

Synaptic plasticity is the term used to define the characteristics of the synapses to 

weaken or strengthen their signaling, depending upon the activity (Malinow and Malenka, 

2002). Synaptic plasticity lies at the core of learning and memory-dependent neuronal 

transmission. The morphological changes of spines are accompanied by changes in synaptic 

function (Yuste and Bonhoeffer, 2001). LTP induces membrane depolarization, NMDA 

receptor activation and calcium influx into the postsynaptic spine (Huganir and Nicoll, 

2013). All of these lead to an increase in synaptic current. Nonetheless, the fine tuning of 

LTP and LTD are very important for physiological brain function. The balance between 

inhibitory and excitatory input is disrupted in many psychiatric disorders.  

Activation 

Receptor Actin 

Depression 
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Figure 4: Different actin binding proteins and their effect on actin polymerization.  Actin capping protein 
like EPS8 can enhance filament stability. Arp2/3 complex can promote both actin branching and nucleation. 
Actin nucleation can be further promoted by WASP, WAVE and cortactin. Profilin enhances actin 
polymerization. α-Actinin and α-Catenin can help in actin bundling, whereas the opposite is done by Debrin. 
Additionally, Cofilin and Gelsolin can participate in actin severing (EPS8: Epidermal growth factor receptor 
kinase substrate 8, WAVE: Wiskott-Aldrich syndrome protein family verprolin homolog, WASP: Wiskott–
Aldrich syndrome protein). 

 

 Besides the monomeric and filamentous actin, there are several other proteins that 

are able to promote or inhibit the process of polymerization (figure 4). For example, Arp2/3 

acts as a nucleation and branching factor (Higgs and Pollard, 2001). Cofilin and Gelsolin 

can destabilize actin polymers. EPS8 can cap and protect the barbed end. Cortactin can 

promote actin nucleation (Daly, 2004). Taking together, besides the dynamics between G 
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actin and F actin, the activity of these ABPs (actin binding proteins) plays a crucial role in 

organization of actin (Dos Remedios et al., 2003).    

 

1.3 The SHANK protein family 

SHANK proteins were first identified in 1990s using rat hippocampal neurons (Boeckers et 

al., 2002). The members of this protein family are relatively large, around 2000 amino acid 

residues, and the molecular weight is around 180 kDa (Sheng and Kim, 2000). SHANK 

scaffolding proteins occur as three different isoforms—SHANK1, SHANK2 (alternatively 

known as ProSAP1—proline rich synapse associated protein 1) and SHANK3 (also known 

as ProSAP2) (Boeckers et al., 1999; Lim et al., 1999; Naisbitt et al., 1999). SHANK1 is only 

expressed in the brain, whereas SHANK2 and SHANK3 can be found in non-neuronal cells 

as well (Lim et al., 1999). There are multiple splice variants of each SHANK member, but 

generally there are 63-87% homology in their amino acid sequences. Because of the splice 

variants, the protein interaction partners of different domains may also vary.    

 Immunohistochemical analysis shows that SHANKs are mainly expressed in the 

PSDs of excitatory synapses and not in inhibitory synapses (Naisbitt et al., 1999). In cultured 

hippocampal neurons, SHANK may be localized in growth cones of axons and dendrites 

(Halbedl et al., 2016) during development, but later localizes to postsynapses. It has been 

shown that overexpression of any of the SHANK isoforms induces premature spine 

formation in cultured hippocampal neurons (Sala et al., 2001). In matured neurons, 

overexpression of SHANK1 increases the spine size (Sala et al., 2001).  

All three isoforms of SHANK share a common domain architecture— an N terminal 

SPN domain (Shank/ ProSAP N terminal) (Mameza et al., 2013), an ankyrin repeats domain, 

an SH3 (Src homology) domain, a PDZ (PSD-95; DlgA & ZO-1) domain, a proline rich 

domain and a C terminal SAM (sterile alpha motif) domain. These domains are very 

important in terms of SHANK’s ability to perform as scaffolding protein. The domain 

architecture of SHANK3 and various interaction partners of different domains are 

summarized in figure 5. 
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Due to the presence of a SAM domain, SHANK3 is sensitive to zinc concentrations 

(Tao-Cheng et al., 2016). In fact zinc is able to promote SHANK3 bridge formation via 

interacting with the SAM domains of two adjacent SHANK3 proteins (Grabrucker et al., 

2011). This is very important in terms of the structural integrity of the PSD. Once the 

SHANK3 multimerizes in antiparallel tail to tail manner, interaction partners join the 

complex. This process is driven by synaptic activity (Tao-Cheng et al., 2015).  

 

 

Figure 5: Domain architecture and some of the interaction partners of SHANK3.  After the SPN sequence, 
the SHANK3 sequence is divided into five different domains—Ankyrin repeat domain, SH3 domain, PDZ 
domain, proline rich domain, SAM domain. SPN domain can bind with ANK domain. α-fodrin and Sharpin  
interact with ANK domain; Abp1 interacts with SH3 domain; GKAP, ProSAPiP and β-PIX interact with PDZ 
domain; Homer, Cortactin, IRSp53, Dynamin-2 and Abi-1 interact with proline rich domain; SHANK3 
proteins can interact with other SHANK3 proteins via the SAM domain (SPN: SHANK/ProSAP N terminal; 
ANK: ankyrin repeats; SH3: Src homology 3; PDZ (PSD-95; DlgA & ZO-1; SAM: sterile alpha motif, GKAP: 
Guanylate kinase-associated protein, IRSp53: insulin receptor tyrosine kinase substrate p53, Abi-1:Abelson 

interacting protein 1, Abp1: actin binding protein 1). Image adapted from Sarowar and Grabrucker, 2016 (page 
6) under creative commons attribution license. 

 

Discussing all the interaction partners of SHANK3 is beyond the scope of this thesis. 

The interaction partners mostly involved in spine remodeling are discussed in details below. 

The SPN domain can bind with the ankyrin repeat domain of the same SHANK3 molecule. 

Such intra-molecular binding can affect the binding and accessibility of α-fodrin and 

Sharpin. Mutation in the SPN domain leads to disruption of this intra-molecular binding. 

This leads to more interactions between the interaction partners and the ankyrin repeat 

domain, which has a pathological consequence (Mameza et al., 2013). α-fodrin interacts with 

the ankyrin repeat domain via its spectrin motif (Böckers et al., 2001).     

Adding to this, SHANK3 can interact with small GTPase modulators like β-PIX. The 

protein acts as RhoGEF for small GTPase— Rac1 and Cdc42 (Park et al., 2003). 

Overexpression of SHANK3 leads to β-PIX and PAK accumulation in cultured hippocampal 

neuron. The IRSp53 (insulin receptor tyrosine substrate kinase 3) interacts with the proline 
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rich domain of SHANK3. IRSp53 is a downstream signaling effector of Cdc42 and it can 

recruit PSD95 to the spines (Bockmann et al., 2002). These evidences suggest that the role 

of SHANK3 in spine morphogenesis is performed at least in part by the small GTPase 

pathway. This is a potential overlap between SHANK3 mediated and Rho GTPase mediated 

pathways in spine dynamics.     

On top of this, SHANK3 can interact with actin effectors like cortactin at its proline 

rich domain. Cortactin stabilizes actin filaments and branching formation (Daly, 2004). The 

PDZ interaction partner, ProSAPiP (ProSAP interacting protein) has an actin binding 

domain and can participate in actin remodeling (Liebau et al., 2009). The SH3 domain 

interaction partner Abp1 (actin binding protein 1) can participate in actin driven spine 

enlargement (Qualmann et al., 2004). Similarly Abi-1 (Abelson interacting protein 1), an 

interaction partner of proline-rich domain of SHANK3 can influence spine formation and 

maturation together with a complex involving WAVE1, EPS8 and Sos1 (SOS Ras/Rac 

Guanine Nucleotide Exchange Factor 1) (Proepper et al., 2007). Taken together, the 

interaction partners inaugurate SHANK3 at the center of the structure of PSDs.  

Besides these interaction partners, SHANK3 also interacts with some other proteins 

which has a role on spine remodeling. SHANK3 can directly interact with Arp2/3 (Han et 

al., 2013). Other nucleation promotion factors like WASP and WAVE can enhance the 

activity of Arp2/3 via increasing the activity of small GTPase Cdc42 (Leung et al., 2008; 

Rohatgi et al., 1999). SHANK3 can also interact with SPIN90 (SH3 protein interacting with 

Nck, 90 kDa) and nArgBP2 (Abelson related gene binding protein 2). SPIN90 has role in 

actin polymerization and spine morphogenesis (Kim et al., 2009), whereas nArgBP2 regulate 

spine morphogenesis via small Rho GTPase dependent pathway (Lee et al., 2016).  

Various other proteins interact with SHANK3 in such a manner that together they 

promote spine morphogenesis in a certain direction (Sarowar and Grabrucker, 2016). The 

fact that SHANK3 is able to interact with other scaffolding proteins like GKAP, PSD95 and 

Homer, established SHANK3 at the core of the structural organization of PSD. SHANK3 

can directly interact with AMPA receptors, can indirectly interact with NMDARs and 

mGluRs via PSD95 and Homer. SHANK3 can also directly bind mGluRs. The ability of 

bridge formation establishes SHANK3 at the foundation of PSDs (Baron et al., 2006). 

Therefore, SHANK3 and other SHANK members are often referred to as “master 
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scaffolding proteins” because they can interact with other scaffolding proteins, small 

GTPase effectors, actin and actin modulators, and receptors. The assembly of PSD proteins 

via SHANK3 is summarized in figure 6.   

 

Figure 6: Master scaffolding of SHANK proteins at the PSD in dendritic spine.  SHANK proteins can 
interact with each other via zinc binding. The SHANK bridge can act as the foundation at the PSDs. SHANK 
can interact with other scaffolding proteins like PSD95, Homer1 and GKAP. Together they can bind mGluRs, 
NMDARs and AMPARs. Additionally, SHANK can bind small GTPase effectors and actin effectors like 
Cortactin and α fodrin. Image adapted from Sarowar & Grabrucker, 2016 (page 6) under creative commons 
attribution license (AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, NMDAR: N-
Methyl-D-aspartic acid or N-Methyl-D-aspartate receptor, PSD95: postsynaptic density protein 95). 

 

 

1.4 SHANK3 dysfunction leads to synaptopathy such as seen in 
Autism 

Both genetic and environmental factors can lead to ASD (Grabrucker, 2013). Till now, more 

than 100 genes have been found to be associated with ASD (Betancur, 2011). This list 

includes many of the receptors and scaffolding proteins (Huguet et al., 2013). One of the 

most common PSD proteins associated with ASD is SHANK3. It is also one of the most 
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studied and best characterized genes for ASD. Other SHANK isoforms have also been 

associated with ASD, but the first association was found with SHANK3 (Durand et al., 

2007). In human, the chromosomal location of SHANK3 is 22q13.3. Deletion of SHANK3 

from this location leads to an ASD-like syndrome, which has been termed Phelan-McDermid 

syndrome (PMS) or 22q13 deletion syndrome (Wilson et al., 2003). The changes of 

SHANK3 expression in these patients include a wide range of alterations such as micro or 

full deletion, point mutation, smaller translocation and micro duplication (Jiang and Ehlers, 

2013). Thus, modification of SHANK3 expression or haploinsufficiency has a high 

penetrance in disease pathology. SHANK3 has at least six known splice variants from 

SHANK3a to SHANK3f. Some of these splice variants lack some domains (Jiang and 

Ehlers, 2013). Interestingly, mutation causing any truncation in any of the splice variants 

may lead to ASD like symptoms.     

Several SHANK3 mouse models have been generated to mimic the human condition 

and study the consequences. The first mouse model had deletion of SHANK3a and 

SHANK3b (Bozdagi et al., 2010; Yang et al., 2012). Activity dependent spine remodeling 

was affected in this model, along with decreased synaptic signaling like LTP and mEPSC 

functioning. The mouse model had impairment in social behavior (reduced social sniffing), 

increased self-grooming and impaired novel object recognition. Another group investigated 

a similar mouse model (Wang et al., 2011). This model had reduced spine density and longer 

dendritic spines along with reduced LTP. Behavior-wise the mice had impaired social 

interaction, impairment in learning and memory, alteration in ultrasound vocalization, and 

increased stereotypic behavior.  

 Another research group investigated the effect of SHANK3 deletion on striatal 

function (Peça et al., 2011). They reported that corticostriatal synaptic function was impaired 

in the knock-out mouse. Various synaptic proteins were found to be reduced in the mouse 

model that had SHANK3a-d deletion (Peça et al., 2011). This mouse model exhibited a 

subset of ASD-like behaviors including impairment in social behavior and increased self-

grooming; however, memory and learning was unaltered. An increase in NMDA receptors 

was observed in a mouse model lacking SHANK3a-c (Schmeisser et al., 2012). In this mouse 

model, the deletion of SHANK3 was in part compensated by increased expression of 

SHANK2. Self-grooming was also increased in this model. In the complete SHANK3 
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knock-out mouse model, mGluR signaling was impaired along with corticostriatal 

connectivity (Wang et al., 2016).  

SHANK3 is also associated with some comorbidities of ASD. For example, ASD 

patients have abnormal sleep-wake pattern than normal individuals (Bourgeron, 2007). In 

line with this, it has been shown that alteration in circadian rhythm influences SHANK3 

expression (Sarowar et al., 2016a). Abnormalities in circadian rhythm have been reported in 

the SHANK3 overexpression mouse model (Han et al., 2013).   

 

1.5 Rho GTPase signaling & aberrations in neuropsychiatric 
disorders 

Rho GTPases belong to a subfamily of Ras small GTPase. Ras small GTPase superfamily 

comprise more than 150 members in human along with orthologs in other species. The 

catalytic core of these members is G domain (Wennerberg et al., 2005). There are numerous 

members of Rho GTPase subfamily. The best-studied members are RhoA (Ras homologous 

member A), Rac1 (Ras-related C3 botulinum toxin substrate 1) and Cdc42 (cell division 

cycle 42) (Luo, 2000). The first studies concerning the cellular role of Rho GTPases comes 

from fibroblasts and yeast, where they have been associated with cell motility, division and 

structural maintenance. Today, researchers are trying to expand this knowledge to the 

neuronal functionality of Rho GTPases. The first line of Rho GTPase function in neuronal 

cells is axon growth, guidance and neurite formation (Jalink et al., 1994), where the role of 

Rho GTPases has often been investigated using dominant negative and constitutively active 

mutants. Additionally, these small GTPases have a role in neuronal migration, establishing 

neuronal polarity and neuromuscular junction formation (Luo, 2000). Mechanistically actin 

remains at the center of their roles in all fields.  

Once a neuron is formed, both of its protrusions — axon and dendrites have to 

mature, find and establish neuronal connections. This function has to be guided via alteration 

in the states of actin. Here, the Rho GTPases come into focus. Active Rho GTPases exert 

their function via modulating actin structure and polymerization. A wide array of actin 

binding proteins are the downstream signaling effectors of Rho GTPases (Hall, 1998). The 

downstream effector of Rac1 is primarily PAK1 (p21 activated kinase), LIMK1 (LIM kinase 
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1) and cofilin (Zhang et al., 2005). Together with its effectors, Rac1 stabilizes F actin. The 

actin effectors of Cdc42 are the same as for Rac1. The main effector of RhoA is ROCK (Rho 

associated coiled-coil containing protein kinase). Interestingly, there is overlap in the 

downstream effectors of RhoA and Rac1 (figure 7). ROCK can modulate LIMK1 function 

via controlling its phosphorylation (Maekawa et al., 1999). Additionally, RhoA can also bind 

profilin and mDIA (mammalian diaphanous). Both RhoA and Rac1 can modulate myosin 

light chain (MLC), but in opposite directions (Luo, 2000). 

Rho GTPases play a role in dendritic spine morphogenesis both in vivo and in vitro. 

In vitro RhoA and Rac1/Cdc42 have opposite effects (Tashiro et al., 2000). Rac1 and Cdc42 

promote dendritic growth and dynamics, whereas RhoA prevents it. Overexpression of 

dominant negative Rac1 reduces spine density in hippocampal slice culture (Nakayama et 

al., 2000). In contrast with this, constitutive overexpression of RhoA leads to spine loss 

(Tashiro et al., 2000). RhoA and Cdc42 have differential spatial activity. Blockade of RhoA 

signaling inhibited initial spine growth, whereas blockade of Cdc42 signaling prevented 

sustained spine enlargement (Woolfrey and Srivastava, 2016).  

 
Figure 7: The signaling cascades of small GTPases. Rac1 can activate the actin nucleation promotion 
factors—WAVE and WASP, which stabilize F actin via Arp2/3 complex. Rac1 can activate PAK1 via 
phosphorylation, which can activate LIMK1. LIMK1 can stabilize actin via inhibiting Cofilin. Rac1 can 
activate Cdc42. The signaling pathway of Cdc42 is overlapping with Rac1 in terms of WAVE. RhoA activates 
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ROCK and mDIA. ROCK binds with the light chain of Myosin and has effect on actomyosin contractibility. 
mDIA can bind IRSp53 and has a role on actin polymerization. Cdc42 can also interact with IRSp53. Rac1 and 
Cdc42 affects spine growth, stabilization, maturation and maintenance. RhoA promotes spine shrinkage and 
destabilization. Kalirin-7, Tiam1, α-PIX, β-PIX are some of the GEFs for Rac1 and Cdc42. MEGAP is a GAP 
for Rac1 and Cdc42. H1 and Oligophrenin1 serve as GEF for RhoA. (GEF: Guanine nucleotide exchange 
factors, GAP: GTPase activating protein, Rac1: Ras-related C3 botulinum toxin substrate 1, Cdc42: Cell 
division control protein 42 homolog, RhoA: Ras homolog gene family, member A, WAVE: Wiskott-Aldrich 
syndrome protein family member, WASP: Wiskott–Aldrich Syndrome protein, PAK1: p21-activated kinase 1, 
LIMK1: LIM domain kinase 1,  MLC: Myosin light chain, mDIA: mammalian diaphanous, ROCK: rho-
associated, coiled-coil-containing protein kinase, IRSp53: insulin receptor tyrosine kinase substrate p53) 

 

The complete knock-out of Rac1 is embryonically lethal due to the essential role of 

Rac1 in development (Sugihara et al., 1998). Using the Cre/loxP system, mouse model with 

conditional knock-out of Rac1 in hippocampus has been generated and characterized 

(Bongmba, 2013). The deficit of Rac1 signaling was not compensated with any other small 

GTPase. After the age of three months, both the Rac1 activity and dendritic spine density in 

hippocampal CA1 were reduced, which was a direct evidence for Rac1 dependent spine 

morphogenesis in vivo. Reduction of Rac1 also led to reduction of active phosphorylated 

form of PAK1, LIMK1 and Cofilin. This Rac1 conditional mouse model had impairment in 

learning and memory, which was investigated via fear conditioning and Morris water maze 

tests. Another study showed that Rac1 activation is important for associative fear learning 

and activation of Rac1 is required for both LTP and LTD (Martinez and Tejada-Simon, 

2011).  

Cdc42 has a central role in filopodia formation, axon growth and neuronal polarization 

(Heasman and Ridley, 2008). Similar to Rac1, Cdc42 null mice is not viable due to 

embryonic lethality (Garvalov et al., 2007). Ablation of Cdc42 led to abnormal formation of 

axonal tracts. This aberration in axonal outgrowth was accompanied by cytoskeletal 

disruption, abnormal enlargement of growth cones and reduced filopodia-like spine 

structure. As Cdc42 is an inhibitor of Cofilin, genomic deletion of Cdc42 increased the 

phosphorylated inactive form of Cofilin. Knock-down of Cofilin exhibited similar effect on 

spine morphogenesis and polarization. This abnormal spine morphogenesis could be rescued 

using actin dynamics effector, which points towards Cofilin as the altered downstream 

effector of Cdc42 deletion. The role of Cdc42 on synaptic plasticity, memory and learning 

process was studied using a conditional postnatal forebrain deletion of the protein (Kim et 

al., 2014). The memory acquisition was intact in this mouse model, but the remote memory 

recall was impaired which was investigated via fear conditioning and Morris water maze. 
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Spine density of the hippocampal CA1 neurons was significantly reduced, which was 

accompanied with impairment in LTP induction and LTP-induced volume change.   

Till now no complete knock-out mouse model for RhoA has been reported (Heasman 

and Ridley, 2008). There are some conditional knock-out mouse model to investigate the 

role of RhoA in cardiac activity (Xiang et al., 2011) and skin (Jackson et al., 2011). But 

RhoB and RhoC null mice have been generated and they exhibit no gross developmental 

abnormality (Hakem et al., 2005; Liu et al., 2001).  

Since the activity of Rho GTPases can be controlled with modulators, deletion or 

overexpression of them also has an effect on spine morphology via controlling the activity 

of corresponding GTPases. For example, H1 (a GEF for RhoA) activates Rho and negatively 

regulates spine formation (Kang et al., 2009). Overexpression of Kalirin-7, a Rac1 GEF, 

increases spine density and head, the opposite effect is observed in RNAi mediated knock-

down of Kalirin-7 (Penzes et al., 2001; Xie et al., 2010; Xie et al., 2007). Tiam1, another 

Rac1 GEF, can activate NMDA receptor and modulate actin dependent spine morphogenesis 

(Tolias et al., 2005).  

Anomalies in the structure of dendritic spine morphology lie in the core of many 

neuropsychiatric disorders. Because of the role of small GTPases in spine morphogenesis, 

quite a high number of such disorders have been associated with aberration of the signaling 

of small GTPases and their modulators in human. One example is intellectual disability (ID), 

previously termed as mental retardation (MR) (Kasri and Van Aelst, 2008). Generally, ID is 

defined as intelligent quotient (IQ) below 70, and defect in basic adaptive and social skill 

(Chelly and Mandel, 2001). There are many forms of ID, but the characteristic of 

morphological abnormalities of dendritic spines is always common (Fiala et al., 2002).  

