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1 Introduction 

1.1 Autism Spectrum Disorder (ASD) 

The umbrella term autism spectrum disorder (ASD) describes a heterogenous group of 

neurodevelopmental disorders ranging from patients with classical idiopathic Kanner-type 

autism with lower cognitive abilities to high-performing patients with Asperger syndrome. 

Therefore, ASD describes a continuum rather than a narrow set of disorders. Nonetheless, all 

ASD members do share a few core phenotypes and become apparent by the age of three: 

patients present an abnormality in social interaction, language and communication, as well as 

repetitive, stereotyped behaviour and interests (Lord et al., 2000; Geschwind, 2009). The 

estimated prevalance of ASD is around 1-2% (Park et al., 2016) and the disease has a strong 

genetic component (see 1.1.1 for more details.) Interestingly, the prevalence of ASD has 

increased in the past two decades which suggests either environmental factors such as air 

pollution or changes in the tendencies to diagnose ASD but the exact causes for this increase are 

not clear at present (Park et al., 2016; Ng et al., 2017). Of note, ASD patients also exhibit 

several common comorbidities: e.g. sensory abnormalities in more than 90% of patients, motor 

abnormalities (e.g. hypotonia), and epileptic seizures which of course are of great clinical 

relevance. Less well established comorbidities of ASD include sleep and gastro-intestinal 

problems (Geschwind, 2009; Muskens et al., 2017). Lastly, it is important to note that ASD and 

ASD-like behaviour may also occur in patients suffering from other clinically well-defined 

disorders/diseases like in the case of the fragile X syndrome (Fernandez and Scherer, 2017). 

1.1.1 ASD genetics and changes in synaptic and network signaling 
observed in ASD 

As mentioned above, ASD has a strong genetic component: e.g. monozygotic twins have a 

concordance rate of 70-90% whereas dizygotic twins have a rate of only 0-10%; also, males 

have a much higher risk of developing ASD than females (Moessner et al., 2007; Fassio et al., 

2011). Additionally, autistic-like traits are more common in relatives of people with ASD than 

in the general population (Bourgeron, 2015). The current understanding of ASD genetics is that 

in the majority of ASD cases, a multitude of genes must be altered to increase the chance of 

being diagnosed with ASD. Nonetheless, in around 10-20% of ASD cases, monogenetic 

variations have been identified which by themselves appear to be able to cause ASD- such as 
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genetic variations in SH3 and multiple ankyrin repeat domains 2 (SHANK2) and especially in 

SHANK3 (Leblond et al., 2014; Bourgeron, 2015).  

Interestingly, many of these genes  including SHANK2 and SHANK3 are directly or indirectly 

involved in synapse signaling, function, and formation (Provenzano et al., 2012) and a 

dysregulation of the excitation/inhibition balance has been shown for ASD patients since 20-

40% of them suffer from epilepsy (Rapin, 1997; Tuchman and Rapin, 2002; Besag, 2018).

Along these lines, growing evidence indicates that ASD is related to alterations in neuronal 

circuits, such as a reduced interaction of the hippocampus and prefrontal systems or changes in 

GABAergic synaptic transmission (Ameis et al., 2011; Zikopoulos and Barbas, 2013; Gogolla et 

al., 2014; Rothwell et al., 2014; Mariani et al., 2015). Therefore, alterations in synaptic and 

neuronal network signaling are associated with  and possibly causative for the behavioural 

phenotypes underlying ASD. It is, however, important to emphasize that our knowledge of how 

ASD associated genes are linked to the typical ASD behavioural phenotypes is very limited, 

even in the case of monogenetic gene variations. Nonetheless, we and many researchers believe 

that studying the changes in synaptic and network signaling that result from the ASD associated 

monogenetic gene variants (e.g. by studying knockout mice of the particular gene) is a sensible 

approach to gaining an understanding of what kind of pathomechanisms may underly ASD

(Provenzano et al., 2012; Jiang and Ehlers, 2013; Mullins et al., 2016). 