The first Rho modulator associated with ID is Oligophrenin-1, which acts as RhoGAP 

primarily for RhoA. Mutations in this RhoGAP protein have been found to be associated 

with both syndromic and non-syndromic X-chromosome linked MR (Billuart et al., 1998; 

Kasri and Van Aelst, 2008). In vitro studies show that knock-down of Oligophrenin-1 leads 

to overexpression of RhoA and a decrease in spine density (Govek et al., 2004). Loss of 

Oligophrenin1 leads to spine and synapse disruption (Kasri et al., 2009).  This RhoGAP 

protein associates with the scaffolding protein Homer. The Homer/Oligophrenin interaction 

is important in terms of mGluR mediated signaling. Another GAP protein that has been 
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associated with ID is MEGAP. This is a non-X-linked protein, and translocation of the 

MEGAP gene in the chromosome can lead to severe ID (Endris et al., 2002). This protein is 

expressed in several brain regions including amygdala and it acts as a GAP for Rac1 and 

Cdc42. Expression of MEGAP in neuroblastoma cell lines leads to loss of filopodia and 

lamellipodia protrusions (Yang et al., 2006). ARHGEF6 (also known as αPIX and Cool-2) 

is a RhoGEF for Rac1 and Cdc42. Mutation in this gene has been identified in X-linked MR 

patient (Kutsche et al., 2000). ARHGEF6 can interact with the scaffolding protein PSD95. 

RNAi mediated knock-down of ARHGEF6 in cultured hippocampal neurons leads to a shift 

in spine morphology from mushroom-like to elongated spines (Nodé-Langlois et al., 2006). 

 Besides RhoGAPs and RhoGEFs, mutations have been identified in some of the 

downstream effectors of Rho GTPases. Three point mutations (leading to either truncated 

protein or missense mutation) in the gene of PAK3 lead to X-linked MR in human (Allen et 

al., 1998; Bienvenu et al., 2000; Gedeon et al., 2003). PAK3 is a downstream effector of 

both Rac1 and Cdc42. Catalytic inhibition of PAK3 leads to decrease in dendritic spine 

number and larger synapses (Hayashi et al., 2004). Expression of dominant mutant PAK3 

leads to elongated, filopodia-like dendritic protrusions and decrease in mature spines (Boda 

et al., 2004). Interestingly, PAK3 expression and function is significantly reduced in 

Alzheimer’s disease patient (McPhie et al., 2003). Thus, it is possible that PAK3 has pivotal 

importance in the downstream signaling of small GTPases. Another small GTPase effector 

LIMK1 has been associated with Williams syndrome (Meyer-Lindenberg et al., 2006). 

Patients from this rare disease suffer from multiple abnormalities including mild ID. The 

LIMK1 knock-out mouse model exhibits abnormal spine morphology and synaptic plasticity 

(Meng et al., 2002). A form of MR is Fragile X mental retardation (FMR) syndrome. FMR 

is caused by unstable expansion of CGG repeat and hypermethylation of CpG of fragile X 

mental retardation 1 (FMR1) gene (Garber et al., 2006). The protein encoded by FRM1 

(FRP) is associated with Rac1, which establishes a link between Rac1 and FMR (Bongmba 

et al., 2011) .  

These examples so far are associated with the central nervous system (CNS). However, 

there are evidences that mutation in GTPase modulator can lead to abnormalities in the 

peripheral nervous system as well. The RhoGEF protein Alsin has been associated with 

Amyotrophic lateral sclerosis (ALS) (Yang et al., 2001). Alsin is a RhoGEF for Rac1 and 

Rab5 which implies its function in vesicle endocytosis via Rab5 and actin modulation via 
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Rac1 (Topp et al., 2004). Knock-out of Alsin leads to loss of cerebellar purkinje cells and 

motor dysfunction (Cai et al., 2008).   

 

1.6 RICH2 is a novel interaction partner of SHANK3 

RICH2 (RhoGAP interacting with CIP4 homologue 2), alternatively known as RhoSAP 

(RhoGAP synapse associated protein) belongs to a protein family that also includes Abl-

binding protein 3BP-1 (Tcherkezian and Lamarche‐Vane, 2007). The first homologue of this 

protein group was identified as RICH1 (Richnau and Aspenström, 2001). Using electron 

microscopy, the subcellular location of RICH2 has been found to be the PSD (figure 8A) 

(Dahl, 2009). In situ hybridization using RICH2 specific primers revealed that RICH2 is 

expressed in different developmental stages and in different brain regions (figure 8B). 

 

 

 

 

 

 

Figure 8: RICH2 expression in brain. A) Using RICH2 specific antibodies and pre-embedding techniques, 
it was observed that RICH2 immunoreactivity is present at the postsynaptic density (PSD: postsynaptic density, 
PE: presynapse). B) In situ hybridization reveals RICH2 is expressed in different brain regions and in different 
developmental stages (p: post natal, M: month). Image adapted from Sarowar et al., 2016b (page 3 and figure 
S2) under creative commons attribution license (CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0/legalcode). 

 

Yeast two-hybrid assays using the PDZ domain of SHANK3 as a prey revealed 

several interaction partners of this domain. One of them was RICH2. RICH2 has a small 

STAV motif in its C-terminal which enables RICH2 to bind with SHANK3 (Sarowar et al., 

2016b) (figure 9). Because of this interaction, deletion of RICH2 might mediate synaptic 

alterations.  

A B 
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Figure 9: RICH2 is an interaction partner of SHANK3. Pull down assay revealed that RICH2 elute has a 
strong signal for SHANK3 immunoreactivity. Image adapted from Sarowar et al., 2016b (figure S2) under 
creative commons attribution license (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/legalcode) 
(ANK: ankyrin repeats; SH3: Src homology 3; PDZ (PSD-95; DlgA & ZO-1; SAM: sterile alpha motif, IP: 
Immunoprecipitation). 

 

The cDNA analysis of the initial screening revealed that the transcript size of RICH2 

was around 2457 bases (Dahl, 2009). Homology studies and alignment revealed that RICH2 

contains mainly three domains — an N terminal BAR domain, a RhoGAP domain and a 

proline-rich domain (Figure 10). A significant small motif was the STAV motif at the C 

terminal, which is responsible for the interaction of RICH2 with SHANK3. The domain 

architecture of RICH2 is similar to RICH1 (Richnau and Aspenström, 2001). The 

chromosomal location of RICH2 in rat (R. norvegicus) is 10q23, comprising 22 exons and 

21 introns which encode for 818 amino acids in total (Dahl, 2009). 

Figure 10: Domain architecture of RICH2. RICH2 protein consists of three domains—N terminal BAR 
domain, RhoGAP domain and proline rich domain. The proline rich domain is followed by STAV motif which 
is very important in terms of the interaction with SHANK3. Image adapted from Sarowar et al., 2016b (page 
3) under creative commons attribution license (CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0/legalcode). 

 
 

In resting state, the membrane supports the structural integrity of any cell. Cellular 

shape alteration, cytokinesis, cell migration, establishment of cellular polarity, transcription 

or exocytosis/ endocytosis has to be coupled with changes in membrane shape. For example, 

dendritic spine protrusion and receptor release/uptake requires membrane curvature and 

structural support. Proteins with BAR (Bin Amphiphysin Rvs) domain in their structure are 

very important for this function (Aspenström, 2014). Currently there are six classes of BAR 

domain and the N-BAR domain is one of them (Qualmann et al., 2011). This domain 
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supports membrane curvature in several ways. It can induce membrane tabulation, which is 

important for endocytosis (Peter et al., 2004). It can assemble into a helical structure and 

form stable phosphoinositide-containing microdomains in lipid bilayers (Zhao et al., 2013).  

The link between the BAR domain and small GTPase activity is not clear. But similar 

to RICH2, many proteins have both a BAR domain and a small GTPase modulating domain 

in their sequence; for example oligophrenin, RICH1 and IRSp53 (Aspenström, 2014). On 

the one hand, BAR protein Tube, a RhoGEF for Cdc42, acts as an activator for small 

GTPases (Cestra et al., 2005; Salazar et al., 2003). On the other hand, proteins like RICH2 

and oligophrenin-1 have both a BAR domain and RhoGAP domain and they act as negative 

regulator for small GTPases (Nakano-Kobayashi et al., 2009; Raynaud et al., 2013). Some 

of the BAR domain containing proteins interact with actin binding proteins like WAVE1 

(Soderling et al., 2002). Therefore, it is possible that the functions of the BAR domain, small 

GTPase activity and actin remodeling share a common pathway in modulation of cellular 

structure and signaling.    

The function of RICH2 has been characterized in several in vitro studies (Raynaud 

et al., 2013; Raynaud et al., 2014). From these studies it has been observed that RICH2 acts 

as a GAP protein for Rac1 and Cdc42, but not for RhoA in a cell-free assay. However, 

RICH2 has been found to inactivate RhoA, Rac1 and Cdc42 in COS-7 cells. Additionally, 

in hippocampal primary neuronal culture, RICH2 has been found to inactivate only Rac1. 

All these investigations point towards the fact that the GAP activity of RICH2 is functional 

for any of the major three Rho GTPases. RICH2 increased the spine head size and decreased 

spine density in hippocampal neurons. Overexpression of RICH2 also affects synaptic 

signaling. RICH2 overexpression increased the amplitude and decreased the frequency in 

patch clamp recording. Both the knock-down of RICH2 and overexpression of Rac1 reverted 

many of the mentioned phenotypes in cultured neurons (Raynaud et al., 2014).      

 RICH2-SHANK3 interaction has been studied extensively in vitro (Raynaud et al., 

2013). It has been shown that this interaction is increased when LTP is induced chemically. 

RICH2 is expressed both at the axonal growth cones and dendritic spines in cultured 

hippocampal neurons. RICH2 is involved in endosomal vesicle recycling, especially with 

the recycling of GluA1 receptors to the surface. Both the N-BAR domain and RhoGAP 

domain are involved in this function. Some interesting insights were observed in this study 
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in terms of SHANK3-RICH2 interaction. Mutated RICH2, unable to bind SHANK3, is 

poorly tolerated in hippocampal neurons. Similarly mutated SHANK3 without its PDZ 

domain is unable to increase GluA1 recycling upon cLTP induction. This supports the idea 

that RICH2-SHANK3 interaction is very important in terms of cLTP mediated GluA1 

endocytosis.  

 

1.7 Study design & aim of the thesis 

During the process of learning and memory, the neurons undergo continuous changes 

in cytoskeletal structure and synaptic signaling. Study to understand synaptic plasticity lies 

at the center of the efforts to rescue the synaptopathy observed in many neuropsychiatric 

disorders. Mutations in the SHANK3 protein is well studied in this regard. Further to 

understand the SHANK3-mediated pathology, the studies of its interaction partners are also 

very insightful. RICH2 is a novel interaction partner of SHANK3. Some of the studies 

focusing on RICH2 have been done using in vitro model systems. In this study, we have 

generated a knock-out mouse model of RICH2 in order to investigate the structural and 

functional role of RICH2 in vivo. Using several approaches, RICH2 expression was profiled 

and the expressions of RICH2 in different brain regions were quantified. Additionally, 

RICH2 deletion in the generated knock-out mouse model was confirmed. 

RICH2 protein has an N-BAR domain which mediates receptor uptake and 

exocytosis/endocytosis. Therefore, deletion of RICH2 might affect the receptor composition 

in synapses and spines. To test this hypothesis, the synaptic protein composition was 

investigated using biochemistry and the PSD morphology was investigated using electron 

microscopy. 

Till now more than 80 GAP proteins and 70 GEF proteins have been identified in 

mammalian cells almost in every tissues and cell types (Kaibuchi et al., 1999). This makes 

us realize the importance of the fine tuning of small GTPases. Mutations in such modulators 

lead to intellectual disability via dysregulating small GTPase activity. Study of RICH2 might 

be helpful to understand this aspect of neuronal signaling. Due to the importance of RICH2 

in SHANK3 mediated pathology and small GTPase signaling, this thesis focuses on 

understanding the synaptic functions of RICH2. Activity states of different small GTPases 
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in different brain regions due to RICH2 deletion were quantified. Both SHANK3 and small 

GTPases are the key regulators of actin cytoskeletal remodeling. Similar to these proteins, 

RICH2 might also have a role on neuronal spine morphogenesis and actin polymerization. 

To test this hypothesis, several biochemical, histological and cellular studies were carried 

out using different brain regions. Overexpression of different small GTPases in different 

brain regions might have affected the spine morphogenesis in different ways. To test this 

hypotheses, studies related to actin polymerization, spine morphogenesis, activation of actin 

effectors were performed.     

Due to the association of SHANK3 with ASD and small GTPases with intellectual 

disabilities, the phenotype of the RICH2 KO animals was assessed extensively. A battery of 

behavioral experiments was carried out in this regard. These behavioral experiments can be 

broadly classified in three groups—memory, learning and ASD related experiments; 

locomotion and activity related experiments; and lastly anxiety, depression and fear related 

experiments. Due to the SHANK3-RICH2 interaction, loss of RICH2 might induce ASD-

like phenotype and this was investigated. Hippocampus is the prime region associated with 

learning and memory (Cannon et al., 1992; Sutherland and Rudy, 1989). Therefore, 

impairment in these functions was investigated using hippocampus brain regions and 

hippocampal cultures. In this regard, spontaneous miniature excitatory postsynaptic currents 

(mEPSCs) were recorded and analyzed. Similar to the hippocampus, abolished RICH2 

expression in cerebellum might lead to motor learning impairment as Cerebellum is the brain 

region associated with locomotion and activity (Ito, 2000; Shiotsuki et al., 2010). As Rac1 

signaling is associated with impairment in fear conditioning, RICH2 deletion might alter 

anxiety and fear-related phenotype. To test this hypothesis, anxiety, fear and depression 

related behavioral tests were carried out using RICH2 KO animal. As these phenotypes are 

dependent on intact amygdala functioning (Ehrlich et al., 2009; Öhman and Mineka, 2001; 

Walker and Davis, 2002), the corresponding studies were done using amygdala brain region.  

The experimental design for this study is briefly illustrated in the next page. 
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Figure 11: Schematic representation of this study design 
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2 Materials and Methods 

2.1 Materials 

 Machines and labware 

The machines and labware used in this thesis are listed below along with the manufacturers: 

Aluminum foil Cofresco Frischhalteprodukte GmbH & 

Co, Germany 

Analytical Balance (CPA225D)  Sartorius, Germany  

Anti- vibration table TMC, USA 

Autoclave bag Sarsted, Germany 

Autoclave machine (HP Medizintechnik 

VARIOKLAV) 

HP Medizintechnik, Germany 

Autoclave machine (Systec DX-100)  Systec GmbH, Germany 

Beakers  VWR, Germany 

Blood Collection tubes (Lithium heparin)  Sarstedt, Germany 

Cell culture plates flat bottom (24 well) Sigma-Aldrich (Corning), Germany 

Cell scraper  Sarstedt, USA 

Cell strainer (125 μm, 70 μm)  Greiner Bio One, Germany 

Centrifuge MIKRO 200 R Hettich GmbH & Co.KG, Germany  

Centrifuge Tabletop 5424  Eppendorf, Germany  

Cover glass  VWR, USA 

Cover slips (round)  Carl-Roth, Germany 

Cylinders (Single scale, Graduated)  VWR, USA 

Eppendorf tubes (0.2 ml, 0.5 ml, 1.5 ml, 2 ml)  Sarstedt, Germany  

Falcon tubes (15 ml, 50 ml) Sarstedt, Germany  

Filter (bottle top, 0.45 μm)  Sarstedt, Germany 

Filter (syringe filter, 0.2 μm)  Sarstedt, Germany 

Flasks  Duran, Germany 

Freezer (-20°C) Liebherr, Germany  
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Freezer (-80°C) Thermo Scientific, USA  

Fridge (4°C) Siemens, Germany  

Gel documentation system (Gerix 1000) Biostep, Germany 

Gloves (latex, powder free) Sempermed, Austria  

Horizontal electrophoresis system GH220 Biostep, Germany 

Ice machine Ziegra Eismaschinen, Germany  

Incubator CO2 (New Brunswick Galaxy 

170 S)  

Eppendorf, Germany 

LightCycler Rotor Gene Q Qiagen, Germany 

Magnetic stirring hot plate   Heidolph, Germany 

MicroChemi 4.2 Imaging System Biostep, Germany  

Micro manipulator 5171 Eppendorf, Germany 

Microplate reader (Cytation 3) BioTek, USA 

Microplate reader (Fluroskan Ascent FL) Labsystems, USA 

Microplate reader (Multiskan RC)  Labsystems, USA 

Microplate reader (Tecan Infinite PRO 200) Tecan, Switzerland 

Microscope Axioskop 2 mot plus Zeiss, Germany 

Microscope Axiovert 135M Zeiss, Germany 

Microscope Axiovert 25 Zeiss, Germany 

Microscope Axiovert 40 CFL Zeiss, Germany 

Microscope slides VWR, USA 

Microscope Stemi 2000 CS   Zeiss, Germany 

Microtome (Cryostat, CM 3050S)  Leica, Germany 

Microtome (Vibrating blade)  Thermo Scientific, USA 

Microwave oven Sharp, Germany 

Milli-Q water system  Millipore, USA 

Mirax scanner Carl Zeiss, Germany 

Mouth protection mask Carl Roth, Germany 

NanoDrop Spectrophotometer 2000 ThermoScientific, USA  

Neubauer counting chamber   Brand, Germany 

Nitrocellulose membrane  

(Amersham Protran Premium 0.45 μm) 

GE Healthcare, UK  
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Orbital Shaker (Unimax 1010) Heidolph Instruments GmbH & Co. KG, 

Germany 

Patch clamp amplifier EPC9 HEKA, USA 

PCR cycler-T100 Thermal Cycler BIO RAD, USA  

PCR plate  Qiagen, Germany 

PCR stripes Qiagen, Germany  

PCR tubes Eppendorf, Germany 

pH meter (766 Calimatic) Knick, Germany 

Pipette (300 μl Multichannel)  Eppendorf, Germany 

Pipette Boy Integra Bioscience, Germany  

Pipette Tips (10 μl, 100 μl, 1000 μl) Sarstedt, Germany  

Pipettes (0.2 μl, 10 μl, 100 μl, 1000 μl) Eppendorf, Germany  

Pipettes (2 ml, 5 ml, 10 ml, 20 ml) Becton, Dickinson and Company, USA  

Pump Reglo Ismatec, Germany 

QIA shredder column Qiagen, Germany 

Reagent bottles  VWR, USA 

Rotator (Tube Rotator) Snijders Lab, Netherlands  

SDS-PAGE gel chamber    BIO-RAD, Germany 

SDS-PAGE gel tray     BIO-RAD, Germany 

SDS-PAGE glass plates (7.3x10.1cm) BIO-RAD, Germany 

SDS-PAGE mini-protean comb (10, 15 well) BIO-RAD, Germany 

SDS-PAGE power supply   BIO-RAD, Germany 

Sonicator (Pulse sonicator, Sonopuls)  Bandelin, Germany 

Spectrophotometer (Biochrom Libra S12) Biochrom, United Kingdom 

Sterile bench (MSC-Advantage)  Thermo Scientific, USA 

Sterile syringe filter   VWR, Germany 

Strip Tubes and caps Qiagen, Germany  

Surgical disposable scalpels  B. Braun, Germany 

Surgical instruments  Dumostar-Biology, Switzerland. 

Syringe (50 ml)  BD Plastipak, USA 

Tank blot machinery    BIO-RAD, Germany 

Thermomixer compact (1.5 ml) Eppendorf, Germany  

Trigger interface TIB 14 HEKA, USA 
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Universal electrode puller DMZ Zeitz, Germany 

UV transilluminator Biostep, Germany 

Vortex Mixer (Vortex-Genie2) Scientific Industries, Inc., USA  

Water bath Thermo Scientific, USA  

Whatman filter papers 3 mm Schleicher & Schuell, Germany 

 

 Chemicals and reagents 

The chemicals and reagents used in this study and their respective providers are listed below- 

Acrylamide (30%) SERVA Electrophoresis GmbH, Germany 

Acti- stain 488 phalloidin Cytoskeleton, USA 

Ammonium persulphate (APS) Sigma-Aldrich, USA 

B27 supplement Invitrogen, USA 

Bromophenol blue Sigma-Aldrich, USA 

Chloroform J.T. Baker, USA 

Complete Mini, EDTA Free Roche, Germany 

Coomassie brilliant blue (powder) SERVA Electrophoresis GmbH, Germany 

Cresyl Violet Merck Millipore, USA 

D(+)-Saccharose Carl Roth, Germany 

DAPI (4, 6-di-amidino-2-phenulindol) Thermo Scientific, USA 

Dimethylarsinic acid sodium salt trihydrate Millipore, USA 

Dithiothreitol (DTT) Sigma-Aldrich, USA 

DL-Glutaraldehyde Sigma-Aldrich, USA 

Dulbecco´s modified eagle´s medium 

(DMEM) 

Gibco, USA 

Entellan Merck Millipore, USA 

Ethanol Sigma-Aldrich, USA 

Fetal calf serum (FCS) GE Healthcare Life Sciences, USA 
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GeneRuler 1kb plus DNA Ladder  Thermo Scientific, USA 

Glutamine Gibco, USA 

Glycine Sigma-Aldrich, USA 

HBSS GE Healthcare Life Sciences, UK 

HEPES Carl Roth, Germany 

Hydrochloric acid solution Sigma-Aldrich, USA 

Isopropanol Pharmacy, Ulm University 

Methanol Sigma-Aldrich, USA 

Milk Powder Sigma-Aldrich, USA 

Neurobasal medium Gibco, USA 

Penicillin-Streptomycin Invitrogen, USA 

Phosphate buffer solution (PBS) 10x Life technologies, USA 

Phosphoric acid Merck, Germany 

Pierce ECL western blotting substrate Thermo Scientific, USA 

Poly-L-lysin (PLL) Sigma-Aldrich, USA 

Pre-stained protein ladder Thermo Scientific, USA 

RedSafe Nucleic Acid Staining Solution  iNtRON Biotechnology, Korea 

SDS  Carl Roth, Germany 

Sodium chloride Sigma-Aldrich, USA 

TEMED Bio-Rad, Germany 

Tris Applichem, Germany 

Triton X-100 Sigma-Aldrich, USA 

Trypsin Invitrogen, USA 

Tween-20 Carl Roth, Germany 

VectaMount AQ Vector Laboratories, USA 

Xylene Sigma-Aldrich, USA 
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 Buffers, media and solutions 

1.5 M Tris HCl 18.17% (w/v) Tris in ddH2O, pH 8.8 

1 M Tris HCl 12.14 % (w/v) Tris in ddH2O, pH 6.8 

1x PBS 10% (v/v) 10x PBS in ddH2O 

APS (10%) 10% (w/v) APS in ddH2O 

Blocking solution (ICC/IHC) 10% (v/v) FCS in 1x PBS 

Blocking Solution (WB, BSA) 5% (w/v) BSA in 0.05% TBST 

Blocking Solution (WB, milk) 5% (w/v) Milk in 0.05% TBST 

Bradford reagent 10% (v/v) Phosphoric acid, 5% (v/v) Ethanol, 10% 

(w/v) Serva Blue in ddH2O 

Buffer A 1% (v/v) 5 M HEPES (pH 7.4), 16% (v/v) 2 M Sucrose 

in ddH2O 

DAB solution 10 mg DAB in 100 ml 1x PBS, with 200 µl NiCl and 30 

µl 30% H2O2 

DAPI solution 0.2 μg/ml in 1x PBS 

DMEM +++ 10% (v/v) FCS, 1% (v/v) Glutamine (200 mM), 1% 

(v/v) Penicillin-Streptomycin in DMEM 

Fixative (ICC/IHC) 4% (w/v) PFA, 4% (w/v) Sucrose in 1x PBS 

Fixative (perfusion) 2% PFA, 2.5% Glutaraldehyde, 1% Sucrose, 0.1 M 

cacodylate buffer in ddH2O 

HEPES 0.5 M 11.9% (w/v) HEPES in ddH2O, pH 7.4 

Lysis buffer 2 mM EDTA, 150 mM NaCl, 30 mM Sodium 

pyrophosphate, 50 mM Tris/HCl, 1% Triton X-100, 

0.5% Sodium deoxycholate, 0.1% SDS, pH 8 

NB+++ 2% B27 supplement, 1% Glutamine (200 mM), 1% 

Penicillin-Streptomycin in neurobasal medium 

Permeabilization buffer 

(ICC/IHC) 

0.2% (v/v) Triton X-100 in 1x PBS 
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Poly-L-lysin (PLL) 0.1 mg/ml in HBSS, sterile filtered before use 

Running buffer (10x) 14.4 % (w/v) Glycine, 1% (w/v) SDS, 3.03% (w/v) Tris 

in ddH2O 

Running buffer (1x) 10% (v/v) 10x Running buffer in ddH2O 

SDS 10% 10% (w/v) SDS in ddH2O 

SDS sample buffer (4x) 25% (v/v) 1 M Tris-Cl pH 6.8, 8% (w/v) SDS, 60% (v/v) 

50% Glycerol, 4.6% (w/v) DTT, 0.02% (w/v) 

Bromophenol blue in ddH2O 

Sodium Chloride 150 mM 0.87% (w/v) NaCl in ddH2O 

Standard solution for 

electrophysiology 

145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 25 mM 

Glucose and 12 mM HEPES; pH 7.4, supplemented 

with Strychnine (1 µM), Bicuculline (10 µM) and 

Tetrodotoxin (TTX; 50 nM) 

Sucrose 2 M 68.4% (w/v) Sucrose in ddH2O 

TAE (1x) 10 ml TAE (50x) in 490 ml ddH2O 

TAE (50x) 242 g Tris base, 57.1 ml Glacial acid, 100 ml of 0.5 M 

EDTA (pH 8.0) in 1 l ddH2O 

TBST (0.05%) 0.05% (v/v) Tween in 1x TBS 

TBST (0.2%) 0.2% (v/v) Tween in 1x TBS 

Transfer buffer (10x) 14.4% (w/v) Glycine, 3.03 % (w/v) Tris, in ddH2O 

Transfer buffer (1x) 10% (v/v) 10x Transfer buffer, 20% (v/v) Methanol in 

ddH2O 

Tris Buffer Saline (TBS, 10x) 2.42% (w/v) Tris, 5.84% (w/v) NaCl, in ddH2O, pH 7.5 

 

 Primers 

Lists of primers used for the analysis of the mouse model and qRT-PCR analyses are given 

in the next page. 
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Table 1: List of PCR primers used for this study 

Used for Primer Sequence (5΄-3΄) Company 

Detection 

of gene-

trap vector 

Sense1 GGT GAT GAC GGT GAA AAC CT Eurofins, Germany 

Antisense1 TGA GCG AAG ACC TTC TCC AG Eurofins, Germany 

Sense2 CGG TGA AAA CCT CTG ACA CA Eurofins, Germany 

Antisense2 TGG AGA AGG TCT TCG CTC AG Eurofins, Germany 

Genotyping KO CAC ATC CAT GCT GAG GAT GA Eurofins, Germany 

WT CCA ACA AAG CTG AAA GCA CA Eurofins, Germany 

WT/KO AGC TAG CAG ACG CTT CAA GG Eurofins, Germany 

 

Table 2: List of primers used for Quanti Fect Primer Assay 

Primer (anti mouse) Gene Protein Company 

Mm_Actb_1_SG    Actb Actin Qiagen, Germany 

Mm_Cdc42_1_SG    Cdc42 Cdc42 Qiagen, Germany 

Mm_Cttn_1_SG    Cttn Cortactin Qiagen, Germany 

Mm_Gria4_1_SG Gria4 GluA4 Qiagen, Germany 

Mm_Grin1_1_SG    Grin1 GluN1 Qiagen, Germany 

Mm_Grin2a_1_SG    Grin2a GluN2A Qiagen, Germany 

Mm_Grin2b_1_SG    Grin2b GluN2B Qiagen, Germany 

Mm_Grm5_1_SG    Grm5 mGluR5 Qiagen, Germany 

Mm_Hmbs_1_SG Hmbs HMBS Qiagen, Germany 

Mm_Rac1_1_SG Rac1 Rac1 Qiagen, Germany 

Mm_Rhoa_1_SG RhoA RhoA Qiagen, Germany 

Mm_Shank3_2_SG Shank3 Shank3 Qiagen, Germany 

Mm-Gria3_1_SG Gria3 GluA3 Qiagen, Germany 
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 Kits and assays 

Table 3: List of kits used in this work 

Kit Company 

Actin Polymerization Biochem Kit Cytoskeleton, USA 

Rac1 G-LISA Activation Assay (Luminescence format) Cytoskeleton, USA 

RhoA / Rac1 / Cdc42 G-LISA Activation Assay Bundle 3 Kits Cytoskeleton, USA 

RhoGAP Assay Cytoskeleton, USA 

RNeasy Lipid Tissue Mini Kit Qiagen, Germany 

Rotorgene SYBR green RT-PCR Kit Qiagen, Germany 

Terra PCR Direct Genotyping Kit Clontech Takara, Japan 

Transcriptor One-Step RT-PCR Kit Roche, Germany 

 

 Antibody 

2.1.6.1 Primary antibody 

Table 4: List of primary antibodies used in this work 

Antibody Host Application Dilution Company 

Anti- Arp1 Mouse WB 1/1000 Santa Cruz 

Anti- Bassoon Guinea pig IHC 1/1000 Synaptic Systems 

Anti- Calbindin Mouse IHC 1/500 Synaptic Systems 

Anti- CaMKII Rabbit WB 1/1000 Abcam 

Anti- CaMKII Rabbit IHC 1/500 Abcam 

Anti- Cdc42 Mouse WB 1/500 Cytoskeleton 

Anti- cFos Rabbit DAB IHC 1/1000 Synaptic Systems 

Anti- Cortactin Mouse WB 1/1000 Millipore 



     Materials & methods 

32 

 

Anti- EPS8 Rabbit WB 1/100 Santa Cruz 

Anti- F actin Mouse WB 1/1000 AbD Serotec 

Anti- GAPDH Mouse WB 1/1000 Novus 

Anti- GluA1 Rabbit WB 1/1000 Synaptic Systems 

Anti- GluA1 Mouse IHC 1/500 Synaptic Systems 

Anti- GluA2 Guinea pig WB 1/200 Alomone 

Anti- GluA3 Rabbit WB 1/1000 Synaptic Systems 

Anti- GluA4 Rabbit WB 1/1000 Synaptic Systems 

Anti- GluA4 Rabbit IHC 1/100 Alomone 

Anti- GluN1 Mouse WB 1/500 Millipore 

Anti- GluN1 Rabbit IHC 1/200 Alomone 

Anti- GluN2A Rabbit WB 1/400 Alomone 

Anti- GluN2B Rabbit WB 1/500 Millipore 

Anti- Homer1 Rabbit IHC/ICC 1/500 Abcam 

Anti- LIMK1 Rabbit WB 1/1000 Cell Signaling Technology 

Anti- MAP2 Mouse ICC 1/500 Synaptic Systems 

Anti- mGluR5 Rabbit WB 1/5000 Millipore 

Anti- PAK1 Rabbit WB 1/1000 Cell Signaling Technology 

Anti- phospho 

CaMKII 

Rabbit WB 1/1000 Abcam 

Anti- phospho 

LIMK1 

Rabbit WB 1/1000 Cell Signaling Technology 

Anti- phospho 

PAK1 

Rabbit WB 1/1000 Cell Signaling Technology 

Anti- PSD95 Rabbit WB 1/1000 Abcam 

Anti- Rac1 Mouse WB 1/500 Cytoskeleton 

Anti- RhoA Mouse WB 1/500 Cytoskeleton 
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Anti- RICH2 Rabbit WB 1/500 Abcam 

Anti- RICH2 Rabbit WB 1/1000 Abgent 

Anti- Shank2 Rabbit IHC 1/500 Courtesy of Prof. Boeckers 

Anti- Shank3 Guinea pig IHC 1/500 Courtesy of Prof. Boeckers 

Anti- Shank3 (C 

term) 

Rabbit WB 1/3000 Courtesy of Prof. Boeckers 

Anti- WAVE1 Rabbit WB 1/500 Chemicon 

Anti- β actin Mouse WB 1/10000 Sigma 

 

2.1.6.2 Secondary antibody 

Table 5: List of secondary antibodies used in this work 

Antibody Host Conjugation Application Dilution Company 

IgG goat Rabbit HRP conjugated DAB IHC 1/200 DAKO 

IgG guinea pig Rabbit HRP conjugated WB 1/1000 DAKO 

IgG mouse Goat Alexa Fluor ICC/IHC 1/500 Invitrogen 

IgG mouse Goat HRP conjugated WB 1/10000 DAKO 

IgG rabbit Goat Alexa Fluor ICC/IHC 1/500 Invitrogen 

IgG rabbit Swine HRP conjugated WB 1/1000 DAKO 

 

 Software 

Table 6: List of software used in this work 

Software Company Used for- 

AxioVision Rel. 4.6.3  Zeiss, Germany Image capture 

Cytation 3 software BioTek, USA Measurement and 

quantification of ELISA 

based assays 
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EthoVision XT 10 Noldus, Netherlands Behavioral analysis 

FitMaster (2x73) HEKA, USA Electrophysiological 

analysis 

GelCapture 2.0 Thermo Fischer Scientific, 

USA 

Western blot image capture 

GraphPad GraphPad, USA Unpaired t test 

ImageJ v1.48 for Windows NIH, USA Image analysis 

iTEM Zeiss, Germany Capturing images in electron 

microscope 

Microsoft Office 2013 Microsoft, USA Documentation, analysis and 

figure representation 

Nanodrop 2000 Thermo Scientific, USA Measurement of protein and 

RNA concentration 

OpenView Gift from Prof. Noam Ziv IHC and ICC analysis 

Pannoramic viewer 3DHISTECH, USA Nissl stained slices imaging 

PatchMaster (2x73) HEKA, USA Electrophysiological 

analysis 

Rotor Gene-Q Software 

(v2.0.2) 

Qiagen, Germany qRT PCR Ct analysis 

SPSS Statistics v22 IBM, USA Statistical Analysis (all 

except for unpaired t test) 

 

2.2 Methods 

 Generation of RICH2 KO mice 

The RICH2 knock-out mouse was generated by integration of a random gene-trap vector in 

the embryonic cell line RRZ340 in the vector pGT2Lxf. Vector entrapped embryonic stem 

cell lines were obtained from BayGenomics. Then the cell line was injected in embryonic 
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blastocyst and the injected blastocysts were implanted in the uterus of female mice. This led 

to the birth of chimeric pups. The mating of chimeric and WT animals gave rise to 

heterozygous mice. Afterwards, the animal was bred in the animal facility of Ulm 

University. The initial characterization of RICH2 deletion from the genome was performed 

by PD Dr. Juergen Bockmann. Generally, heterozygous animals were bred in order to 

generate WT and KO littermates.     

 

2.2.1.1 Housing of the animals 

All the animals used in this study were housed in plastic cages with steel mesh lids under 

standard laboratory conditions (maintained in 22°C, lights automatically on 7 am and off on 

7 pm). Standard food and water (ad libitum) were provided in each cage. All animal 

experiments were performed according to the guidelines for the welfare of experimental 

animals issued by the Federal Government of Germany and approved by the local ethics 

committee at Ulm University (ID number 0.103 and 1146).  

 

2.2.1.2 Genotyping of animals 

For the genotyping of the animals, the tips of the tails were collected (approximately 1 mm 

in length). The genotyping was done using the Terra PCR Direct Genotyping Kit. Briefly, 

20 µl of tissue extraction buffer and 0.5 µl proteinase K were added to each tail and mixed 

using vortex. Then, the solution was incubated at RT for 5 min and at 98°C for 2 min. 

Afterwards, a PCR could be done using the extract. 

The PCR reaction mixture was made according to the recipe below- 

2x Terra PCR Direct Buffer 12.5 µl 

Primer mixture 0.5 µl 

DNA sample   2 µl 

Polymerase 0.5 µl 

ddH2O   9.5 µl 

Total 25 µl 
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The PCR cycle was run according to the following guidelines- 

 98°C for 2 min 

 35 cycles: 98°C for 10 s  

     60°C for 15 s  

     68°C for 1 min 

 68°C for 5 min 

The resultant PCR products were visualized using agarose gel electrophoresis. 1% agarose 

in 1x TAE buffer was heated up and the RedSafe DNA visualizing solution was added. Then 

the whole mixture was poured on leak-proof gel tray and a comb was inserted immediately. 

After gel polymerization, the PCR products were mixed with loading dye and were loaded 

onto the gel. Gel run was done at 90 V for 20 min, afterwards, bands were observed under 

UV trans-illumination and the genotype of the animal was determined.  

 

 Sample collection 

All adult mice were first killed with CO2 and later decapitated using guillotine. The embryos 

were decapitated directly. The brain of the mouse was removed from the skull via four 

targeted scissor cuts. The whole brain was either snap frozen in liquid nitrogen or 

immediately dissected into different brain regions, depending on the experiments. For the 

isolation of different brain regions, first the cerebellum was isolated from the whole brain. 

Then the whole brain was divided into two hemispheres; and subsequently hippocampus, 

striatum and cortex were isolated. The procedure to isolate amygdala was described 

previously (Zapala et al., 2005) and was different from the rest of the brain regions. In order 

to isolate amygdala, two coronal cuts were made at bregma -1 and -2.75. The brain was put 

down with caudal side up and triangular-shaped incisions were made at the right and the left 

bottom. These small tissue sections contained amygdala. The whole procedure was done on 

ice and under a light microscope. The isolated brain regions were used immediately, or snap 

frozen in liquid nitrogen and stored at -80°C until further use. 
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 Cell culture techniques   

Heterozygous mice were bred in order to get WT and KO littermates. A pregnant mouse was 

killed at embryonic day 18. The hippocampus was dissected from each embryo and kept in 

ice cold HBSS. Hippocampus from each embryo was kept separately and the tail of the 

embryo was collected in order to genotype later. Each isolated hippocampus was washed 

three times with HBSS (without Mg and Ca) and at the end the final volume was kept 500 

µl. Then, 50 µl trypsin was added to each sample and incubated at 37°C for 20 min. 

Afterwards, the hippocampus was carefully washed three times with HBSS and 100 µl 

DNase was added to each tube. The volume was increased via adding 900 µl DMEM+++ 

and passed through a filter. Later the filter was also washed with 2 ml DMEM+++. The cell 

number in the flow-through was counted using Neubauer counting chamber and cells were 

plated on PLL coated coverslips in 24 well plates at the density of 30000 cell per well. The 

volume of each well was 500 µl and cells were incubated in sterile CO2 incubator (19.9% 

O2 and 5% CO2). The next day, the DMEM+++ media was replaced with NB+++ media. All 

the experiments using hippocampal neuronal cultures were done on DIV14.   

 

 Protein biochemistry 

2.2.4.1 Lysate collection  

Lysate collection from primary hippocampal culture- In order to obtain homogenized lysates 

from primary hippocampal culture, cells were lysed with ice-cold lysis buffer and collected 

using cell scrappers. Cell debris and nuclei were removed as pellet after centrifugation at 

3200 rpm for 10 min at 4°C.  

Lysate collection from brain tissue- Different subcellular fractions were separated using the 

protocol described elsewhere (Schmeisser et al., 2012). Shortly, different brain regions 

(hippocampus, cerebellum, cortex, striatum and amygdala) were weighted and buffer A was 

added according to the weight of the brain tissue (10 ml per g tissue). Later, the tissues were 

homogenized using pulse sonicator. Cell debris and nuclei were removed as pellet after 

centrifugation at 3200 rpm for 15 min at 4°C. The supernatant was subjected to another 

round of centrifugation at 11400 rpm for 20 min at 4°C, yielding the soluble fraction S2 and 
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synaptosomal fraction P2. After separation from S2, the P2 was dissolved in ice-cold buffer 

A, and the protein concentration was measured using Bradford assay.   

 

2.2.4.2 Western blotting  

Casting of the gel- Proteins were separated using 8% to 12% separating gel in SDS-PAGE 

system, depending on the molecular weight. The amounts of different solutions and reagents 

in the separating and stacking gels are listed in table 7. The resolving gel was poured in leak-

free glass cassette and the surface was overlaid with isopropanol in order to avoid air 

bubbles. After the polymerization of separating gel, the top overlay of isopropanol was 

washed away with ddH2O; the residual water was removed using filter paper and the freshly 

made stacking gel was poured. Immediately after this, the 10-15 well comb was inserted into 

the cassette according to the sample size. Within 20-30 min, the stacking gel was 

polymerized. The gel was used immediately for gel electrophoresis or stored at 4°C after 

wrapping in wet tissue paper in order to use it within 1 week.   

Table 7: Recipe for different concentrations of resolving and stacking gels (ddH2O: 
Double-distilled water, Tris: Tris-hydroxymethyl aminomethane, SDS: Sodium dodecyl 
sulfate, APS: Ammonium persulfate TEMED: N-tetramethylethylenediamine). 
 

Solution/ Reagent Resolving gel Stacking gel 

8% 10% 12% 

ddH2O 3.7 ml 3.2 ml 2.6 ml 2.6 ml 

30% Acrylamide 2.13 ml 2.67 ml 3.2 ml 1 ml 

1.5 M Tris pH 8.8 2 ml 2 ml 2 ml - 

0.5 M Tris pH 6.8 - - - 1.25 ml 

10% SDS 80 µl 80 µl 80 µl 50 µl 

10% APS 80 µl 80 µl 80 µl 50 µl 

TEMED 8 µl 8 µl 8 µl 5 µl 

Total volume 8 ml 5 ml 
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Gel electrophoresis- 10 µg of sample protein was mixed with 4x SDS sample buffer and the 

mixture was heated at 95°C for 5 min. Then the mixture was spun down and loaded onto the 

well of the pre-casted gel, assembled in leak-free gel electrophoresis chamber. The tank of 

the chamber was filled with 1x running buffer. The electrophoresis was performed at 90 V 

until the samples reached the separating gel; then the voltage was increased to 210 V until 

the dye reached the end of the separating gel.   

Protein transfer- The proteins were transferred from the resolving gel to a nitrocellulose 

membrane using a wet- transfer system. The blotting sandwich was made the following way- 

the cathode/ sponge/ filter paper/ gel/ membrane/ filter paper/ sponge/ the anode. All the 

components were made wet before the assembly and formation of bubbles in the cassette 

was prevented using a rolling rod. The cassette was submerged in a blotting chamber filled 

with 1x blotting buffer. Electrodes were attached to the chamber accordingly and the transfer 

was performed at 90 V for 1.5 h with ice boxes in the chamber.  

Protein detection using chemiluminiscence- After blotting, the membrane was blocked with 

5% milk or 5% BSA solution for 1 h at RT. Then, the membrane was incubated with primary 

antibody, diluted in 0.05% TBST at 4°C overnight with mild agitation. The next day, the 

membrane was washed twice with 0.05% TBST, each for 5 min; and then incubated with 

secondary antibody, coupled with HRP at RT for 1 h. Following that, the membrane was 

washed three times with 0.2% TBST, 15 min each time. Finally, the protein 

immunoreactivity was determined using enhanced chemiluminiscence solution (ECL) and a 

MicroChemi imaging system.     

Western blot quantification- Evaluation of western blot bands was done using ImageJ. 

Individual bands were selected using the free hand tool and the integrated density was 

measured. Each band was normalized against GAPDH loading control. The mean for the 

normalized integrated density was calculated and tested for significance using unpaired t test 

with 0.05 level of significance (<0.05*; <0.01**; <0.001***).   

 

 Methods of histology 

Whole brain was removed from the skull and snap frozen in liquid nitrogen. The brain was 

stored at -80°C until further use. The whole brain (for coronal section) or one hemisphere 
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(for sagittal section) was embedded in OCT solution and then sectioned at 16 µm thickness 

using a Cryotome. After sectioning, the sections were stored at -80°C. Repeated freeze- thaw 

cycles were avoided.    

 

2.2.5.1 Immunohistochemistry  

Thawed cryosections were fixated in fixative solution for 20 min in a hydration chamber. 

Afterwards, the sections were washed three times in 1x PBS, 5 min each and permeabilized 

in permeabilization buffer for 1 h. After another round of washing with 1x PBS (3 times, 10 

min each), the sections were blocked with 10% FCS in 1x PBS solution for 2 h. Then, the 

slices were incubated with primary antibody, diluted in blocking solution at 4°C overnight. 

The following day, the sections were washed with 0.05% triton in 1x PBS for 10 min and 

then incubated with secondary antibody, diluted in blocking solution for 2 h at 37°C in dark. 

After three rounds of washing with 1x PBS containing 0.05% triton, 15 min each round, the 

sections were incubated with 1x PBS containing DAPI for 5 min. After a final round of 

washing with ddH2O, the section were mounted with VectaMount.    

Imaging and quantification of stained sections- Fluorescence images were obtained using an 

upright Axioscope microscope equipped with a Zeiss CCD camera (16 bits; 1280 × 1024 

pixels per image) using the AxioVision software with the same exposure time when 

comparing between two groups. Later, puncta analysis was done using OpenView and 

ImageJ. First, the images were resized using ImageJ to fit into the defined size for 

OpenView. Background fluorescence was measured by placing 5 puncta over background 

positions. To the mean of these signal intensities, 10% of the value was added and this set 

the mean background. Puncta which had signal intensities greater than the background value 

were taken into account and the mean signal intensity of these puncta was calculated. Finally, 

the mean for all the groups were normalized against the WT group mean.       