1.1.2 ASD mouse models 

As mentioned above, studying animal models with disruptions of monogenetic ASD-related 

genes has become an important research activity in order to understand the pathomechanisms of 

ASD. The most common animal models are knockout mice of or mice with a deficiency of the 

particular gene of interest. The prerequisite for a proper ASD mouse model i.e. a model which 

will generate data which may be transferable to human ASD patients  is of course that the mice 

display ASD-like behaviour or at least present the comorbidities which are common for ASD. 

The genes that have been selected for the creation of these genetically modified mice include 

SHANK1, SHANK2, SHANK3, CNTN4, NRXN1, NLGN1, NLGN3, NLGN4 and many more 

(Provenzano et al., 2012; Jiang and Ehlers, 2013; Shinoda et al., 2013). Many, but not all, of 

these mouse models display core ASD-like behavioural phenotypes like repetitive behaviour and 

abnormal social interactions and almost all mouse models display changes in synaptic and 

network activity (Provenzano et al., 2012; Molenhuis et al., 2016).  
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1.1.2.1 ASD mouse models used in this study: Shank2-/- -/-

For this thesis, we chose to analyze mutant mice which are deficient in Shank2 (referred to as 

Shank2-/- during the rest of the thesis) or deficient for several isoforms of Shank3 (referred to as 
-/- during the rest of the thesis). These mice exhibit clear ASD-related behavioural 

phenotypes like repetitive motor behaviour and exhibit alterations in glutamatergic synaptic 

transmission (Schmeisser et al., 2012; Jiang and Ehlers, 2013; Vicidomini et al., 2016). 

1.1.3 ASD-related brain regions analyzed in this study: striatum, cortex, 
hippocampus, thalamus, and cerebellum 

Defining ASD-related brain regions is a relatively arbitrary endeavor since  as mentioned 

above in 1.1.1  ASD is a neurodevelopmental disorder with well-documented changes in 

synaptic transmission and network signalling and will, therefore, most likely affect all neuronal 

tissue in the brain and possibly in the brain stem, as well. Nonetheless, based on available data 

both from human studies and ASD mouse models, our research group considers the following 

brain regions to be associated with ASD and they have, therefore, also been the focus of analysis 

of this study: striatum, cortex, hippocampus, thalamus, and cerbellum (Ameis et al., 2011; Peca 

et al., 2011; Provenzano et al., 2012; Schmeisser et al., 2012; Becker and Stoodley, 2013; Jiang 

and Ehlers, 2013; Zikopoulos and Barbas, 2013; Rothwell et al., 2014; Bourgeron, 2015; Ha et 

al., 2015; Schuetze et al., 2016). For instance, it is clear that the striatum, cortex, thalamus, and 

cerebellum can be associated with ASD since this disorder is related to abnormal motor 

behaviours and all of these brain regions are involved in the execution and/or modulation and/or 

control and/or propagation of motor processes and motor signals (Laforce and Doyon, 2001; 

Nebel et al., 2014; Fuccillo, 2016; Schuetze et al., 2016).  Also, the hippocampus and cortex are 

two regions that work in cooperation to allow for memory retrieval and consolidation (Ramus et 

al., 2007; Lehn et al., 2009; Ameis et al., 2011; Pehrs et al., 2015) which of course is relevant to 

social interaction and communication, which  as mentioned in 1.1 and 1.1.2  is altered in ASD 

patients and ASD mouse models. 