 

2.2.5.2 Nissl staining 

The sections were thawed at RT for 5 min, followed by hydration in 1% w/v Cresyl Violet 

for 5 min. Then the sections were washed twice in ddH2O, 5 min each. Afterwards, the 

sections were subjected to dehydration and de-staining using different gradients of ethanol 
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(50%, 70%, 95% and 100% ethanol, 5 min incubation each time). Finally, the sections were 

incubated with Xylene (three times, 5 min each), tissue- dried and mounted with Entellan.  

Quantification of cell bodies from Nissl staining- Nissl stained slices were scanned using a 

Mirax Scanner, and analysis was done using ImageJ and Pannoramic Viewer. Snapshots 

were made of the brain region of interest using Pannoramic Viewer and saved as .tiff files. 

Then the threshold of the image was adjusted in ImageJ in such a way that all the cell bodies 

were marked. The cell bodies were quantified in all the images using approximately the same 

threshold. 

 

2.2.5.3 Golgi staining  

Golgi staining of the whole brain was done using the FD Rapid Golgi Stain Kit using the 

manufacturer’s instruction and protocol. In short, the whole brain was taken out from the 

skull, washed with water and then dipped into equimolar amount of solution A and B for 14 

days in dark at RT. The brain was dipped into solution C for 1 week. Then, coronal and 

saggital sections were made of 150 µm thickness using a vibrotome. Afterwards, the sections 

were rinsed twice with water, 4 min each. In the meantime, a solution containing kit 

component D (25% v/v), E (25% v/v) and ddH2O (50% v/v) was prepared. The sections were 

washed with this freshly prepared solution for 10 min and then rinsed with ddH2O twice, 4 

min each. Next, the sections were dehydrated in 50%, 75% and 95% ethanol, 4 min each. 

The slices were dehydrated in 100% ethanol for 4 times, 4 min each, and then cleared via 

incubation in Xylene 3 times, 4 min each. Finally the sections were mounted with Entellan. 

Imaging and quantification of golgi stained slices- For full overview of the tissue, the golgi 

stained slices were scanned using a Mirax Scanner. For in depth view of individual dendrites, 

Z stack images were made using an upright Axioscope microscope equipped with a Zeiss 

CCD camera using the AxioVision software.    

Sholl analysis of hippocampal neurons- In order to measure the dendritic arborization of 

hippocampal neurons, sholl analysis was performed using a plugin for ImageJ. First the focus 

of neuronal arbor or cell body was pointed and then the interval of concentric circles was 

inserted. The plugin automatically counted the number of times the connected voxel defining 

the arbor intersected the circles. 
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2.2.5.4 cFos staining 

The subject mice were killed via cervical dislocation 30 min after the novel object test. Brain 

sections of 30 µm width were made with a Cryotome and staining was done on sections from 

bregma -2.8. First the sections were fixated using fixation buffer for 1 h and then washed 

three times with 1x PBS, 5 min each. Then the sections were permeabilized with 

permeabilization buffer for 45 min and washed 3 times with 1x PBS, 5 min each. Following 

the washing, the sections were incubated in H2O2 solution (1% H2O2 in 1x PBS) for 20 min. 

Another three rounds of washing were done using 1x PBS, 5 min each and the sections were 

then blocked using 2% goat serum in 1x PBS. Afterwards the sections were incubated with 

cFos antibody diluted in blocking solution at RT overnight. The following day, the slices 

were washed three times with 1x PBS, 5 min each and then incubated with secondary 

antibody (goat anti rabbit) for 1 h.  After the incubation, the slices were washed 3 times again 

with 1x PBS and later incubated in 3,3′-Diaminobenzidine (DAB) solution. The slices were 

first washed 3 times in 1x PBS; later washed with 70% (once), 90% (once) and 100% (twice) 

ethanol, 5 min incubation each time. Finally, the slices were washed with xylene 3 times, 5 

min each and mounted with Entellan (Merck Millipore).  

Quantification of cFos positive puncta- The sections were scanned using BZ-X700 

microscope from Keyence. Using Microsoft Power Point, an overlay was drawn of different 

anatomical sections of mouse amygdala on an image of mouse coronal section obtained from 

Mouse Brain Atlas at -2.8 bregma. The overlay was superimposed on the cFos stained 

coronal sections and the cFos puncta in the BLA was manually quantified. Mean values for 

KO and WT groups were normalized against WT value.    

 

 Immunocytochemistry  

Cultured cells were fixated with fixative buffer at RT for 15 min. Then, the cells were 

permeablized using permeabilization buffer in RT for 10 min. The cells were washed 3 times 

with 1x PBS, 5 min each. Afterwards, blocking was done using blocking buffer for 2 h in 

RT. Then, the cells were incubated with primary antibody (diluted in blocking buffer) O/N, 

and the next day were incubated with secondary antibody for 1 h in dark after 3 times 

washing with 1x PBS, 5 min each. Another three rounds of washing was done using 1x PBS, 
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5 min each. Consequently, cell nuclei were visualized using DAPI (diluted in 1x PBS) and 

the cells rinsed with ddH2O. Lastly, the cells were mounted using VectaMount and 

coverslips.   

Imaging and quantification of signal intensities of stained cells- The procedure was the same 

as described in the section 2.2.5.1. 

Quantification of signal area of stained cells- Signal area of individual puncta was quantified 

using ImageJ. First the threshold of the image was fine tuned in such a way that it stained all 

the true positive puncta and the scaling was removed. The areas of the particles were 

quantified using the ‘analyze particles’ option and averaged for each image.  

Measurement of dendritic branching- The cells were stained using a cytoskeletal marker. 

The threshold was adjusted using ImageJ in such a way that all the dendrites of a certain 

neuron were clearly visible. The dendrites protruding from the cell body directly were 

defined as primary dendrites, secondary dendrites protruded from primary dendrites and so 

on. Upto quaternary dendrites were quantified for each neuron.  

 

 Electron microscopy 

The animals were perfused with 0.9% NaCl with 0.5 ml Heparin/100 ml solution and fixated 

with fixation buffer. The brains were removed and kept in 2.5% Glutaraldehyde, 1% 

Sucrose, 0.1 M Cacodylate buffer solution O/N. The following day, the brains were washed 

with 0.1 M Cacodylate buffer with 1% Sucrose for 1 h. Then brain sections were cut with 

200 µm thickness using a vibrotome and the desired brain region was seperated from the 

whole brain. The samples were further processed at the Facility for Electron Microscopy, 

University of Ulm. Images were captured using iTEM software at 80 kV and analyzed using 

ImageJ.    

 

 Quantitative Real Time Polymerase Chain Reaction (qRT PCR) 

RNA isolation and purification- Isolation of RNA from different brain regions was 

performed using RNeasy Lipid Tissue Kit according to the manufacturer’s protocol. In short, 
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the brain regions were homogenized in lysis buffer via pipetting up and down carefully, 

followed by a brief centrifugation in a QIAshredder column. After the addition of 

chloroform, the mixture was shaken vigorously and incubated at RT for 5 min. The obtained 

mixture was centrifuged at 12000g for 15 min at 4°C. The resultant upper aqueous solution 

was transferred to a fresh tube. One volume of 70% ethanol was added to the solution and 

mixed thoroughly using vortex. The solution was further passed through an RNeasy mini 

spin column placed on a collection tube via centrifugation at 10000g for 15 s. The column 

membrane was washed twice using the RW1 and RPE buffer successively via brief 

centrifugation. Finally, the column was placed on a fresh collection tube and washed with 

RNAse- free water via centrifugation. The eluted flow-through contained the RNA. RNA 

concentration was measured using Nanodrop and stored at -80°C until further use.        

qRT PCR- For qRT PCR, Rotorgene SYBR green RT-PCR Kit was used. In this way, the 

first strand synthesis and real time quantitative PCR amplification were carried out in one-

step, single- tube format. The components of the reaction mixture were added to 0.1 ml strip 

tube according to the following calculation- 

qRT PCR reaction mixture- 

Undiluted RNA 1 μl 

QuantiTect primer  2 μl 

2x SYBR Green Master Mix 10 μl 

RNase-free water 6.8 μl 

QuantiFast reverse transcriptase 0.2 μl 

Total 20 μl 

The reverse transcriptase and PCR amplification cycle were as follows-  

1. Reverse Transcription: 50°C 10 min 1 cycle  

2. PCR initial activation step: 95°C 5 min 1 cycle  

3. Denaturation: 95°C 10 s 40 cycles  

4. Combined annealing/extension: 60°C 30 s 40 cycles  

5. Melting curve analysis: 60°C → 95°C, gradual increase 1°C / step, 90 s (first step), 5 s 

(following steps)  

6. Cooling: 40°C 2 min 1 cycle 
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Measurement and analysis of qRT PCR- The cycle threshold or Ct values were calculated 

by the Rotor- Gene- Q software. All qRT PCR reactions were run in technical triplicates and 

mean Ct values for each biological replicates were taken into account. The threshold of 

cDNA caused fluorescence was set to 0.01. From the Ct values, the virtual mRNA 

concentrations were calculated according to the following formula-   

Virtual mRNA level = 10(Ct(target)-Ct(Standard))/(Slope of standard curve) 

The Ct of standard curve was defined as 15 and the slope of standard curve was defined as -

3.33. Furthermore, the virtual mRNA level of each target gene was normalized against the 

virtual mRNA level of housekeeping gene HMBS (hydroxymethylbilane synthase). The 

difference between the mRNA levels of two groups were tested for statistical significance 

using unpaired t test with 0.05 level of significance (<0.05*; <0.01**; <0.001***).  

 

2.2.8.1 Real Time Polymerase Chain Reaction (RT PCR) 

RT PCR was done to detect the RICH2 transcript in different brain regions. First of all, the 

mRNA was isolated from different brain regions using RNeasy Lipid Tissue Kit (described 

in section 2.2.8). From the mRNA, cDNA synthesis by reverse transcriptase and DNA 

amplification by polymerase was done simultaneously in single reaction using Transcriptor 

One-Step RT-PCR Kit. The RICH2 genotyping primers were also used here. 

The master mix was prepared according to the following recipe-    

Undiluted RNA 1 μl 

Primer  1 μl 

5x Reaction Buffer 10 μl 

RNase-free water 37 μl 

Transcriptor Enzyme Mix 1 μl 

Total 50 μl 

For the PCR reaction, the following cycles were done- 

1. Reverse Transcription: 50°C 5 min  

2. PCR initial denaturation step: 94°C 5 min  

3. Denaturation: 94°C 10 s  

4. Annealing: 56°C 30 s  
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5. Elongation: 68°C 1 min  

6. Repeat steps 3-5: 34 times 

7. Final elongation: 68°C 5 min  

The PCR product was visualized using 1% agarose gel (described in section 2.2.1.2). 

 

 ELISA for the activity of small GTPase  

To determine which small GTPase is modulated by RICH2, several ELISA were performed. 

These ELISAs were performed with lysates from different brain regions or primary 

hippocampal cell lysates.  

RhoA / Rac1 / Cdc42 G-LISA activation assays with hippocampal lysates- Hippocampal P2 

lysates were prepared as described in section 2.2.4.1, but using cell lysis buffer from the kit, 

instead of buffer A. The protein concentrations were measured via spectrophotometry. 20 µl 

of the protein was mixed with 1 ml of protein detecting reagent, provided by the kit and 

optical density was measured at 600 nm. From that, the concentration of the protein was 

measured and equal amount of protein was taken from each sample. The principles of the 

three assays were the same; only active, GTP- bound small GTPases can bind with the 

bottom of the provided wells, whereas inactive, GDP- bound small GTPases will be washed 

away in the washing steps. The protocol for all three different small GTPases were similar, 

with minor modification of the incubation time. First of all, the powder in the wells were 

dissolved and mixed with ice cold water. Then equal amount of binding buffer was added to 

equalized lysates. 50 µl of cell lysates were added to the wells after completely removing 

the water. The wells were incubated at an orbital shaker at 200 rpm at 4°C for 30 min. The 

wells were washed two times with washing buffer and incubated with antigen presenting 

buffer for 2 min at RT. After another three rounds of washing, the wells were incubated with 

primary antibody (diluted in antibody dilution buffer) at RT on an orbital shaker at 200 rpm 

speed for 45 min. Then, the wells were subjected to another three rounds of washing and 

incubated with secondary HRP conjugated antibody (diluted in antibody dilution buffer) at 

RT on an orbital shaker with 200 rpm speed for 45 min. The wells were washed three times 

again, and incubated with HRP detection reagent for 15 min at 37°C. The reactions were 

stopped with HRP stop buffer, and the absorbance was measured immediately at the 490 nm 
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wavelength. From these values, the value of blank buffer was subtracted and the values were 

normalized against the mean value for WT lysates.     

Rac1 Activation Assay with primary hippocampal culture - This assay was used for the 

quantification of activated Rac1 in primary hippocampal culture. The principle of this assay 

was the same as the one from the RhoA / Rac1 / Cdc42 G-LISA activation assay. Here, the 

cultured cells were first washed with ice cold PBS and then lysed using the lysis buffer 

(provided with the kit). Then, the cells were harvested using a cell scrapper and collected in 

ice-cold tubes. Cells were immediately centrifuged at 14000 rpm at 4°C for 2 min. After 

collecting 20 µl lysate in a separate tube, the rest of the lysates was snap frozen in liquid 

nitrogen. Using this separated lysate and protein assay reagent (provided with the kit), the 

protein concentration was measured and equalization calculation was done according to the 

following formula- 

(A – B) x (volume of A) = __________________ µl B,   

where, A is the higher concentration lysates (mg/ml) and B is the concentration of the most 

dilute sample (mg/ml). Then the ELISA protocol was same as for the G-LISA activation 

assays, except for minor modification in incubation duration. At the end, immediately after 

the incubation with HRP detection reagent, luminescence of each well was measured using 

a microplate reader. The value from only assay buffer was designated as blank and subtracted 

from each sample value.       

RhoGAP assay- This assay was performed using the P2 lysates of brain amygdala from WT 

and RICH2 KO animals according to the manufacturer's instructions and protocol. The 

principle for the detection of RhoGAP activity was different from the previous two assays. 

The RhoGAP proteins convert the GTP-bound active small GTPases to GDP-bound inactive 

small GTPase and thus, liberate phosphate. The generated free phosphate was quantified 

using Cytophos reagent (provided by the kit) measuring absorbance. For the detection of 

RhoGAP activity, a standard curve was made using different concentrations of KH2PO4. 

Then, the amygdala lysates were incubated with GTP and Cytophos and the absorbance was 

measured. The RhoGAP activity of the lysates was measured by plotting the absorbance 

value on the curve. In order to detect the GAP activity of the lysates on different small 

GTPases (small GTPase RhoA, Rac1, Cdc42 and Ras p21 were provided by the kit), one 
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small GTPase was incubated with lysates and GTP at a time. Later, the generated phosphate 

was quantified and compared between WT and RICH2 KO amygdala lysates.   

 

  Actin polymerization assay 

To determine whether there was any change in the actin polymerization due to the knock-

out of RICH2, an assay based on actin polymerization was carried out using Actin 

Polymerization Biochem Kit. When the pyrene-labeled G actin is converted to F actin, 

fluorescent light is emitted. This emission was measured in a microplate reader using a 

kinetic setup. In this assay, hippocampal P2 lysates were prepared using general actin buffer, 

instead of buffer A from both WT and KO animals. These lysates were incubated with GTP 

and pyrene-labeled muscle actin containing G actin stock and actin polymerization buffer in 

a black 96-well ELISA plate. The fluorescence was measured at 350 nm excitation and 410 

nm emission using a micro plate reader. The measurements were taken at 60 s interval for 

90 min. After the subtraction of blank values, the measurements were recalculated as % of 

the initial value. The means for both groups were calculated and plotted on the graph.      

 

  Electrophysiology 

Electrophysiological experiments were done on primary hippocampal neurons on DIV14 as 

previously described by Hamil et al. (Hamill et al., 1981). First of all, the cells were 

extensively washed with the standard solution for electrophysiology. Patch pipettes were 

drawn from borosilicate glass with tip resistances between 2 and 3 MΩ when filled with 140 

mM CsCl2, 2 mM MgCl2, 2 mM ATP x 2Na, 10 mM HEPES; pH 7.3 solution. Membrane 

currents were recorded in the whole-cell recording mode using an EPC-9 amplifier and 

quantified using FitMaster and Patchmaster software. All the experiments were performed 

at room temperature and the membrane potential clamped to -80 mV.    
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  Behavioral Phenotyping 

A wide array of behavioral experiments was done using RICH2 WT, heterozygous and KO 

mice. Most of the behavioral experiments and analysis were done by Stefanie Grabrucker 

following standard methods.    

 

  Statistical analysis 

All the values are presented as mean of the group + SEM. In general, the statistical 

comparison between two groups was done using unpaired t test with 0.05 level of 

significance. For the comparison among three groups, one-way ANOVA with Bonferroni 

post-hoc analysis was done with 0.05 level of significance. P values less than 0.05, 0.01 and 

0.001 were designated as *, ** and ***, respectively. In the behavioral analysis, a wide array 

of statistical tests was used, which is mentioned in the relevant figure legend in the result 

section.  
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3 Results 

3.1 Generation of RICH2 KO mice 

After the generation of RICH2 knock-out mice from embryonic stem cells, the next task was 

to ensure the absence of RICH2 transcript and protein, as well as the presence of the gene-

trap vector in the genome. Therefore, several experiment were performed. 

 Characterization of RICH2 deletion 

First of all, to determine the functionality of all the available RICH2 antibodies, experiments 

were carried out using cortical P2 lysates. Five different antibodies were tested in this 

experiment- two commercial antibodies and three self-made antibodies. The self-made 

antibodies were characterized by Janine Dahl (Dahl, 2009). This western blot showed that a 

RICH2 immunoreactivity signal (molecular weight 110 KDa) was absent in KO lysates. In 

case of some antibodies, non-specific bands were observed, but all of them showed that the 

major isoform of RICH2 was absent in KO animals. 

Next, the presence of the gene-trap vector was verified using RT PCR. Two sets of 

primers were used to for this purpose. The PCR products ensured the presence of gene-trap 

vector in KO transcripts (figure 12B).  

 
Figure 12: Characterization of RICH2 deletion A) Western blot using cortical P2 lysates with 5 different 
RICH2 antibodies. RICH2 immunoractivity was absent in KO animals tested by 2 commercial antibodies, one 
from Abcam and one from Abgent, and 3 self-made antibodies. This experiment was done by Matti Eckert. B) 
Primers were designed to detect the gene-trap vector in KO transcript. RT PCR with KO and WT mRNA 
showed that the gene-trap vector was present in KO transcript and absent in WT transcript. This experiment 
was done by Matti Eckert, first published in Sarowar et al., 2016b. 

 

A B 
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3.1.1.1 Gene dosage effect of RICH2 deletion in generated mouse model  

Further, to observe the effect of RICH2 deletion n gene dosage, western blot was carried 

using whole brain lysate of RICH2 WT, heterozygous and KO mice. As shown in figure 

13A, RICH2 expression was less in heterozygous brain, compared to WT. This pointed 

towards the fact that one copy of WT RICH2 allele was not compensating for both the copies. 

As a size control for this experiment, NIH cells were transfected with myc-tagged RICH2 

and western blot was done using the lysates. The RICH2 band detected in NIH lysates was 

of same molecular weight as the RICH2 detected in brain lysates. 

 

 

 

 

 
 
Figure 13: Dosage effect of RICH2 deletion in brain and in embryonic developmental state. A) Western 
blot analysis of whole brain lysates from WT, heterozygous and KO mice. RICH2 expression was less in 
heterozygous animal. As a size control, myc-RICH2 transfected NIH cellular lysate was used. (Experiment 
done by Matti Eckert, first published in Sarowar et al., 2016b). 
 

Additionally, it was observed that the distribution of genotypes among littermates 

from heterozygous breeding followed the Mendelian pattern (22% WT, 24% KO, and 53% 

heterozygous) (figure 14). Therefore, we conclude that RICH2 deletion was successful and 

not embryonically lethal. Both male and female knock-out mice could breed normally.   

 
Figure 14: Offspring from heterozygous breeding did not deviate from Mendelian Law. 24% of the 
offspring was WT, 22% KO and 53% heterozygous (documented by Matti Eckert, first published in Sarowar 
et al., 2016b). 
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 Expression profile of RICH2 

To further elucidate the RICH2 expression profile, tissue samples from several organs were 

collected from both WT and heterozygous mice and western blot was done using RICH2 

antibody. This revealed a predominant expression of RICH2 in brain (figure 15A). To 

perform a brain region specific analysis, the brains were dissected in several brain regions 

and the western blot was repeated with these sample. It was observed that cerebellum, 

hippocampus and cortex had very high expression of RICH2. RICH2 was also expressed in 

olfactory bulb and dienchephalic sub-region (figure 15B).  

 

 

 

 

 

 

Figure 15: RICH2 expression profiling in adult mice. A) Western blot of different tissue lysates (brain, 
heart, lung, liver, and kidney) demonstrated RICH2 to be predominantly present in brain. B) Western blot 
showing Rich2 expression profile in crude protein lysates of several brain regions (OFB: olfactory bulb, CTX: 
cortex, HIP: hippocampus, STR: striatum, DI: dienchephalic regions, MES: mesencephalon, CRB: cerebellum, 
BST: brain stem). These experiments were done by Matti Eckert, first published in Sarowar et al., 2016b. 
 

 

Next whole brains from WT, heterozygous and KO were homogenized into 

subcellular fractions. Western blot was carried out with these samples using RICH2 

antibody. The western blot revealed that RICH2 was expressed in all the subcellular 

fractions. Especially the P1, S1 and P2 fractions were enriched with RICH2 expression 

(figure 16).   

A B 
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Figure 16: RICH2 expression in subcellular fractions. Western Blot analysis showed RICH2 
immunoreactivity in purified subcellular fractions (CCH: crude cellular homogenate, S1: supernatant, P1: 
nuclear fraction, S2: cytosolic fraction, P2: synaptosomal fraction). These experiments were done by Matti 
Eckert, first published in Sarowar et al., 2016b. 
 
 

 Increased brain size in RICH2 KO animal 

After measuring and documenting the brain and body weight of WT and RICH2 KO, it was 

observed that the brain weights of both male and female mice significantly increased in 

RICH2 KO mice compared to the WT mice (figure 17). The body weight remained 

unchanged. Therefore, the brain/body weight ratio remained unchanged, although a trend 

was observed in the increase of the ratio in KO mice (both male and female).     