1.2 The SHANK gene family 

The SH3 and multiple ankyrin repeat domains (SHANK) gene family, also known as proline-

rich synapse-associated proteins (ProSAP) gene family, has three family members (SHANK1-3) 

that encode for the scaffolding proteins Shank1-3. Shank1-3 are expressed heavily in the brain 

and research has primarily focused on Shank analysis in this organ but it is worthy to note that 

Shank2 and especially Shank3 are also strongly expressed in non-neural tissue (Lim et al., 1999; 
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Yao et al., 1999; Sala et al., 2015). In neurons, where the subcellular localization of Shanks has 

been most extensively studied, Shank1-3 localize to electron-dense structures called post 

synaptic densities (PSD) at the excitatory synapse. There, these molecules directly or indirectly 

interact with many other PSD-associated proteins like postsynaptic density protein 95 (PSD95) 

and, thereby, connect GluRs and cell adhesion molecules with cytosolic cell components like the 

cytoskeleton and signaling cascades (Bockers et al., 1999; Sheng and Kim, 2000; Boeckers et 

al., 2002; Jiang and Ehlers, 2013; Sala et al., 2015; Harris et al., 2016; Lilja et al., 2017) as is 

shown schematically in figure 1.  

Figure 1: Shank functions as a scaffold in the PSD at the excitatory postsynapse  

The schematic figure shows that Shank molecules act as a second-line scaffolding proteins which are situated at a 

greater distance from the excitatory synapse than the first-line scaffolding protein PSD95 which interacts with 

GluRs and many other molecules like Neuroligin. Via their interaction partners like Homer, guanylate kinase-

associated protein (GKAP), Cortactin etc., Shank molecules help to structure and organize the PSD. In this way, 

GluRs and other transmembrane proteins like Neuroligin become interconnected with the actin cytoskeleton 

(filamentous actin/F-actin) at the excitatory postsynapse. 

 



  1 Introduction 

5 

Given this important function of Shank molecules, it is not surprising that several studies have 

demonstrated the importance of Shanks for the excitatory synapse, synaptic signaling, and 

circuit functions (Peca et al., 2011; Wang et al., 2011; Schmeisser et al., 2012; Won et al., 2012; 

Vicidomini et al., 2016; Monteiro and Feng, 2017).  

Even though Shank1-3 have a similar protein/domain structure and appear to share similar 

interaction partners (Jiang and Ehlers, 2013), they do to have varying expression patterns and 

probably localize differentially to excitatory synapses, like in the hippocampus (Bockers et al., 

2004; Heise et al., 2016a). This suggests that the Shank proteins are not functionally redundant, 

i.e. that loss-of-function of one Shank protein cannot be compensate by other functionally intact 

Shank protein family members. This appears to be particularly true for Shank3 since the 

SHANK3 gene is more strongly associated with ASD than is the case for SHANK1 and SHANK2

(Leblond et al., 2014; Monteiro and Feng, 2017). Along those lines, SHANK3 haploinsufficiency 

has been linked not only to ASD but also to other nervous system disorders such as the Phelan-

McDermid syndrome and schizophrenia (Guilmatre et al., 2014) which is not as clear for the 

other SHANK genes. Interestingly, SHANK genes have several intragenetic promotors which 

lead to the expression of several isoforms. Again, this is the most pronounced for SHANK3 since 

it is believed that this gene has six intragenetic promotors, whereas SHANK2 and SHANK1 have 

three or two intragenetic promotors, respectively. 

In the context of this study, we are only interested in the Shank molecules insofar as genetic 

variations in SHANK genes can be linked to ASD and Shank knockout mice represent a suitable 

animal model for a better understanding of the pathomechanisms underlying ASD. Since genetic 

variations in SHANK3  and to a lesser degree SHANK2  are more strongly linked to ASD than 

genetic changes in SHANK1 (Leblond et al., 2014), we decided to analyze the Shank2-/- and 
-/- mice mentioned in 1.1.2.1. Of note, Shank2-/- mice can be considered to be true 

-/-  

isoform which explains the names of these knockout mice.  

1.3 Glutamate and GABA receptors are critical determinants of 
synaptic signal transmission in the brain and at central synapses

Glutamate is the main excitatory neurotransmitter in the mammal brain and gamma-

Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the mammal brain. 

Consequently, their receptors are essential to synaptic signaling and a physiological 

excitation/inhibition balance.  



  1 Introduction 

6 

1.3.1 Glutamate receptors 

Glutamate receptors (GluRs) can be subdivided into ionotropic GluRs (iGluRs) which are 

ligand-gated ion channels and into metabotropic GluRs (mGluRs) which are G-protein-coupled 

receptors (GPCRs). The iGluRs can be subdivided into -amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors (AMPARs), N-Methyl-D-aspartate (NMDA) 

receptors (NMDARs), kainate receptors (KARs), and delta receptors though the latter are less 

studied and their functional relevance is less clear (Traynelis et al., 2010; Hepp et al., 2015). 

1.3.1.1 Ionotropic glutamate receptors 

The iGluRs have a high sequence homology and are composed of four transmembrane subunits 

that form a central ion pore. The ligand binding domain for glutamate is located extracellularly 

and upon ligand binding, the ion pore allows for the passage of kations- especially sodium and 

in some cases calcium (Traynelis et al., 2010). For this study, the relevant iGluRs are AMPARs 

and NMDARs, more precisely the AMPAR subunits glutamate A1 (GluA1) and GluA2, as well 

as the NMDAR subunit NMDA Receptor 1 (GluN1). Even though all AMPAR subunits are very 

important for glutamatergic signal transmission in the mammal brain, a relevant fact to keep in 

mind is that in the striatum and cortex, GluA1 and GluA2 quantitatively make up nearly three-

quarters of AMPARs and in the hippocampus it is even more than three-quarters (Schwenk et 

al., 2014). Also, GluA1 is of great interest to basic researchers and clinicians alike since it is 

important in the treatment of Alzheimer, schizophrenia and depression but it is also involved in 

pain, epilepsy, and drug addiction. Along those lines, GluA1-/- mice are used as models for 

schizophrenia (Zhang and Abdullah, 2013). GluA2 is of great importance to glutamate-signaling 

induced intracellular signaling cascades since it can allow for the influx of calcium through the 

AMPARs into the postsynapse (Wright and Vissel, 2012) and it has also been associated with 

(Gaisler-Salomon et al., 2014).   

NMDARs are more complex than AMPARs in the sense that they require both glutamate and 

glycine to bind for activation to occur and they also only become active and permeable for 

kations after prior AMPAR-mediated depolarization. Upon depolarization, a magnesium block 

is expelled from the ion pore and subsequently sodium, potassium, and calcium influx through 

the NMDAR can occur. Since calcium is a second messenger, the calcium influx is especially 

relevant for intracellular signaling cascades like those which are central to a form of synaptic 

plasticity called long-term-potentiation (LTP) (Traynelis et al., 2010; Luscher and Malenka, 

2012). Interestingly, GluN1 is a mandatory component for each NMDAR tetramer which is the 
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main reason that we restricted our analysis in this study to this NMDAR subunit. After all, 

GluN1 expression should correlate with total NMDAR expression. 

1.3.1.2 Metabotropic glutamate receptors 

The mGluRs differ from iGluRs significantly both in structure and function. Structurally, 

mGluRs are dimers of seven transmembrane-spanning domains. Functionally,  mGluRs are 

GPCRs and upon activation by extracellular ligands, mGluRs undergo a conformational change 

that activates the G-protein. The G-proteins then affect various intracellular effector molecules 

such as ion channels which then become permeable for their respective ions. The mGluRs can 

be categorized into three groups but the only group relevant to this study is group I which 

includes the mGluR1 and mGluR5 subunit. It should be mentioned that mGluRs can be located 

pre- and postsynaptically and even though the activation of mGluRs leads to a great variety of 

cellular responses, one can say that activation of the predominantly postsynaptically located 

group I of mGluRs leads to a depolarization of the postsynaptic membrane by initiating the 

modulating ion channels. For this study, we only focused our analysis on a single mGluR 

subunit, namely mGluR5. Worthy of note, mGluRs have a clinical relevance since their 

therapeutic utility in neurological and psychiatric disorders is becoming more and more apparent 

as research continues (Niswender and Conn, 2010).  