 

 

Figure 17: Increase in brain size in RICH2 KO mice. Measuring the brain and body weight of WT and 
RICH2 KO animals revealed approximately 7% increase in brain weight of both male and female (one way 
ANOVA). First published in Sarowar et al., 2016b. 
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 Next, to investigate whether the number of cells increased in the KO mouse brain, 

Nissl staining was performed on both WT and RICH2 KO brain sections from same bregma. 

In general, a trend was observed in most of the brain regions (cerebellum, cortex, striatum, 

hippocampus), that showed higher number of cells per optic field in KO animals (figure 18).  

Figure 18: Increase in cell number in RICH2 KO mice. Nissl staining showing the number of cells per optic 
field in different brain regions. The numbers of cells were increased in cerebellum, cortex and hippocampus. 
Cer: cerebellum, Ctx: cortex, Str: striatum, Hip: hippocampus. First published in Sarowar et al., 2016b. 

 

However, none of the differences was significant. The increase in brain size could be 

an overall effect on the increased number of cells, collectively from different brain regions. 

Additionally, the Nissl stained sections showed the absence of any gross anatomical 

abnormalities in the brain.   

3.2 Investigating memory, learning and ASD related 
impairments  

Since RICH2 was highly expressed in hippocampus and hippocampus is mainly associated 

with memory and learning, it was possible that deletion of RICH2 led to memory and 

learning deficits. Additionally, since RICH2 was a direct interaction partner of Shank3 and 

deletion of Shank3 caused ASD in human and mouse models, RICH2 depleted animals may 

also develop ASD-like phenotype. In order to investigate these types of impairment, several 

commonly used behavioral tests related to memory and learning impairments (Morris water 

maze), and ASD like behaviors (nest building pattern, self-grooming, Y maze and three 

chamber test) were performed. The tests along with the observations are listed below. These 

tests were done by Stefanie Grabrucker.  
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Table 8: Summary from behavioral test for memory, learning and ASD related 

impairments (data 1st published in Sarowar et al., 2016b) 

Test Parameters Quantified Alteration 

Nest Building Pattern Nest pattern rating scale No 

Self-grooming Time spent in self-grooming Yes 

Y Maze  total number of entries 
 spontaneous alteration behavior 

No 

Sociability & social novelty 

(three chamber test) 

 time spent sniffing 
 time spent in chamber 
 number of transitions  

No 

Morris Water Maze 

Acquisition 

 latency to escape (both visible and 
invisible platform) 

 track length 
 time spent in quadrant 

No 

Since significant alteration was observed in self- grooming behavior, this test is 

described in details here.  

 

 Increased self- grooming in RICH2 KO mice 

Measurement of self-grooming behavior is a routine test for the detection of ASD related 

symptoms in animal model. Due to the Shank3-RICH2 interaction and the association of 

Shank3 with ASD, this test was done on RICH2 WT, heterozygous and KO animals. 

Repetitive self-grooming was measured over a period of 10 min using a stopwatch. The 

quantification revealed a significant increase in the time spent in self-grooming in RICH2 

KO animals, compared to WT animals. Additionally, in case of some animals, even loss of 

fur due to excessive grooming was observed (figure 19 Inset). The brain region associated 

with this characteristics was previously identified as hippocampus (Lewis and Kim, 2009; 

Lord et al., 2000). Therefore, a wide range of analyses based on hippocampus was carried 

out, ranging from biochemical studies to histology (section 3.2.2-3.2.10).    
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Figure 19: Increased self-grooming in RICH2 KO mice. Over a period of 10 min, self-grooming was 
measured using stopwatch. RICH2 KO mice displayed significant increase in time spent in self-grooming 
compared to WT mice (n = 10 for WT (+/+), n = 12 for heterozygous (+/-), n = 9 for KO (-/-), one way ANOVA 
with Bonferroni post-hoc test, experiment was done by Stefanie Grabrucker, data and image first published in 
Sarowar et al., 2016b). 

 

 Alteration in dendritic spines in hippocampus 

Golgi staining was performed on brains of 3 animals from each group. The staining revealed 

the absence of any gross abnormalities in dendritic arborization in general (figure 20A). 

Additionally Sholl analysis was performed on hippocampal CA1 neurons. The Sholl analysis 

showed no alteration in the dendritic spine arborization in hippocampal CA1 neurons.     

 

Figure 20: Golgi staining in different brain regions in RICH2 KO mice. A) Golgi staining was performed 
on multiple sections from WT and KO mouse brain regions which showed no general gross anatomical 
abnormalities in KO brain. (CER: Cerebellum, CTX: cortex, HIP: Hippocampus, STR: striatum; Scale bar 
cerebellum 100 µM and the rest 200 µM). B) Using Sholl analysis, no alteration in the dendritic arborization 
was detected (Repeated measure ANOVA), this figure was first published in Sarowar et al., 2016b.    

A 

B 
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 Next, spine morphology was analyzed. First of all, dendritic spine density was 

measured along the dendrites. No significant change was detected in the number of spines 

per dendritic length (figure 21B). Then, the areas of different spines were quantified. 

Interestingly, the area of spines were significantly increased in KO hippocampal CA1 

neuronal dendrites compared to WT (figure 21C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Altered spine morphology in the hippocampus of RICH2 KO mice. A) Spine morphology 
analysis was carried out using individual dendrites in hippocampal CA1 neurons. B) Measuring the spine 
numbers per 100 pixel dendrite length revealed no alteration in the spine density (unpaired t test). C) The spine 
volume per spine was significantly increased in RICH2 KO hippocampal CA1 neuronal spines (unpaired t test). 
D) Spines were categorized based on their morphology into five different categories- mushroom, stubby, 
filopodia, thin and multiple spines. A significant increase in the number in the category of multiple spine was 
observed, along with a trend towards decrease in the number of mushroom shaped spines (two way factorial 
ANOVA). 1400 spines from WT animal and 1459 spines from KO animals were quantified, at least from 10 
different dendrites from 3 different biological replicates per group. Data first published in Sarowar et al., 2016b.  

The spines were subdivided into four major spine types based on their morphology. 

Both mushroom and stubby shaped spines are classified as mature spines, and filopodia and 

thin types of spines represented immature types. During this analysis, another type of 

morphology was found to be very frequent in KO mice hippocampal neurons. This 

morphology resembled two or more spines fused together on top of each other. This subtype 

was classified as “multiple spine”. A significant increase in such branched spines was 

A B C 
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observed in KO dendrites, concomitantly with a trend towards reduction of mature 

mushroom spines (figure 21D).      

Dendritic branching was also quantified in cultured hippocampal neurons (figure 22). 

Primary hippocampal cultures from both KO and WT embryos were immunostained with 

MAP2 antibody. The number of dendrites of different hierarchy was counted. Dendrites 

branched directly from neuronal cell body were labeled as primary dendrites, secondary 

dendrites originated from primary dendrites and so on. Dendrites were counted up to 

quaternary level. No significant difference was observed in any level of dendritic hierarchy, 

the number of total dendrites also remained unaltered.  

 

 

 

 

 

 

 

 

 

Figure 22: Dendritic branching in cultured hippocampal neurons from RICH2 KO and WT embryos. 
A) Primary hippocampal neurons from KO and WT embryos were stained with cytoskeletal marker MAP2. B) 
Counting of primary, secondary, tertiary and quaternary dendrites revealed no alteration in KO cultures 
compared to WT cultures (n = 3 for each group, unpaired t test, data presented at mean + SEM). Image and 
data first published in Sarowar et al., 2016b.  

 

 Change in PSD count in RICH2 KO hippocampus 

Next, in order to investigate synapse structure in more details, transmission electron 

microscopy was performed. TEM analysis showed that the number of PSDs per optic field 

was significantly increased in KO hippocampus compared to WT hippocampus. However, 

on ultra-structural level, it was observed that the PSD length and width remained unchanged 

(figure 23B). These results indicated that possibly there were more PSDs in the branched 

shaped multiple spine without any alteration in length and width.   

 

A B 
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Figure 23: Electron microscopy analysis of the hippocampal brain region in RICH2 KO mice. A) 
Exemplary images of hippocampus using the electron microscope (scale bar 2 µM). B) The mean number of 
PSDs per optic field significantly increased in KO hippocampus. However no change was identified either in 
PSD length, or PSD width (unpaired t test, data from 3 animals per groups and 12 optic fields per animal, 657 
PSD from WT animals and 1154 PSD from KO animals were measured). Data first published in Sarowar et 
al., 2016b.   

 

 Altered glutamatergic synapses in KO mice 

Next, the spine number was quantified using immunohistological methods. Brain tissue 

sections were stained with Bassoon (presynaptic marker) and Shank2 (postsynaptic marker) 

antibodies and the co-localizing signals were quantified (puncta per optic field). No 

differences were observed in terms of colocalized puncta per optic field in KO hippocampal 

CA1 neurons compared to WT neurons (figure 24A). This result was very similar to that 

observed previously with Golgi staining analysis.  
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Figure 24: Immunohistological analysis of glutamatergic synapses in RICH2 KO animals. A) 
Immunohistochemistry using glutamatergic synapse markers- Shank2 and Bassoon, revealed no alteration in 
puncta per optic field in RICH2 KO hippocampal CA1 pyramidal neurons, compared to WT. This indicated 
that the synapse density was not altered (n = 4 per group, unpaired t test). B) Histological staining of 
hippocampal CA1 pyramidal neurons using CaMKII, GluA1, GluA4, GluN1, Homer1, Shank2 and Shank3 
antibodies. There was a significant increase in GluA4 and GluN1 signal intensity in KO animals compared to 
WT. Additionally Shank3 signal was decreased (values are shown as mean + SEM, unpaired t test in all the 
comparisons; PYR: stratum pyramidale, OR: stratum oriens, RAD: stratum radiatum; figure first published in 
Sarowar et al., 2016b).   

 

 Then immunohistological analysis was performed using an array of postsynaptic 

protein antibodies such as CaMKII, GluA1, GluA4, GluN1, Homer1, Shank2 and Shank3. 

Like the previous staining, no difference in the signal intensity of Shank2 proteins was 

observed. However, there were significant increases in the signal intensities of GluA4 and 

GluN1 in RICH2 KO hippocampal CA1 sections, compared to WT sections. Additionally, 

there was a significant decrease in the signal intensity of Shank3 in KO sections compared 

to WT sections.  

 

 Altered synaptic protein composition in hippocampus 

To further confirm the changes that have been detected via immunohistochemistry, western 

blots were carried out using an array of different antibodies on the hippocampal P2 lysates. 

Various receptors, scaffolding proteins, Rho GTPases and cytoskeletal proteins were 

A B 
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investigated via western blots. It was observed that GluN1 and GluN2A expression was 

significantly increased in KO lysates (figure 25A). GluA4 also shows increased expression 

as a trend. Besides these proteins, β- actin and cortactin showed significant decrease in 

expression in RICH2 KO animals. The increase of NMDA receptors and decrease of 

cytoskeletal proteins were, in part, accompanied by changes of protein levels in S2 fractions 

(figure 25B). Western blot of cytosolic S2 fractions revealed decrease in GluN1 receptor and 

significant increase of β- actin. This indicates that these proteins have shifted from P2 

fraction to S2 fraction. Additionally, Shank3 expression was decreased in both P2 and S2 

lysates, which indicated an overall decrease of Shank3 levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Alteration in synaptic protein composition in hippocampus. A) Western blot analysis of 
hippocampal P2 lysates. Lysates were extracted from P70 animals (n = 3 for each group). Right panel: 
representative western blot bands for each protein. Protein expressions were normalized against GAPDH 
expression. There was a significant increase in GluN1 and GluN2B; and significant decrease in β- actin and 
cortactin. B) Western blot analysis of hippocampal S2 lysates (obtained from the same animals from figure A). 
In case of Shank3, a significant decrease was observed; and β- actin expression was significantly increased. C) 
qRT-PCR analysis showing relative changes of mRNA expression, extracted from crude cellular homogenates 
from P70 animal (n = 3 for each group). The Ct values were normalized against HMBS expression. No 
significant difference was detected in any of the investigated mRNA. (Values are shown as mean + SEM, in 
all cases unpaired t- test was performed, first published in Sarowar et al., 2016b). 

 

In order to investigate, whether changes have also occurred in transcriptional level 

for these proteins, qRT- PCRs were carried out using different primers (figure 25C). No 

A 
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significant difference in any of the investigated mRNAs (GluA4, GluN1, GluN2A, Shank3, 

RhoA, Rac1, Cdc42, β- actin and cortactin) was observed.  

 

 RICH2 activates Rac1 and Cdc42, but not RhoA in hippocampus 

To determine how the knock-out of RICH2 affects small GTPase signaling, GTPase activity- 

based ELISA was performed using hippocampal P2 lysates from WT and KO mice. This 

ELISA detected only the active, GTP bound state of a small GTPase.  

 

Figure 26: Alteration in small GTPase signaling in RICH2 KO animals. Using GTPase based ELISA, the 
activations of RhoA, Rac1 and Cdc42 were measured using hippocampal P2 lysates from P70 animals, 3 
animals per group. The absorbance showed a significant increase in the GTP- bound active Rac1 and Cdc42 
(but not RhoA) in the KO lysates compared to the WT lysates (n = 3, values are shown as mean + SEM, in all 
cases unpaired t- test was performed, first published in Sarowar et al., 2016b). 

  

It was observed that both Rac1 and Cdc42 were more active in the KO hippocampal 

lysates than in WT lysates. This provides evidence that RICH2 acts as a GAP protein for 

Rac1 and Cdc42 in hippocampus. Because of the deletion of RICH2 in KO animals, the GAP 

activity was diminished and an increase in GTP-bound active state of Rac1 and Cdc42 was 

observed. This did not apply to the activity of RhoA, since there was no alteration in the 

RhoA activity in the KO lysates.  

 The observation that RICH2 activated Rac1 in hippocampus was further confirmed 

via quantifying Rac1 activity in primary hippocampal cultures from KO and WT embryos. 

To determine Rac1 activity, a similar Rac1 activation assay was performed using cultured 

neurons as sample. Like hippocampal tissue, hippocampal neurons were enriched with active 

GTP-bound Rac1 (figure 27).  
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Figure 27: Alteration in small GTPase signaling in RICH2 KO hippocampal cultures. Using GTPase 
based ELISA, it was confirmed that the small GTPase Rac1 was more active and GTP- bound in RICH2 KO 
hippocampal cultures DIV14 compared to WT hippocampal cultures (n = 3 per group, unpaired t test, data 
presented as mean + SEM, first published in Sarowar et al., 2016b).   

 

 

 Actin polymerization in the hippocampus of RICH2 KO mice 

To determine whether the alteration in the activation of small GTPases affect actin 

polymerization, next an actin polymerization assay was performed. This assay measured the 

fluorescence when pyrene-labeled G actin is converted to F actin after the addition of 

hippocampal P2 lysates from WT and KO animals.  

 

Figure 28: Enhanced actin polymerization promoted by RICH2 KO lysates. Using pyrene-labeled actin 
based polymerization assay, it was observed that the lysates from RICH2 KO animals significantly accelerated 
the actin polymerization, compared to lysates from WT animals. (n = 3 for each group, values are shown as 
mean ± SEM, repeated measure ANOVA, p < 0.0001, first published in Sarowar et al., 2016b)  

 

It was observed that, compared to WT lysates, the KO lysates were able to promote 

significantly more actin polymerization, especially in the first 30 minutes. After about 60 

minutes, all the lysates reached a plateau, when most probably all the G actin in the reaction 
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mixture was converted to F actin. The lysates contained both the activated small GTPases 

(Rac1 and Cdc42), as well as different actin effectors. Therefore, it can be concluded from 

this experiment that the lysates from KO animal contained an altered protein composition, 

probably in terms of actin effectors, compared to WT animals, which led to the alteration in 

actin polymerization.  

 Besides hippocampal tissues, actin signaling was also altered in primary 

hippocampal cultures from RICH2 KO and WT embryos. Cultured neurons were stained 

with actin and Homer1. The signal intensity and signal area of colocalized puncta were 

quantified. There was significant increase in both actin and Homer1 signal intensity. 

Additionally a trend was observed towards an increase in actin signal area (figure 29).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Increased synaptic actin signal intensity and area in RICH2 KO hippocampal neurons. A) 
RICH2 KO and WT primary hippocampal neurons were stained with postsynaptic marker Homer1, actin and 
DAPI on DIV14. B) The mean fluorescence intensity of actin and Homer1 co-localizing puncta was quantified 
and significant increases in both signals were observed. C) Additionally, the signal areas of actin and Homer1 
were quantified. A trend was observed towards a higher signal area of actin puncta (n = 10 for each group, 
unpaired t test, values shown as mean + SEM, first published in Sarowar et al., 2016b). 

 

 

A 
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 Altered synaptic signaling in RICH2 KO hippocampus 

Small GTPases are able to promote actin polymerization using several pathways, involving 

an array of actin effectors. To further shed light on mechanistic pathways, western blots were 

performed using the antibodies of different effectors using hippocampal P2 lysates. These 

included the downstream effectors of Rac1 like PAK1 and LIMK1. The activity of PAK1 

and/or LIMK1 is controlled via phosphorylation. Therefore, some of the western blots were 

performed with phosphorylation specific antibodies. The LIMK1 expression was 

significantly increased in KO animals, but there was no difference in the expression of 

phospho-LIMK1. Therefore, the ratio between phopho-LIMK1 and LIMK1 remained 

unaltered in WT and KO animals. In case of PAK1, neither the PAK1 expression, nor the 

phosphorylated PAK1 expression, was altered in KO animals compared to the WT animals. 

Therefore, the ratio between PAK1 and phospho-PAK1 remained unchanged (figure 30). 

 

 

Figure 30: Mechanistic insights into the synaptic signaling in RICH2 KO animals. Western blot analysis 
showed significant increase of EPS8 and PSD95 expressions in KO animals. The LIMK1 expression was also 
significantly increased, but the phospho-LIMK1 expression did not follow the pattern. No alteration was 
detected in CaMKII, phospho-CaMKII, PAK1, phospho-PAK1 and WAVE1 expression. Right panel: 
exemplary western blot bands for each protein in WT and KO animals. (n = 3, values are shown as mean + 
SEM, in all cases unpaired t- test was performed, first published in Sarowar et al., 2016b). 

  

Besides, PAK1 and LIMK1, CaMKII in general is associated with more neuronal 

activity. Therefore, western blots were carried out using CaMKII and phospho-CaMKII 

antibodies. But no alteration was observed in individual CaMKII and phospho-CaMKII 

expression, or CaMKII and phospho-CaMKII ratio. Interestingly, the expressions of EPS8 

and PSD95 were significantly increased in KO animals, compared to WT animals. EPS8 is 
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a known regulator of actin dynamics. EPS8 acts as actin capping protein and has the ability 

to enhance actin polymerization. The other protein, PSD95 was associated with spine 

formation and maturation. Additionally, no alteration was detected in the expression of 

WAVE1. 

 

 RICH2 expression in cultured neurons 

To investigate the effect of RICH2 deletion on different excitatory proteins, hippocampal 

neuronal cultures from RICH2 KO and WT embryos were stained with RICH2 and two other 

synaptic markers- Synaptophysin1 and GKAP. It was observed that RICH2 immunoreactive 

signals went down significantly, but the Synaptophysin1 immunoreactivity was unaltered. 

Additionally Synaptophysin1, GKAP and RICH2- all of them were colocalized on the 

dendrites of WT neurons, pointing to the fact that they are part of the excitatory synaptic 

protein pool. 

 

Figure 31: Expression of different synaptic proteins in cultured hippocampal neurons. Since alteration in 
spine morphology was observed in vivo, to determine if RICH2 deletion has also altered the synaptic protein 
expression in vitro, experiment was performed for several synaptic proteins on cultured hippocampal cells. 
Immunocytological staining showed that RICH2, Synaptophysin1 and GKAP were colocalized in the dendrites 
of WT hippocampal neurons. RICH2 expression was significantly decreased in culture cells derived from 
RICH2 KO embryos, but the Synaptophysin1 signal remained same in both RICH2 KO and WT hippocampal 
cultures (n = 5 for each group, unpaired t test, this staining was performed by Matti Eckert, data and image first 
published in Sarowar et al., 2016b) 
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  Electrophysiological analysis of RICH2 KO cultured neurons 

Alteration in the synaptic function due to RICH2 deletion was investigated in vitro using 

electrophysiological measurements. In this regard, spontaneous activity (mEPSC) was 

measured and several parameters were analyzed. In general, no alteration was observed in 

mEPSC activity in neurons derived from RICH2 KO embryos. No significant change was 

observed in the frequency, rising time and decay time. However, a trend towards an increase 

in mEPSC amplitude and significant increase in signal area were recorded (figure 32). 

 

 

Figure 32: Electrophysiological analysis of cultured hippocampal neurons. Spontaneous miniature 
excitatory currents were recorded in WT and RICH2 KO hippocampal neurons at DIV14. No significant 
difference was observed in frequency, rising time and decay time. But there was increase in amplitude (as a 
trend) and signal area (significant) in RICH2 depleted neurons, compared to WT neurons (n = 20 for WT and 
n = 12 for KO, unpaired t test in each comparison, data shown as mean + SEM, first published in Sarowar et 
al., 2016b).  

 

3.3 Investigating locomotion and activity in RICH2 KO mice 

Several behavioral experiments were carried out in order to investigate any locomotion and 

activity related abnormalities in RICH2 KO animal. First of all, general health and 

neurological reflexes were observed using SHIPA test. Then the grip strength test was done 
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to observe any muscle weakness. Open field analysis was performed to assess the general 

locomotor activity and finally the Rotorod test was done. These experiments were done by 

Stefanie Grabrucker. Since alteration was observed in Rotorod test, this test result is 

discussed in details afterwards.  

Table 9: Summary from behavioral test related to locomotion and activity  

Test Parameters Quantified Alteration 

General health and 

neurological reflexes 

(SHIRPA test) 

Weight, body position, tremor, palpebral 
closure, coat appearance, whiskers, 
defecation, transfer arousal, gait, startle 
response, tail elevation, touch escape, 
positional passivity, skin color, trunk 
curl, limb grasping, Pinna reflex, corneal 
reflex, contact righting reflex, evidence 
of biting, vocalization 

No 

Grip strength test  forepaw grip strength 
 forepaw and hindpaw grip strength 

No 

Open Field  distance travelled 
 velocity 
 number of ambulations 
 duration in border zone 
 duration in center zone 
 entries into center zone 

No 

Accelerated Rotorod Latency to fall Yes 

 

 Rotorod test 

In this experiment, mice were placed on a Rotorod apparatus, running at a low speed. 

Gradually the speed was increased and the latency to fall was documented. This trial was 

done 8 times in 2 consecutive days, with 45 minutes gap in each trial each day. Generally 

for WT mice, the latency to fall increases over trial, as the mice get habituated with the 

speed. But this was not the case for RICH2 KO mice, their latency to fall did not improve 

over time and was significantly lower compared to WT mice. This result shows that RICH2 

KO mice have impaired motor learning.   
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Figure 33: RICH2 KO mice had motor learning impairment. Significant differences were observed in 
Rotorod test in mice of different genotypes. Both the latencies to fall for both RICH2 KO and heterozygous 
were significantly reduced compared WT animals ( n = 10 for WT (+/+), n = 12 for heterozygous (+/-), n = 9 
for KO (-/-), two way mixed ANOVA, data shown as mean ± SEM, data first published in Sarowar et al., 
2016b).  

 

 Expression of RICH2 in cerebellum 

In order to investigate more on the phenotypes observed in the locomotion and activity 

related behavioral analysis, the cerebellum of the RICH2 KO animals was further analyzed 

in more detail. From the initial RICH2 profiling, it was confirmed that RICH2 was highly 

expressed in cerebellum. The expression of RICH2 was observed in the different cell layers 

of cerebellum. Cerebellar brain sections were stained with RICH2 and Calbindin antibodies. 

It was observed that RICH2 was expressed in all the three cell layers- molecular, Purkinje 

and granular layer (figure 34). Calbindin is a marker for Purkinje cells. Co-localization of 

Calbindin and RICH2 showed a higher expression of RICH2 in Purkinje cell layer in WT 

cerebellum. RICH2 immunoreactivity was absent in KO cerebellum.  
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Figure 34: RICH2 expression in the cerebellum. Cerebellar immunohistochemical staining revealed RICH2 
expression in all different cell layers (M: molecular, P: Purkinje, G: Granular cell layer; left panel). RICH2 
expression was particularly high in Purkinje cell layer (colocalized with Calbindin immunoractivity). No 
immunoreactivity was detected in RICH2 KO cerebellar section (right panel). Image first published in Sarowar 
et al., 2016b.   

 

 Alteration in dendritic spines in cerebellum 

Golgi staining of cerebellar dendrites showed similar result as observed in hippocampal 

analysis. There was a significant increase in the spine volume in cerebellar neurons (figure 

35). Additionally, enlarged dendritic spines were observed in RICH2 KO cerebellum 

compared to WT cerebellum.    

 

Figure 35: Golgi analysis of the cerebellum in RICH2 KO mice. Golgi staining of the cerebellar dendrites 
revealed an increase in the spine area (n = 3 per group, unpaired t test). Left panel: representative image of the 
dendrites from WT and RICH2 KO cerebellum. Figure first published in Sarowar et al., 2016b.  
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 PSD count alteration in RICH2 KO cerebellum 

Transmission electron microscopy of cerebellar brain regions revealed an increase in the 

number of PSD per optic field, which was similar to what was observed in hippocampus. No 

alteration in the PSD length and PSD width were observed (figure 36).  

 

 

Figure 36: Electron microscopy analysis of the cerebellar brain region in RICH2 KO mice. A) Exemplary 
images of cerebellum using electron microscopy (scale bar 2 µM). B) The mean number of PSDs per optic 
field was significantly increased in KO cerebellum, but no change was identified in the measurement of PSD 
length and PSD width (unpaired t test, data from 3 animals per groups and 12 optic fields per animal, 581 PSD 
from WT animals and 754 PSD from KO animals were measured). Data first published in Sarowar et al., 2016b.   

 

 Altered synaptic protein composition in cerebellum 

Besides hippocampus, the cerebellum was also investigated in terms of synaptic protein 

composition. For this, western blots were carried out using several antibodies specific for 

receptors, scaffolding, small GTPase and cytoskeletal proteins. There were significant 

increases in the expression of GluN2B, mGluR5, RhoA and Cdc42 (figure 37). 
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Figure 37: Alteration in synaptic protein composition in cerebellum. Western blot analysis of cerebellar 
P2 lysates. Right panel: representative western blot bands for each protein, protein expressions were 
normalized against GAPDH expression. The lysates were extracted from P70 animals (n = 3 for each group). 
There were a significant increase in GluN2B, mGluR5, RhoA and Cdc42. (Values are shown as mean + SEM, 
in all cases unpaired t- test was performed, first published in Sarowar et al., 2016b). 

 

To investigate, whether the expression changes also occur in transcriptional level, 

qRT- PCR were carried out using several primers. These analysis showed that, there was no 

alteration in the mRNA expression in any of the mRNA investigated (GluA2, GluA3, 

GluA4, GluN2B, mGluR5, Shank3, RhoA, Rac1, Cdc42).  

 

Figure 38: mRNA expression quantification of synaptic proteins in cerebellum. qRT-PCR analysis 
showing relative changes of mRNA expression, The Ct values were normalized against HMBS expression. 
The mRNA were extracted from crude cellular homogenates from P70 animal (n = 3 for each group). No 
significant difference was detected in any of the investigated mRNA concentration. (Values are shown as mean 
+ SEM, in all cases unpaired t- test was performed, first published in Sarowar et al., 2016b). 

From the western blots and qRT- PCR analysis, we concluded that the change in 

synaptic protein composition was due to protein expression and no alteration took place at 

transcriptional level.  

3.4 Investigating anxiety and depression in RICH2 KO mice 

The behavior of RICH2 KO animals was assessed using several anxiety and depression 

related tests. For example, in Elevated Plus Maze, anxious mice spend more time in closed 
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arm, which was not the case for RICH2 KO animals. Similarly, no alteration was observed 

in the test for novel object recognition for short term and long term memory, exploratory 

behavior, novel odor exploration and depression (Porsolt forced swim test) (table 10). 

However, an interesting phenotype was observed in terms of object avoidance in RICH2 KO 

animals, which is described in detail in the later section. Most of the behavioral experiments 

were done by Stefanie Grabrucker.  

Table 10: Summary of behavioral test related to anxiety, fear and depression  

Test Parameters Quantified Alteration 

Elevated Plus Maze  Percent time spent in open arms 
 number of entries into open arms 
 number of entries into closed arms 
 total number of entries 
 track length 
 velocity 
 number of ambulations 

No 

Novel Object Recognition 

for Short and Long Term 

Memory 

discrimination index No 

Active Object Avoidance & 

Novel Object Location  

 time spent in zone 
 distance travelled  
 freezing 

Yes 

Porsolt Forced Swim Test the time spent immobile No 

Exploratory behavior Number of rearing No 

Novel Odor Exploration  distance traveled 
 average number of transitions 
 entries into odor zone 
 time spent in odor zone 

No 

 

 Object neophobia in RICH2 KO mice 

In order to investigate whether RICH2 KO mice had short term or long term memory deficit 

and any anxiety related object avoidance, test for novel object recognition and novel location 

exploration was done. This test had three phases- habituation, acquisition and retention. 

First, the mouse was placed in an open field arena and habituated for 30 min. Then, two 
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identical objects were put in the arena, keeping the mouse aside in its home cage. The mouse 

was put back into the arena and was allowed to explore. After 10 min, again the mouse was 

put into the home cage while one of the identical objects was replaced with a novel object. 

Afterwards, the mouse was allowed in the arena again (figure 39A).   

 

 

 

 

 

Figure 39: Scheme for novel object exploration (A) and novel location exploration (B) experiments. A 
mouse was first habituated in open field arena, then was exposed to two identical object in the arena. In the 
third phase, either one of the identical objects was replaced with a novel object or one of the identical objects 
was placed in a novel location. Tracking paths of WT and RICH2 KO mice revealed that RICH2 KO mice 
actively avoided the object in the 2nd and 3rd phase. +/+ and -/- represents WT and RICH2 KO mouse 
respectively. Images were first published in Sarowar et al., 2016b.  

In case of novel location exploration, in the third phase, one of the identical objects 

was misplaced into another location and then the subject mouse was allowed to explore 

(figure 3). Videos were recorded in all the three phases and analyzed later. Activity 

parameter and freezing behavior were quantified using EthoVision XT. KO mice were 

avoiding the object (both identical and novel) in any location and their locomotion reduced.       

A B 
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Figure 40: Quantification of activity parameters and freezing during novel object exploration and novel 
location exploration experiments. A) The open field arena was divided into object and non object zone. In 
the habituation phase, no zone preference was observed in any of the different genotypes. When objects were 
present in the arena, the RICH2 KO mice showed a preference for non object zone over object zone (both for 
identical and novel object). This was not observed for WT and heterozygous animals. Quantification of time 
spent in different zones revealed the KO spent more time in the non object zone compared to object zone. This 
phenotype was absent in WT and heterozygous mice (two way mixed ANOVA in each comparison). B) 
Freezing time was quantified defining 1% immobility parameter. Significant increase in time spent freezing 
was observed in RICH2 KO animals, compared to WT animals (both in identical and novel object phase). This 
difference was absent in the habituation phase (two way mixed ANOVA). C) The RICH2 KO mice travelled 
less than the WT mice in the identical object and novel object phase. Again this difference was absent in the 
habituation phase (two way mixed ANOVA). (n = 10 for WT (+/+), n = 12 for heterozygous (+/-), n = 9 for 
KO (-/-), experiment was done by Stefanie Grabrucker, data and graphs first published in Sarowar et al., 
2016b). 

Furthermore, the open field arena was divided into object and non object zone. In the 

habituation phase, none of the animals from different genotypes showed any preference for 

any zone. But when identical objects were introduced in the open field, the RICH2 KO mice 

showed a preference for the non object zone over object zone. This was not observed for WT 

and heterozygous animals. This trend continued as one of the identical objects was replaced 

with a novel object. Quantifying the time spent in different zones confirmed this exaggerated 

response of RICH2 KO mice towards objects (figure 40A). Additionally, the time spent 

A B 
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freezing was quantified in different phases for different groups. In the habituation phase, no 

difference was observed in the freezing time among the three different genotypes. But when 

there were objects present in the arena, the RICH2 KO mice showed more freezing compared 

to both WT and heterozygous mice. This significant difference continued in the novel object 

phase as well.  

When a novel object was present in the open field arena, RICH2 KO mice showed 

increased freezing compared to WT (figure 40B). Another quantification was made via 

measuring the distance travelled in different phases in order to observe the locomotor activity 

in the presence and absence of objects (figure 40C). In the absence of any object, the 

distances traveled by RICH2 KO animals were similar to WT and heterozygous animals. In 

the identical object phase, the KO animals travelled significantly less distance compared to 

both WT and heterozygous animals. This significant difference persisted also in the novel 

object phase. 

Taken together, the RICH2 KO animals exhibited active avoidance of any object. To 

investigate this phenotype in more detail, another round of experiments was performed. The 

experimental design was very similar to the novel object exploration. This time, the 

experiment had four different phase (figure 41). After habituation for 30 min, the subject 

mice were exposed to the same identical objects as before for 10 min. Since the RICH2 KO 

mice did not exhibit any impairment in sociability and social novelty but had object phobia, 

it was interesting to see if any object mimicking an animal structure would make a difference. 

Therefore, one of the identical objects was replaced with a playmobil white horse, which 

resembled a four-legged structure. Then, the subject mice were exposed to one identical 

object and one horse for 10 min. In the last phase, the horse was replaced with the same 

novel object and the subjects were placed in the arena for 10 min. Videos were recorded for 

each phase and analyzed later. 
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Figure 41: Scheme for characterization of object neophobia in RICH2 KO mice. A mouse was first 
habituated in the open field arena for 30 min and later exposed to two identical objects in the arena for 10 min. 
Then, one of the identical objects was replaced with a playmobil horse and the mouse was let to explore for 10 
min. Finally, the horse was replaced with the novel object from the previous experiment and the subject was 
let to explore the arena for 10 min.   

 

 Several locomotion and activity parameters were measured and analyzed from these 

recordings. First of all, it was analyzed whether RICH2 KO mice had any impairment in 

locomotion. The travelled distance was quantified from the videos. A tendency that RICH2 

KO mice travelled less distance than WT mice was observed, but this difference was not 

significant. But when the distances travelled were quantified in other phases, the analysis 

revealed that RICH2 KO mice travelled significantly less in the phase with identical objects, 

horse and novel object compared to WT mice. Since there was no difference in the 

habituation phase, it was clear that the reduced locomotion originated from the introduction 

of the objects in the arena.  

 

Figure 42: Quantification of distance travelled in different phases. A) In the habituation phase, no 
significant difference was found in terms of distance travelled. B) After the introduction of identical objects, 
RICH2 KO mice travelled less than WT littermates (a strong trend). This scenario continued with the 
introduction of horse and novel object; the RICH2 KO mice travelled significantly less than WT mice. Right 
panel: heat map from the arena exploration of WT and RICH2 KO mice in habituation and identical object 
phase. Data shown as mean + SEM, unpaired t test was done in each comparison, n = 5 for each group, data 
first published in Sarowar et al., 2017.  

 

Novel object  
(10 min) 

Habituation  
(30 min) 

Identical object 
(10 min) 

Horse (10 min) 
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 Next, the arena was divided into object and non-object side. In the habituation phase, 

the RICH2 KO mice did not exhibit any innate preference for any side (figure 43A). When 

the objects were placed in the arena, the duration of time spent in object side was altered. In 

the identical object phase, the RICH2 KO mice spent more time in the object side compared 

to WT (but not significant). When the horse object and novel object were present in the 

arena, KO mice spent more time in the non-object side than WT mice (figure 43B). 

Comparing the ratio of time spent in non- object side/ object side revealed a significant 

increase in the ratio in the novel object phase (figure 43C). Thus, whenever any object was 

present in the arena, the KO mice preferred the non-object side. Via manual analysis it was 

observed that the KO mice hardly entered the object side when any object was present. 

Comparison of the ratio of time spent in non-object side vs. object side of WT and KO 

animals revealed a trend towards increase in the ratio in KO animals (figure 43D). The 

number of transition between object and non-object side was quantified. In general, the 

number of transitions was reduced in KO animals than WT animals (figure 43E). This 

reduction was significant when a novel object was in the arena, which indicated that the KO 

animals spent more time in the non-object side and did not approach the object side much. 

Along with the number of transitions, the entries into the object side was reduced in KO 

animals compared to WT animals (figure 43F). In fact, for most of the KO animals, this entry 

was zero and statistical analysis was not performed because of this.  
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Figure 43: Side preference of RICH2 KO mice. A) In the habituation phase, the RICH2 KO mice did not 
exhibit any side preference. The time spent in the object zone was similar to WT animals. B) Side preference 
of RICH2 KO mice in the presence of objects. When identical objects were present, RICH2 KO animals spent 
more time in object side than WT animals. When the horse object and novel object were present, time spent in 
object side was reduced in RICH2 KO animals compared WT animals. C) Ratio of time spent in non-object 
side vs. object side revealed a trend towards increase in RICH2 KO animals compared to WT animals in novel 
object phase. D) Averaging the ratios of time spent in non-object side vs. object side revealed a trend towards 
increase in RICH2 KO animals. E) The number of transition between object and non-object side was in general 
reduced in RICH2 KO animals. This reduction was significant in the novel object phase. F) Entries into object 
side was reduced for RICH2 KO animals in all three test phases. Data shown as mean + SEM, unpaired t test 
was done in each comparison, n = 5 for each group, data first published in Sarowar et al., 2017.  

 

 Besides locomotion, freezing behavior was also quantified manually using a stopwatch. 

The decreased locomotion in different test phases were accompanied with increased 

freezing. Significant increase in freezing was observed in identical object, horse object and 

novel object phase in RICH2 KO animals (figure 44A). Even in the habituation phase, the 

freezing was significantly increased. Averaging the freezing time from different object 

phases revealed an over-all significant increase in freezing in RICH2 KO animal compared 
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to WT animals (figure 44B). All these analysis overall indicated that the RICH2 KO animals 

showed exaggerated response towards objects.    

  

 

Figure 44: Increased freezing of RICH2 KO mice. A) Significantly increased freezing was observed in all 
four phases in the experiment in RICH2 KO animals compared to WT animals. B) Averaging the time spent 
freezing when any object was present revealed a significant increase in RICH2 KO mice. Data shown as mean 
+ SEM, unpaired t test was done in each comparison, n = 5 for each group, data first published in Sarowar et 
al., 2017.   

 

 

 RICH2 expression in amygdala 

The brain region that is associated with fear, is amygdala. Therefore, further analyses were 

done on this brain region. First of all, the expression of RICH2 in amygdala was investigated 

using different methods. RT PCR was done using mRNA from cortex and amygdala from 

both WT and RICH2 KO animals. This experiment revealed expression of RICH2 mRNA 

in both brain regions from WT animal, however the mRNA expression was more in 

amygdala compared to cortex (figure 45A). No RICH2 specific mRNA band was observed 

from the KO animal as no RICH2 transcript was generated. Next, western blot was carried 

out using RICH2 antibody and P2 lysates from different brain regions (cortex, hippocampus 

and amygdala) from both WT and RICH2 KO animals. While RICH2 immunoreactivity was 

absent in KO animals, WT amygdala expressed RICH2 (figure 45B). This expression was 

not as strong as in hippocampus, but it was clear that RICH2 was expressed in amygdala. As 

a control for the isolation of amygdala, western blot using Arp1 antibody was done as Arp1 

expression was reported high in amygdala (Zirlinger et al., 2001). Indeed, Arp1 expression 
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was higher in amygdala lysates than cortex or hippocampal lysates (figure 45B insert), which 

ensured that the isolation of amygdala was done in the proper way. 

  

Figure 45: Expression of RICH2 in amygdala. A) RT PCR analysis using mRNA from cortex and amygdala 
revealed expression of RICH2 in amygdala. B) Western blot using RICH2 antibody showed RICH2 expression 
in cortex, hippocampus and amygdala lysates from WT animals. In KO lysates, all the three different brain 
regions lacked expression of RICH2. As a control, Arp1 immunoreactivity was observed in different brain 
regions. Since amygdala lysate showed the high expression of Arp1, amygdala isolation was done in the right 
way. C) RICH2 was expressed at glutamatergic synapses as it co-localizes with Homer1 in 
immunohistochemical analysis (data first published in Sarowar et al., 2017). 

Next, immunohistochemistry was done on WT coronal sections using postsynaptic 

marker Homer1 and RICH2. Co-localization analysis revealed that RICH2 positive puncta 

colocalized with Homer1 in amygdala (figure 45C). Therefore, RICH2 was expressed in the 

glutamatergic synapses in amygdala.    

 

 Small GTPase signaling in amygdala   

An increase in the activation of small GTPase Rac1 and Cdc42 was observed in the 

hippocampus in RICH2 KO animal (section 3.2.6). To check whether such alteration had 

taken place in amygdala as well, assays were performed to investigate the RhoGAP activity 

of amygdala P2 lysates from WT and RICH2 KO animals. The RhoGAP activity was first 

measured in nmol/min/mg unit, without adding any small GTPase to the reaction mixture. 

A standard curve was made using different dilutions of 0.1 mM KH2PO4 and measuring the 

absorbance (figure 46A).   
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Figure 46: Measurement of GAP activity in amygdala lysates. A) A standard curve was made by plotting 
the concentration and absorbance of different dilutions of 0.1 mM KH2PO4. This standard curve was generated 
using Cytation 3 software. B) The GAP activities of amygdala lysates from WT and RICH2 KO animals were 
quantified by plotting the absorbance in the standard curve. GAP activity was reduced in KO lysates than WT 
animals (n = 3 for each group, data first published in Sarowar et al., 2017).   

 Next, the absorbance of the lysate mixture was measured and RhoGAP activity was 

calculated by plotting the absorbance value in the standard curve. It was observed that the 

GAP activity was reduced in RICH2 KO lysates compared to WT lysates (figure 46B). This 

indicated that loss of RICH2 had led to diminished GAP activity in KO lysates.  

As the next step for RhoGAP quantification, small GTPase proteins were added to 

lysates and GTP mixtures. Four different small GTPase proteins were tested in this manner- 

RhoA, Rac1, Cdc42 and Ras p21. It was observed that in case of all of the small GTPases, 

the absorbance using KO lysates were reduced compared to WT lysates (figure 47A-D). This 

indicated a diminished GAP activity in KO lysates. Interestingly, the reduction of 

absorbance of RhoA GAP in RICH2 KO lysates showed a statistically significant trend 

(figure 47A). Thus RICH2 acts as GAP protein for RhoA in amygdala. 

Further, to elucidate the increased RhoA activity in amygdala, western blot was 

carried out using anti- RhoA antibody. RhoA expression was significantly increased in KO 

amygdala than WT amygdala (figure 47E). Thus, both RhoA expression and activity were 

increased in RICH2 KO amygdala due to the diminished GAP activity.     
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Figure 47: Altered GTPase signaling in the amygdala of RICH2 KO animals. A) When RhoA was present 
in the reaction mixture, the absorbance of KO lysates was reduced compared to WT (as a significant trend). 
This indicates that RICH2 acted as RhoGAP protein for RhoA in amygdala. B-D) No significant difference 
was observed when any of the other tested small GTPases (Rac1, Cdc42 and Ras p21) was present in the 
reaction mixture. E) Similar to the RhoGAP assay, western blot analysis revealed higher RhoA expression in 
RICH2 KO amygdala that WT amygdala (n = 3 for each group, unpaired t test). Data first published in Sarowar 
et al., 2017.  

  

 Alteration of dendritic spine morphology in amygdala 

In the hippocampus, the disinhibition of Rac1 had altered the morphology of the dendritic 

spines in RICH2 KO animals. Since in the amygdala, over-activation and overexpression of 

RhoA was observed, the effect of this signaling change on the dendritic spine morphology 

was quantified. First of all, the spine density was measured along the dendrites from 

amygdala neurons. No alteration was observed (figure 48A). Next, spines were categorized 

into four groups based on their morphology- mushroom, stubby, filopodia and thin. In the 

RICH2 KO amygdala dendrites, a significant decrease in mushroom shaped spines and a 

significant increase in filopodia shaped spines were observed (figure 48B). Since both 

mushroom and stubby are categorized as mature spines, and filopodia and thin are 

categorized as immature spines, these changes in spine morphology can be interpreted as 

shift from mature to immature spines.   
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Figure 48: Altered spine morphology in the amygdala of RICH2 KO mice. A) Using Golgi 
stained sections, spine density was quantified in RICH2 KO and WT amygdala. No difference was 
observed in this parameter (n = 10, unpaired t test). B) Categorizing the dendritic spines based on 
their morphology revealed a significant shift from mushroom shaped mature spines to filopodia 
shaped immature spines in RICH2 KO amygdala dendrites compared to WT dendrites (n = 6, 
unpaired t test). Data first published in Sarowar et al., 2017.  
 
 

 Synaptic protein composition in amygdala 

After the detection of alterations in spine morphology and actin polymerization, the synaptic 

protein composition was analyzed in RICH2 KO amygdala. Immunohistochemistry and 

western blot were performed using different synaptic protein and actin effector protein 

antibodies. First of all, using several synaptic markers (Homer1, Bassoon and Shank3) in 

immunohistochemistry, no alteration was observed in immunoreactive puncta per optic field 

in RICH2 KO amygdala, compared to WT amygdala (figure 49A). These synaptic proteins 

are highly expressed in dendritic spines. This correlated very well with the Golgi analysis, 

where no change in the spine density was observed. 

Next, western blots were carried out using antibodies against several scaffolding 

(Shank3 and PSD95), glutamatergic receptors (GluA4, GluN1, GluN2A and GluN2B) and 

actin modulators (EPS8 and cortactin). In general, increases in the expression of PSD95, 

GluN2A and EPS8 were observed in RICH2 KO amygdala, compared to WT amygdala. The 

increase in PSD95 expression was statistically significant (unpaired t test).  
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Figure 49: Synaptic protein composition in RICH2 KO amygdala. A) Besides Golgi staining, spine density 
was analyzed by quantifying three pre- and post-synaptic markers (Homer1, Bassoon and Shank3). No 
alteration was observed in terms of signal puncta per optic field, which indicated no alteration in spine density. 
B) The protein composition in the PSD from amygdala P2 lysates. Using western blot analysis, a significant 
increase in the scaffolding protein PSD95 and a trend towards an increase in GluN2A were observed (n = 3 for 
each group, unpaired t test for each comparison, data first published in Sarowar et al., 2017). 
 

   

 

 Actin polymerization in the amygdala of RICH2 KO mice 

Alteration in actin polymerization was observed in hippocampus of RICH2 KO mice 

(section 3.2.7). Therefore, it was important to know whether similar alteration had also taken 

place in amygdala. In this regard, the same ELISA was done using amygdala P2 lysates 

which was first used to investigate hippocampal P2 lysates. Lysates were added to pyrene-

labeled G actin and fluorescence emitted from the conversion of G actin to F actin was 

quantified over time. This kinetic analysis revealed that the actin polymerization occurred to 

a lower extent in the wells where RICH2 KO amygdala lysates were added, compared to 

WT lysates (figure 50A). This indicated that the RICH2 KO amygdala lysates were less 

efficient in promoting actin polymerization than WT amygdala lysate. This was the exact 

opposite to what was observed in hippocampus, where enhanced polymerization occurred 

with RICH2 KO hippocampal lysates. 
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Figure 50: Actin polymerization and signal intensities in the amygdala of RICH2 KO mice. A) Actin 
polymerization was quantified using an ELISA-based assay where P2 lysates from RICH2 KO and WT 
amygdala were added to fluorescent pyrene-labeled actin and the change of the fluorescence was measured 
over time. This assay revealed that actin polymerization was significantly reduced when lysates from KO 
animals were used, compared to the WT lysates (n = 3 for each group, repeated measure ANOVA). B) No 
alteration was observed in the signal intensities of Actin in the RICH2 KO amygdala section compared to WT 
animals via immunohistochemistry. Data first published in Sarowar et al., 2017. 

 

 However, immunohistochemical staining of actin with Acti-stain revealed that the 

fluorescent signal intensity of actin in synapses was not reduced in the amygdala of KO 

sections (figure 50B). Immunohistochemistry was a different read-out than the ELISA done 

earlier, where actin signal intensities were measured irrespective to their polymerization 

status. Therefore, it can be said that, even though the actin polymerization was reduced in 

the amygdala which was detected via ELISA, the overall actin level was unaltered, detected 

via immunohistochemistry.     

 

 Activation of neurons in the amygdala after exposure to novel 

objects 

It has been shown that cFos activation is a marker for increased neuronal activity (Cruz et 

al., 2013). In order to investigate whether the exposure to objects had increased the neuronal 

activity, the subject mice were sacrificed 30 min after the novel object exploration test using 

cervical dislocation and cFos DAB staining was performed on coronal tissue sections (figure 

51A). The number of cFos positive puncta was quantified. It was observed that the number 

of puncta in basolateral amygdala (BLA) was significantly increased in RICH2 KO 
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amygdala compared to WT amygdala (figure 51B). Therefore, it can be concluded that more 

neurons in the RICH2 KO amygdala were active than in WT amygdala.   

 

Figure 51: Increased cFos signals in RICH2 KO amygdala. A) cFos staining of coronal brain sections of 
subject animals, killed 30 min after the novel object test. B) Quantification of cFos positive puncta in BLA. 
The puncta number was significantly increased in RICH2 KO amygdala than WT amygdala. (n = 3, unpaired 
t test, CEm: medial subdivision of the central amygdala, CEl: latero-capsular subdivision of the central 
amygdala, LA: lateral amygdala, BLA: the lateral (LA) and basal (BA) nuclei (together referred to as the 
basolateral amygdala – BLA), data first published in Sarowar et al., 2017.   

 

3.5 Summary of the studies from different brain regions 

This study focused on several brain regions to identify phenotype/genotype correlation. 

After a significant increase in self-grooming phenotype, the hippocampus was extensively 

studied using several ways. Shift of spine morphology from mushroom to multiple branched 

spine was observed along with increase in PSD count, expression of AMPA and NMDA 

receptors and increase in mEPSC signal area. Additionally, actin polymerization was 

enhanced in hippocampus, which is possibly modulated by an increase in the expression of 

several actin effector proteins like EPS8 and LIMK. Motor learning was also impaired in 

RICH2 KO mice, which is associated with the structure and function of cerebellum. Like 

hippocampus, spine area, receptor composition and PSD count related changes were 

observed in cerebellum. In case of amygdala, a complete different picture was observed. In 

this brain region, deletion of RICH2 increased the activity of RhoA, which suggests RICH2 

acts as RhoGAP for RhoA in amygdala. In line with this, the actin polymerization was 

reduced and spine morphogenesis was shifted towards filopodia shaped immature spines.     
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The following table summarizes all the different results obtained from various studies 

involving different brain regions from RICH2 KO animals compared to WT animals. 

Table 11: Summary of experiments from different brain regions 

 

Characteristics  

 

Hippocampus 

 

Cerebellum 

 

Amygdala 

Behavioral phenotype 

 

Increase in self- 

grooming 

Latency to fall on 

Rotorod decreased 

Object neophobia 

Spine analysis Shift towards 

multiple spine 

morphology, 

increase in spine 

area 

Increase in spine 

area 

Shift towards 

filopodia spine 

morphology 

PSD analysis Increase in PSDs per 

optic field 

Increase in PSDs 

per optic field 

- 

Synaptic protein 

expression 

Increase in GluA4, 

GluN1, GluN2A, 

PSD95, EPS8 and 

LIMK1; decrease in 

β- actin and 

cortactin  

Increase in 

GluN2B, mGluR5, 

RhoA, Cdc42 

Increase in PSD95 

Activated small 

GTPase 

Rac1 and Cdc42 - RhoA 

Actin polymerization Enhanced - Reduced 

Neuronal activation Increase in signal 

area in mEPSC 

- Increase of cFos 

positive puncta 

 

The signaling pathways activated in different brain regions are illustrated in figure 

52.   
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Figure 52: RICH2 signaling in different brain regions. In WT animals, presence of RICH2 ensures that the 
small GTPase signaling is turned off after a certain time, which maintains the spine morphogenesis in a fine 
tuned way. In the hippocampus of RICH2 KO animals, the Rac1 is over activated. This leads to alteration in 
actin polymerization, receptor expression and synaptic signaling, which results in multiple branched spine 
morphology. In amygdala, RICH2 acts as GAP for RhoA and deletion of RICH2 increases the activity of RhoA. 
This leads to a reduction in actin polymerization and number of immature spines increases. Image adapted 
from Sarowar et al., 2016b (page 9).   
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4 Discussion 

Small GTPase modulators are associated with a range of diseases ranging from cancer to 

neuropsychiatric disorders (Kasri and Van Aelst, 2008; Toksoz and Merdek, 2002; Woolfrey 

and Srivastava, 2016). This is also true for the newly identified RhoGAP protein RICH2. 

RICH2 allelic variations have been associated with HIV-1 (human immunodeficiency virus) 

infection and osteosarcoma via genome-wide association studies (Both et al., 2012; Le Clerc 

et al., 2011). However, the work of this thesis establishes RICH2 as one of the key players 

in synaptic plasticity. We have generated a knock-out mouse model using random gene-trap 

insertions that lacks the genomic expression of RICH2. Generating knock-out mouse models 

via gene-trapping is a reliable method and this procedure has contributed much to our 

understanding of connectivity and brain circuits (Leighton et al., 2001).   

Since RICH2 is a PSD protein and SHANK3 interaction partner, the experiments in 

this thesis were designed to investigate the role of RICH2 in various synaptic signaling 

pathways and the phenotypic abnormalities resulting from RICH2 deletion. Using 

behavioral studies, it was observed that loss of RICH2 affected hippocampus dependent 

stereotypic behavior, motor learning and adaptability to objects. 

Because of the RhoGAP domain in RICH2, alterations in small GTPase signaling in 

various brain regions and the consequences on spine remodeling due to loss of RICH2 were 

investigated using several read-outs. In this regard, the RICH2 knock-out model was used 

for morphological studies to compare the spine morphology in several brain regions. Loss 

of RICH2 affected spine remodeling and PSD receptor composition.   

 

4.1 Normal growth and development despite loss of RICH2 

In WT animals, RICH2 is almost exclusively expressed in the brain with a minor expression 

in the peripheral organ liver. RICH2 expression is ubiquitous in various brain regions, but 

high in hippocampus, cerebellum and cortex. RICH2 is also expressed in amygdala, but to a 

lesser extent than other brain regions. The knock-out mouse model analyzed in this thesis 

had a genomic deletion of RICH2. Therefore, RICH2 was absent in all stages of life. 
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Electron microscopy investigation identified RICH2 as a PSD protein in 

hippocampal cell culture. In vivo, the RICH2 protein can be identified in crude cellular 

homogenate, nuclear fraction, cytosolic fraction and synaptosomal fraction simultaneously. 

Heterozygous animals showed a reduced expression of RICH2 which indicated the 

haploinsufficiency of RICH2 in these animals. These mice were used in behavioral analysis 

to observe a gene-dosage effect of RICH2 and compared to WT and KO.  

 We have observed a significant increase in the brain size of RICH2 KO animals. 

Interestingly, in many ASD human patients, the brain size is enlarged (Piven et al., 1996). 

However, the increase in brain size in RICH2 KO animal was not due to an increase in cell 

number in different brain regions. The most probable cause of this increase is increase in 

cell volume, which, as a whole, increased the size of the brain. Other than this, RICH2 KO 

mice did not exhibit any gross physiological or developmental abnormalities. After 

confirming that mouse growth and development was normal despite the loss of RICH2, we 

set forth to investigate the effects of loss of RICH2 on small GTPase signaling.    

 

4.2 RICH2 acts on different small GTPases in different brain 

regions 

The expression and function of small GTPases are controlled via differential and spatial 

segmentation. The fine-tuning of the small GTPase signaling is important for cellular 

structure and signaling. To that end, a large number of small GTPase modulators are 

activated in different brain regions. Some of the small GTPase modulators are known to alter 

the activity of more than one small GTPase, such as RhoGEF H1 (Ridgway et al., 2010). H1 

acts as a GEF protein for both RhoA and Rac1. Modulating the activity of both GTPases, 

H1 can control the collective downstream effect, which has a potential role in brain 

metastatic melanoma (Ridgway et al., 2010). Often GAPs and GEFs for Rac1 also act on 

Cdc42 (Abe et al., 2000; Richnau and Aspenström, 2001). GEFs such as Vav and Vav2 act 

on all three Rho GTPases: RhoA, Rac1 and Cdc42 (Abe et al., 2000; Liu and Burridge, 

2000). Such activation can occur simultaneously or separated by temporal and spatial 

segmentation. Sometimes activation of one small GTPase may inhibit the activation of 

another small GTPase. Since RICH2 has a GAP domain, the alteration in small GTPase 

activity in the knock-out mouse model was investigated.   
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In this study, loss of RICH2 has increased the active GTP bound form of both Rac1 

and Cdc42 in vivo. Additionally, in hippocampal cultures from RICH2 KO embryos, Rac1 

overactivation has been observed. However, western blot analysis revealed no significant 

alteration of total small GTPase expression in RICH2 KO hippocampus. Thus it can be 

concluded that loss of RICH2 activates Rac1 and Cdc42 in the hippocampus without 

changing expression levels.  

Investigating expression in cerebellum using western blot revealed significant 

increase in both RhoA and Cdc42 levels. Their activation status remains unknown as no 

activity dependent assay was performed.  

Loss of RICH2 decreased the GAP activity of the small GTPase in the amygdala of 

RICH2 KO animals compared to WT animals. RhoA activity was significantly increased in 

amygdala of KO mice. Western blot analysis revealed an up regulation of RhoA expression. 

Thus, deletion of RICH2 enhanced both the expression and the activity of RhoA in the 

amygdala.  

Taken together, RICH2 activates different small GTPases in different brain regions. 

Loss of RICH2 activates Rac1 and Cdc42 in hippocampus and RhoA in amygdala. In vitro 

analysis revealed RICH2 can act as GAP protein for RhoA, Rac1 and Cdc42 in a cell-free 

assay (Raynaud et al., 2014). In most cases, RhoA and Rac1 show antagonistic effects in 

spine morphogenesis and actin remodeling (Guilluy et al., 2011). RhoA inhibits spine 

formation whereas Rac1 promotes it (Newey et al., 2005). Thus, compartmentalized 

activation of either Rac1 or RhoA by RICH2 may be necessary to achieve the desired 

modulatory effect.  

 Both over-activation and inhibition of small GTPase signaling may lead to cognitive 

impairment. RhoA signaling over-activation due to the loss of RhoGAP Oligophrenin-1 

increases acto-myosin contraction and increases the threshold for synaptic plasticity (Govek 

et al., 2004). Following the alternate direction, loss of αPIX, a GEF for Rac1/Cdc42, 

decreases activation of Rac1. This reduces the actin filament formation, and spine and 

neurite formation and maturation. This also leads to abnormal information processing 

(Kutsche et al., 2000). Therefore, many GAP, GEF and GDI have originated in different 

tissues in such a way that the small GTPase signaling can be fine-tuned to maintain the 

physiological functions (Ramakers, 2002).    
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Much of our knowledge and understanding of RICH2 activity comes from the study 

on hippocampal neuronal cultures. Therefore, the function of RICH2 in amygdala is yet to 

be investigated using amygdala neuronal cultures. Moreover, studies investigating small 

GTPases mostly focus on the three main family member- RhoA, Rac1 and Cdc42. Further 

studies may include other family members as target small GTPase, which will provide new 

insight on the activity of GAP/GEF proteins. Since some of the small GTPase modulators 

are associated with intellectual disabilities, it would not be a surprise if RICH2 is found to 

be associated with a psychiatric disorder.    

 

4.3 Loss of RICH2 causes abnormal spine morphology 

The salient feature of dendrites is the presence of small actin-rich protrusions, which act as 

receiver of excitatory synaptic signaling (Harris, 1999; Nimchinsky et al., 2002). For 

weakening or strengthening the synaptic signaling, morphogenesis of dendrites is very 

important. Upon synaptic signaling, the number of spines may increase or decrease along 

with a change of the morphology (Penzes et al., 2011). Such modifications mostly rely on 

the dynamics of actin polymerization and actin effectors (Hlushchenko et al., 2016; Matus, 

2000). Alteration in dendritic spine morphology has been observed in many psychiatric 

disorders (Fiala et al., 2002; Nestler, 2001). For example, post-mortem analysis of ASD 

brains revealed alteration in dendritic spine morphology (Hutsler and Zhang, 2010). 

Therefore, aberration of spine structure and function might be at the core of the pathology 

of ASD.  

 The RICH2 protein has a N-BAR domain and this domain was associated with 

induction of receptor-mediated membrane curvature (Aspenström, 2014). Therefore, it is 

possible that loss of RICH2 leads to alteration of receptor composition at the synapse. To 

test this hypothesis, we performed several western blots with receptor-specific antibodies 

using hippocampal synaptosomal fractions. In line with our hypothesis, the expressions of 

AMPA receptor GluA4 and NMDA receptor GluN1 and GluN2A were significantly 

increased in RICH2 KO animals. Additionally, GluA4 and GluN1 signals were enhanced in 

brain slices as demonstrated by immunohistochemistry. The alteration of protein in 

synaptosomal fraction might be due to the redistribution of proteins into different cellular 

compartments. Therefore, we performed the same western blots using a cytosomal fraction. 
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The increase in synaptosomal fraction was not due to any redistribution of protein, but due 

to an overall increase of protein levels. Moreover, alteration of these receptors occurred only 

on protein level, but the mRNA levels were unchanged. 

Small GTPases are strong regulators of spine morphogenesis (Nakayama et al., 2000; 

Woolfrey and Srivastava, 2016). We have detected an alteration in the small GTPase 

signaling due to the loss of RICH2 in different brain regions. In addition to this, in vitro 

studies showed that knock-down of RICH2 reduced the spine density variation, involving a 

RICH2-Rac1 complex, and Rac1 knock-down affected RICH2 mediated spine enlargement 

(Raynaud et al., 2014). Therefore, we hypothesized that RICH2 deletion might be 

accompanied with alteration in dendritic spine morphology. 

To test this hypothesis, we have used Golgi-Cox stained sagittal and coronal sections 

of WT and RICH2 KO mice at the age of 3-4 months. Analysis of dendritic spine 

morphology in the hippocampus of WT and RICH2 KO animals revealed no difference in 

the spine density along the dendrites, which was further confirmed via 

immunohistochemistry. 

The spine area was significantly increased in RICH2 KO animals. Moreover, analysis 

of the morphology of the spines revealed a shift from ‘mature’ mushroom shaped spines 

towards multiple, branched spines. Since a bigger multiple head containing spine could 

possibly accommodate more than one PSD, we used electron microscopy to quantify the 

number of PSDs per optic field. While no change was observed in the dimension of a PSD 

(PSD length and width), there was a significant increase in the number of PSDs per optic 

field in the hippocampus of RICH2 KO animals compared to WT animals. Given the fact 

that loss of RICH2 disinhibited Rac1 and Cdc42 in hippocampus in our mouse model and 

Rac1 has been associated with spine remodeling for a long time (Luo, 2000; Tashiro et al., 

2000), the alteration in spine morphology may be explained by hyper-activation of Rac1. 

These data strongly supports that RICH2 is able to modify spine remodeling via modifying 

the activity of Rac1. In vitro hippocampal cultures of RICH2 KO embryos showed no 

alteration in dendritic branching and overactivation of Rac1 compared to WT embryo 

hippocampal culture.         

Rac1 can regulate actin dynamics via several pathways. One of the pathways is the 

Rac1-PAK1-LIMK1-Cofilin pathway (Yang et al., 1998). Alternatively, Rac1 can form a 
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complex with EPS8 and IRSp53 (Funato et al., 2004; Scita et al., 2001). To investigate which 

pathway and which actin effectors are driving the spine morphogenesis in RICH2 KO mice, 

several western blots were carried out using activity specific signaling molecule antibodies 

and hippocampal synaptosomal lysates. Neither total PAK1 nor activated phosphorylated 

PAK1 was increased in RICH2 KO animal. The total LIMK1 was significantly increased, 

but the phosphorylated active form was not increased. Additionally, a significant increase in 

EPS8 and PSD95 were observed, without any alteration in WAVE1. EPS8 is an actin 

capping protein and it increases the stability of actin (Disanza et al., 2004). Also EPS8 can 

form complexes with Abi-1, WASP/WAVE and cortactin. This complex regulates actin 

polymerization via the Arp2/3 complex (Dos Remedios et al., 2003). PSD95 is also known 

for its spine modulating activity (Kim and Sheng, 2004). Thus, it can be concluded that loss 

of RICH2 enhances actin polymerization via Rac1 mediated EPS8 recruitment in 

hippocampus.  

Because of the detected disinhibition of Rac1 and increase in actin capping protein, 

next, we investigated actin polymerization states in RICH2 KO animals. In this regard, an 

ELISA was used which measured the conversion of G-actin to F-actin over time. Indeed, we 

observed that the RICH2 KO animal lysates were able to promote actin polymerization 

significantly faster than lysate from WT animals. Additionally, in hippocampal neuronal 

cultures from RICH2 KO mice, synaptic actin signal intensity and area were increased. All 

these result together identify Rac1 signaling as the causative pathway of the abnormal 

dendritic spine morphogenesis in hippocampus in RICH2 KO animals. 

In addition to these studies, we have measured the miniature excitatory postsynaptic 

currents (mEPSC) in the hippocampal cultures from WT and RICH2 KO embryos. No 

change in the mEPSC frequency or current was observed. However, the signal area measured 

in the KO culture was significantly increased compared to WT culture. Since Rac1 is 

associated with the formation of LTP (Haditsch et al., 2009; Martinez and Tejada-Simon, 

2011), and Rac1 activity is increased in RICH2 KO hippocampal cultures, studying the effect 

of LTP on these cells might reveal even more synaptic functions of RICH2.   

Similar to hippocampus, we investigated the receptor composition of synapses of the 

cerebellum of both RICH2 KO and WT animals. Both GluN2B and mGluR5 receptors were 

significantly more expressed in RICH2 KO cerebellum, although in general NMDA and 
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mGluR receptors are not highly expressed in cerebellum. Therefore, these results are hard to 

interpret. Investigation on the cerebellum of Golgi stained slices from RICH2 KO and WT 

animals revealed a similar picture as seen in hippocampus before. The spine density was 

unaltered in KO animals, but the spine area was significantly increased. These larger spines 

harbored more PSDs, which was investigated via measuring the number of PSDs per optic 

field in electron microscopy.  

Besides hippocampus and cerebellum, we have also investigated amygdala in terms 

of dendritic spine morphogenesis and actin polymerization. In contrast to hippocampus, this 

brain region exhibited a different response to RICH2 knock-out. It was shown that loss of 

RICH2 increased the activity of the small GTPase RhoA. Since RhoA signaling is different 

and to some extent opposite of Rac1, the consequence of this hyper-activation was also 

different. Spine morphology analysis revealed that spine morphology of RICH2 KO 

amygdala was shifted from mushroom shape to filopodia shape, while no change occurred 

in the spine density. 

Since alteration in the shape of spines is associated with actin dynamics, we 

performed the same actin-based ELISA with amygdala synaptosomal lysates as we did with 

hippocampal lysates. Interestingly, this time, the actin polymerization was significantly 

reduced using lysates from KO mice. The total actin quantity was unaltered, which was 

investigated via immunohistochemistry. 

Using western blot analysis, no alteration could be detected in AMPA (GluA4) or 

NMDA (GluN1, GluN2A/B) receptors. Actin effectors like EPS8 and cortactin expression 

were similarly unchanged. However, the expression of the scaffolding protein PSD95 was 

significantly increased in RICH2 KO amygdala compared to WT amygdala. Since no study 

on electrophysiology was conducted on amygdala cultures, the effects of all these alterations 

on synaptic signaling remain unclear.  

Investigation of the dendritic morphology revealed a shift from mature spines to 

multiple branched spines in hippocampus and to filopodia like spines in amygdala. This 

change is accompanied by overactivation of Rac1 in hippocampus and RhoA in amygdala. 

In this regard, the mechanism for spine morphogenesis is totally driven by the activated 

small GTPase. Taken together, RICH2 KO mice exhibited alteration in dendritic spine 
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morphology along with changes in actin polymerization and expression of actin effector 

proteins in different brain regions.  

 

4.4 Loss of RICH2 activates immediate early genes in amygdala 

The amygdala is a brain region involved in fear conditioning and consolidation (LeDoux, 

2003, 2007). This almond shaped brain region is composed of distinct sub regions or nuclei 

(LeDoux, 2007). These nuclei differ in terms of their cell size, density, trajectory and 

chemical composition. The basolateral (BLA) region is connected with the neocortex and 

composed of basal, lateral and accessory basal nuclei. The lateral amygdala is the prime 

region of input reception. The BLA is also involved in the development of phobias (File et 

al., 1998). Studies on the amygdala have proven to be very insightful in terms of 

understanding fear conditioning in neuropsychiatric disorders (Mahan and Ressler, 2012; 

Markram et al., 2008). In line with this, amygdala hypo-perfusion has been detected in 

Phelan McDermid syndrome via positron emission tomography (Philippe et al., 2008). 

Phelan McDermid or 22q13 deletion syndrome is developed as a result of haploinsufficiency 

or deletion of SHANK3 gene (Wilson et al., 2003).   

Transmission of conditioned cue information to the amygdala can follow two 

pathways. One from thalamus directly to the lateral amygdala (Turner and Herkenham, 

1991) and the other from thalamus to the auditory cortex and the lateral amygdala (Romanski 

and LeDoux, 1993). Lesions in either pathway or in the lateral amygdala lead to a loss of 

conditioning. The amygdala is maintained by a lot of inhibitory connections and thus 

remains relatively inactive compared to other brain regions (LeDoux, 2007). Information 

from any conditional cue is received by the lateral amygdala directly from the auditory 

thalamus or via the auditory cortex. Such an excitatory stimulus can silence local inhibitory 

interneurons and neuronal activation occurs. The information from the lateral amygdala is 

then passed on to the central amygdala and physiological responses are observed, such as 

freezing behavior. Thus, activation of the amygdala leads to an increase in rodent freezing 

behavior (Holahan and White, 2002).  

Fear reconsolidation requires the removal of blockage from several neurotransmitter 

systems like glutamate, noradrenaline and endocannabinoid (Baldi and Bucherelli, 2015). 



                             Discussion 

98 

 

Activation of these systems also activates certain protein kinases like MAPK (mitogen 

activated protein kinases) and ERK (extracellular signal related kinases). The downstream 

effect of this kinase activation is an alteration in gene expression, which is primarily 

modulated by transcription factors like CREB (cAMP response element binding protein). 

The most studied protein which is regulated by CREB in amygdala is cFos. Studies on the 

cFos activation are an effective way to investigate the role of sensory and conditional factors 

in integrated neuronal circuits (Baum and Everitt, 1992; Campeau et al., 1991). Expression 

of cFos is indirectly related to neuronal activation (Cruz et al., 2013).   

In our study, we have shown that RICH2 is expressed in amygdala. Similar to 

RICH2, some other small GTPase modulators are expressed in amygdala e.g. MEGAP and 

RAPGEF6 (Endris et al., 2002; Levy et al., 2015). MEGAP is associated with intellectual 

disability and RAPGEF6 is associated with Schizophrenia. Deletion of RAPGEF6 impaired 

fear conditioning and anxiety-like behavior in mice. RAPGEF6 is able to promote IEG 

activation in hippocampus and amygdala (Levy et al., 2015). Therefore, we hypothesized 

that deletion of RICH2 might be associated with IEG activation in this mouse model. To test 

this hypothesis, we have performed the analysis of cFos positive cells in the BLA region of 

amygdala after the animal had been exposed to objects. 

Similar to RAPGEF6, loss of RICH2 was able to enhance cFos activation in the 

amygdala. In section 4.2, we have discussed the fact that loss of RICH2 increases RhoA 

activity in amygdala. In it known that RhoA can activate cFos expression in non-neuronal 

cells (Ueyama et al., 1997). Our study proves that besides non-neuronal cells, RhoA is able 

to activate cFos expression in neurons in the amygdala. 

 

4.5 Behavioral phenotyping of RICH2 KO mouse model 

The behavioral analysis of the RICH2 knock-out mouse model was carried out using several 

experiments. These experiments evaluated a range of physiological functions, which can be 

broadly classified into the following categories— learning and memory, ASD-like behavior, 

locomotion and activity, fear, anxiety and depression.  

Even though phenotype to genotype correlation is not always clear, the specific 

behavioral deficits may be due to malfunction of specific brain regions. For example, 
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structural and functional integrity of the hippocampus are crucial for the process of learning 

and memory (Neves et al., 2008; Wang and Morris, 2010). Therefore, any abnormalities in 

memory and learning might be due to improper functioning of the hippocampus. Motor 

learning is at large dependent on the function of the cerebellum (Shiotsuki et al., 2010), 

whereas self-grooming, an ASD related phenotype can be associated with hippocampal 

function (Cannon et al., 1992). The fear or phobia related circuit is based on the amygdala 

(Öhman and Mineka, 2001). Some behavioral parameters require the functioning of more 

than one brain region. For example, responsiveness towards novel objects can be influenced 

by both hippocampal and amygdala activities (Bliss‐Moreau et al., 2010).  

 

 RICH2 deletion partly induced ASD-like behavior in mice 

The symptoms of ASD are quite heterogeneous. Thus, multiple animal behavioral tests 

investigating different symptoms are necessary and not all symptoms are present in each 

mouse model for ASD. Mouse models harboring SHANK3 mutations exhibit several 

phenotypes like increased self-grooming, impaired social interactions, altered ultrasonic 

vocalizations, memory and learning impairments (Jiang and Ehlers, 2013). Disrupted 

interaction of SHANK3 with its partners may give rise to a similar phenotype in a mouse 

model. For example, genotype/phenotype correlation studies showed that microdeletion of 

Homer binding exon in SHANK3 leads to subset of ASD symptoms (Jiang and Ehlers, 

2013). Since RICH2 is an interaction partner of SHANK3, we hypothesized that loss of 

RICH2 might induce ASD-like behavioral phenotypes in mice. To test this hypothesis, 

several experiments were performed to assess sociability, tendency to explore new 

environments, and stereotypic behavior.  

 Nest building is a spontaneous home cage behavior of mice (Jirkof, 2014). Nest 

building is also important for heat protection and reproduction (Deacon, 2006). Impairment 

in nest building behavior is observed in many ASD mouse models (El-Kordi et al., 2013; 

Jirkof, 2014; Lang et al., 2012). For example, a SHANK3 insertion mutation mouse model 

exhibited impairment in nest building (Speed et al., 2015). We have tested the nest building 

in RICH2 KO mice, but could not observe an alteration in nest building assessed by a nest 

pattern rating scale.  
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Possible cognitive deficits in RICH2 KO mice were investigated using a Y maze. 

This test assesses hippocampus dependent memory and the willingness of the animal to 

explore a novel environment (Conrad et al., 1996). No alteration was detected in RICH2 KO 

animals in various parameters of the Y maze test, i.e. spontaneous alteration behavior and 

total number of entries. Another well-known test for assessing hippocampus dependent 

learning and memory is the Morris Water Maze (Morris, 1984). Learning and memory of 

RICH2 KO animals were investigated using this test as well. However, no alteration was 

observed in the latency to escape, track length and time spent in different quadrants. Even 

though, learning and memory deficits are not a crucial part of the pathology of ASD, some 

of the SHANK3 mouse models exhibit abnormalities in this test (Wang et al., 2011; Yang et 

al., 2012).      

 Stereotypic repetitive behavior is one of the main characteristics of ASD. Repetitive 

motor movements like self-grooming or jumping is a common phenotype in ASD mouse 

models (Lewis et al., 2007). An increase in such stereotypic behavior is observed in many 

of the SHANK3 mouse models (Peça et al., 2011; Wang et al., 2011; Yang et al., 2012). 

Similarly, a significant increase in the time spent in self-grooming was observed in RICH2 

KO mice. 

Another core feature of ASD is impairment in social interaction. Here, the three 

chamber test has been designed to investigate a similar impairment in rodents (Yang et al., 

2011). Social interaction in RICH2 KO mice was investigated using this test. No alteration 

was detected in the time spent sniffing the familiar and stranger mice, time spent in different 

chambers, and the number of transitions in different chambers. Unlike RICH2 mice, some 

of the SHANK3 models exhibit impairments in social interaction (Wang et al., 2011; Yang 

et al., 2012). Thus, is can be concluded that loss of RICH2 evokes some of the ASD-like 

feature of mice, but not the full set.    

 

 Loss of RICH2 impairs motor learning 

In order to investigate the activity and locomotion of RICH2 KO mice, first, general health 

and neurological reflexes were assessed. A SHIRPA test measures a wide range of 

involuntary parameters including tremor, weight, limb grasping, gait, and contact righting 

reflex. No alteration was detected in these parameter. Additionally, grip strength was 
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measured for only forepaw, and forepaw and hindpaw together. No significant alteration was 

detected in grip strength. Therefore, it can be said that alteration in any locomotor activity is 

not due to muscle weakness. 

 The open field test was performed to assess the general locomotor and exploratory 

behavior of RICH2 KO mice. No difference was observed in various open field parameters 

for example time spent in center or border zone, velocity, distance traveled, number of 

ambulations and entries into center zone. 

 The Rotarod test is a measurement for motor function, balance and coordination 

(Carter et al., 2001), and also focuses on the ability of motor-learning. In this test, mice are 

put on a rotating rod and the speed of the rod is gradually increased. After several rounds of 

training, healthy control mice can stay on the rod for an increased amount of time - the 

latency to fall from the rod increases. However, this was not the case for RICH2 KO animals. 

Even after several rounds of trainings, the latency to fall was significantly lower in this 

mouse model compared to WT mice. Thus, it can be concluded that motor learning is 

impaired in RICH2 KO animals, but the hippocampal dependent learning and memory are 

fully functional as there was no difference in time spent or entry into open arms seen in the 

previous Y maze test.  

 In the complete knock-out mouse model of SHANK3, a similar phenotype of motor 

impairment was observed (Wang et al., 2016). Despite having normal grip strength, the 

knock-out mice exhibited poor performance in accelerating and steady-speed Rotarod tests. 

Additionally, in the open field test, the mice travelled less distance compared to WT 

littermates.   

 

 Loss of RICH2 induces neophobia in mice 

Several experiments were performed to investigate anxiety, the presence of depression and 

fear related phenotypes in RICH2 KO animals. The Elevated Plus Maze measures the 

anxiety level in mice (Pellow et al., 1985). An anxious mouse spends more time in the closed 

arms of the maze to minimize exposure. In this case of RICH2 KO animals, such anxiety-

related phenotype was not observed. Further, to investigate whether RICH2 KO mice were 

suffering from motivational problems or depression, a Porsolt forced swim test was 
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performed. This is a test where a mouse is motivated to swim in a beaker in order to get out 

(Castagné et al., 2011). Mouse models suffering from depression are usually less motivated 

to swim and start floating earlier. However, no such problem was observed in RICH2 KO 

animals as the time spent immobile in the test was not different from WT mice.  

The most interesting phenotype observed in RICH2 KO mice is an object neophobia. 

When an object was present in the open field arena, the KO mice approached the object less 

frequently and preferred to stay in the non object zone. One of the SHANK3 null mouse 

models has an impairment in novel object exploration (Yang et al., 2012). In this model, the 

KO mice explore both the familiar object and new object in a distinct way compared to the 

WT mouse via sniffing. The RICH2 mouse model has similar phenotype. However, the 

readout used in this study is different from the SHANK3 mouse model. Here, using RICH2 

KO mice, the phenotype is explored in much more detail. First it was investigated if this 

phenotype is caused by altered exploratory behavior. However, no such alteration was 

observed. In contrast, the observed neophobia was linked specially to any object irrespective 

of its size and shape. A tendency towards a reduced distance travelled was observed, which 

probably is due to the anxiety related increase in freezing behavior. This did not change even 

when one of the objects mimicked the shape of a four-legged animal. 

Such a phenotype is rarely observed in animal models. Mice lacking or 

overexpressing the protein Neuroserpin, a serine protease inhibitor exhibited a similar 

phenotype (Madani et al., 2003). Therefore, the observation of such a phobia in a Rac1 

overexpression mouse model is very surprising. Fear conditioning was also impaired in a 

Kalirin-7 (Rac1 GEF) knock-out mouse model (Xie et al., 2011).  

Fear, one of the oldest and strongest emotions of mankind, is indispensable for 

everyday survival. But too much fear, too little fear and unspecific fears are harmful as any 

of them can be life threatening (Tarrier and Gregg, 2004). Fear can be broadly classified in 

innate and learned. Innate fear is usually encoded in the genome. For example, a laboratory 

mouse which has never seen any cat, will still be afraid of cat urine because this is encoded 

in its genome. In another situation, if a rat experiences a foot shock and auditory cue together, 

it will develop fear for the auditory cue despite the sound normally is harmless. However, 

phobia and fear are two different paradigms. Phobia corresponds to irrational fears of any 

object or situation (Association and Association, 1994). Typically, phobia is the 
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consequence of overwhelming fear and sufferers from phobias will go to any extent to avoid 

a confronting situation. Neophobia is the persistent and irrational fear of anything new. The 

most studied human neophobia is probably food neophobia in children (Pliner and Hobden, 

1992). Interestingly, domestication induces neophobia in mice as house mice are more often 

exposed to new trapping strategies to capture them (Meddock and Osborn III, 1968). 

Freezing is one of the defensive behaviors, which are expressed when an animal is 

threatened. In humans, fear often is associated with alterations in physiological parameters 

like heart rate or adrenaline levels (Jansen et al., 1995). In case of a mouse, the corresponding 

read-out may be freezing or less frequent approaches of the object. This was quantified for 

the RICH2 KO mouse model. 

Alteration in fear memory is associated with various neuropsychiatric conditions 

(Charney and Deutch, 1996; Shalev et al., 1992). Anxiety, phobia and fear are the most 

common comorbidities observed in ASD patients (Matson and Nebel-Schwalm, 2007). 

Increased food neophobia is often observed in ASD patients (Kral et al., 2013).  

 

4.6 Understanding RICH2 and SHANK3 interaction 

Overall, this study helps to understand the pathology mediated by SHANK3/RICH2 

signaling as it reveals more insight on the interaction of SHANK3 and RICH2. We have 

detected a decrease in SHANK3 expression in hippocampus in RICH2 KO animals using 

both western blot and immunohistochemistry. This confirms that the interaction partners of 

SHANK3 may at least partly be responsible for its localization at the PSD, and loss of 

interaction partners may lead to altered synaptic SHANK3 expression. Additionally, this 

reduction of expression is not compensated via increased expression of other SHANK 

isoforms, which was the case for one of the SHANK3 KO mouse models (Schmeisser et al., 

2012). 

Like RICH2, SHANK3 is also expressed in amygdala (Lee et al., 2013). In addition, 

it has been shown that SHANK2 and SHANK3 are expressed, but have different localization 

in the cerebellum. SHANK2 is expressed in the Purkinje cell layer, whereas SHANK3 is 

expressed in the granular cell layer (Boeckers et al., 1999). Despite being an interaction 

partner of SHANK3, RICH2 is found to be expressed in the Purkinje cell layer in this study. 
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This raises the question, whether RICH2 is specific for SHANK3 or might also have some 

affinity for SHANK2.  

This mouse model with genomic deletion of RICH2 presented a subset of behavioral 

phenotypes, which are observed in SHANK3 mouse models which is discussed in more 

detail in section 4.5.  

 In vitro studies showed that a mutant form of RICH2, unable to bind SHANK3, is 

not well tolerated in hippocampal neurons (Raynaud et al., 2013). This gives an idea of the 

physiological relevance of the SHANK3-RICH2 interaction. RICH2 that is unable to bind 

SHANK3 cannot participate in cLTP mediated receptor endocytosis and inhibits the 

enlargement of spine heads. Therefore, it can be hypothesized that SHANK3, upon 

interaction, somehow inactivates RICH2 to enhance spine enlargement (Sarowar and 

Grabrucker, 2016). How the interaction dependent RICH2 inactivation occurs is unclear. So 

far, no post-translational modification of RICH2 has been investigated.    

 RICH2 interacts with the PDZ domain of SHANK3. One of the mouse models of 

SHANK3 mutations contained a deletion of the exons forming the PDZ domain (Peça et al., 

2011). This mouse model displayed aberration in the striatum. Receptors e.g. GluA2, 

GluN2A, GluN2B and scaffolding proteins like Homer and PSD93 were less expressed in 

the KO mouse model. On top of this, the PSDs were thinner than those of WT mice and the 

mEPSC frequency was reduced. These findings highlight the importance of the PDZ domain 

for the function of SHANK3. Investigation on other brain regions might provide similar 

features in terms of receptor expression and PSD structure.      

Both β-PIX and RICH2 bind with the PDZ domain of SHANK3, but β-PIX activates 

Rac1 and Cdc42, whereas RICH2 inactivates them. Activation of β-PIX increases spine 

enlargement whereas RICH2 inhibits spine enlargement. Most of the interaction partners of 

SHANK3 promote dendritic spine morphogenesis in a certain direction (Sarowar and 

Grabrucker, 2016). RICH2, that inactivates Rac1, does not follow this direction. Thus, it can 

be postulated that fine-tuning of the activity of β-PIX and RICH2 is important for spine 

maturation. Factors controlling the accessibility of the PDZ domain of SHANK3 to β-PIX 

and RICH2 are yet unknown. However, the mechanism for accessibility of the ankyrin repeat 

domain is known. It was shown that the accessibility of the ankyrin repeat domain is 

controlled by the intra-molecular binding of the SPN domain (Mameza et al., 2013). 
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Although such a control has not been identified for the PDZ domain, identification of the 

mechanism responsible for selection of interaction partners will lead to a better 

understanding of the RICH2-SHANK3 interaction in future.  

As actin mediated spine abnormalities are core pathologies in SHANK3 mediated 

mutations, targeting actin regulators like cofilin and PAK rescued the phenotype in a 

SHANK3 C terminal deletion model (Duffney et al., 2015). This mouse model expressed 

less β-PIX, which led to less Rac1 activity. Interestingly, enhanced activation of Rac1 also 

modulated such rescue. This is a direct evidence of cross-talk between SHANK3 pathology 

and small GTPase signaling. RICH2 activity might be another promising drug target.
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5 Summary & conclusions 

In this study, we have characterized a knock-out mouse model which had a genomic deletion 

of RICH2 (RhoGAP interacting with CIP4 homologue 2) protein. The knock-out was done 

using random gene-trap insertions. Using several read-outs, the presence of the vector in the 

genomic location of RICH2 was confirmed and there was no expression of RICH2 in any 

stage of development of the knock-out mouse model. In WT mouse, RICH2 expression was 

ubiquitous in different brain regions and sub-cellular fractions. Except for increase in the 

brain size, the growth and development of knock-out mice were normal despite the loss of 

RICH2. 

 Loss of RICH2 altered the receptor composition in knock-out mouse, especially 

NMDA receptors. In the hippocampus, loss of RICH2 increased the activation of small 

GTPase Rac1 (Ras-related C3 botulinum toxin substrate 1) and Cdc42 (Cell division control 

protein 42 homologue 42). Additionally, abnormal spine morphogenesis was observed in 

this brain region. The expression of EPS8 (Epidermal growth factor receptor kinase substrate 

8), a Rac1 downstream effector was significantly increased. EPS8 is a actin capping and 

stabilizing protein (Disanza et al., 2004). In line with this, actin polymerization was 

significantly enhanced in RICH2 knock-out mouse. Electrophysiological analysis revealed 

a significant increase in signal area in knock-out mouse hippocampal culture.  

Investigating the cerebellum of knock-out mice revealed a similar alteration in spine 

morphogenesis and synaptic receptor composition. Analysis of amygdala of the knock-out 

mouse model revealed a different scenario. Loss of RICH2 increased the activity of RhoA 

(Ras homolog gene family, member A) in amygdala. The spine morphogenesis was shifted 

towards filopodia shaped spine formation. The actin polymerization was significantly 

reduced in the amygdala of knock-out mouse model. Additionally, loss of RICH2 increased 

the activation of an immediate early gene cFos. 

Behavior analysis of RICH2 KO animals revealed a subset of autism-like phenotypes 

like increase in stereotypic behavior. Additionally, the mice had impairments in motor 

learning and object neophobia.    

Taken together, this study characterizes the role of RICH2 in the signaling pathway 

of small GTPases in a brain region-specific manner. RICH2 activates different small 
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GTPases in different brain regions— Rac1 and Cdc42 in hippocampus and RhoA in 

amygdala. Consequently spine morphogenesis and actin polymerization follow the different 

mechanisms orchestrated by Rac1 and RhoA. As an interaction partner of SHANK3 (SH3 

domain & ankyrin repeat containing protein 3), RICH2 may be associated with autism-like 

behavior as loss of RICH2 increases stereotypic behavior. Additionally, pronounced object 

neophobia is observed in the RICH2 KO mouse model, which is a rare phenotype found in 

mice.  

As RICH2 is a PSD protein interacting with both SHANK3 and small GTPases, 

studies on RICH2 have translational impact on understanding synaptic plasticity and 

synaptopathy. Since the studies of small GTPases are much older than studies on 

Shankopathy, knowledge acquired from one arena can be useful for other fields. Altogether, 

this mouse model will enhance our understanding of synaptic signaling, which is pivotal in 

designing therapeutics for SHANK3 pathology and intellectual disability developed due to 

abnormal small GTPase signaling.         
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