1.3.2 GABA receptors 

GABA receptors (GABARs) can be subdivided into two groups: ionotropic GABARs which are 

ligand-gated ion channels and metabotropic GABARs (mGABARs) which are G-protein-

coupled receptors (GPCRs). For this study, we were only interested in ionotropic GABARs 

which are called GABAARs to distinguish them from metabotropic GABARs which are called 

GABABRs. 

1.3.2.1 Ionotropic GABA receptors 

GABAARs are predominantly postsynaptically located pentamers made up of a combination of 

several different subunits. E.g., in humans the following subunits exist: -6 - -

-3. Most physiologically relevant pentamers include two  

 (Miller and Aricescu, 2014). Upon activation by the 

extracellular ligand GABA, GABAARs allow for the influx of chloride ions and thereby lead to a 

hyperpolirization of neurons, except in immature neurons where GABAAR can lead to a 
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depolarization due to an  increased concentration of intracellular chloride ions (Spitzer, 2010).

AR (GABAA

generally speaking   subunits correlate with the physiological quantities of GABAARs and 

among the  (Mortensen 

et al., 2011). It is also worthy to note that the presence o

GABAAR pentamer can lead to an extrasynaptic localization. These extrasynaptically located 

pentamers are relevant to signal transduction since they mediate tonic inhibition, i.e. they are 

almost constantly active and ther (Glykys 

and Mody, 2006, 2007). 

1.4 The biotinylation assay is a biochemical approach to analyze cell 
surface glutamate and GABA receptors 

The relative activation of GluRs and GABARs is critical to synaptic signaling and to setting the 

excitation/inhibition balance in neuronal networks like the brain which  as mentioned above  

is important to neurological disorders such as ASD. Obviously, qualitative and quantitative 

aspects must be taken into account when determining the excitation/inhibition balance of 

neuronal networks or of individual neurons: e.g. it is possible to have 

of iGluRs positioned on a neuron which are poorly  and this would 

yield a low depolarization. The same would be true if the neuron had fewer iGluRs which, 

however, are more activated.  

In this study, we chose to analyze the quantitative aspects of GluRs and GABARs with a 

biochemical approach. Classically, biochemical approaches for quantifying synaptic proteins 

like synaptic receptors have been carried out by creating subcellular fractions using special 

buffers   such as low salt buffers containing sucrose to stabilize subcellular structures during 

the fractionation procedure , sucrose gradients, and differential centrifugation (Huttner et al., 

1983; Peca et al., 2011; Schmeisser et al., 2012). Depending on the protocole, different 

compartments of the synapse can be enriched- 

-

including the PSD (Dosemeci et al., 2006; Bai and Witzmann, 2007). All of these approaches 

are, however, not ideally suited for analyzing GluRs and GABARs which take part in signal 

transduction since the subcellular fractions will also contain receptors not inserted into the 

membrane, e.g. receptors which have not yet undergone receptor exocytosis or receptors which 

have already undergone receptor endocytosis (Horak et al., 2014)  see figure 2 for a schematic 

overview. 
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Figure 2: Receptor localization to the membrane is a complex process which involves several 

cellular compartments and is necessary for receptor-mediated influx of ions and subsequent 

signaling events within the neuron 

Schematic figure showing the transport of an iGluR subunit (e.g. GluN1) from the ER to the dendritic spine. After 

protein synthesis at the ribosomes (not shown) and further processing in the endoplasmatic reticulum (ER) and the 

trans-golgi-network (TGN), the iGluR subunit is then transported inside a vesicle anterogradely by the motor 

protein kinesin along the tubulin cytoskeleton until a transition into the actin cytoskeleton near the dendritic spine 

occurs. Here, transport takes place by the motor protein myosin (not shown). Then  at the dendritic spine  

receptor exocytosis takes place into the plasma membrane and the receptor subunit is finally located at the cell 

surface. Here, the receptor can allow for the influx of sodium and other kations upon binding of its ligand 

glutamate. In other words: the proper functioning of GluRs depends on their localization to the cell surface. On the 

other hand, it is also important to keep in mind that receptors also become endocytosed after some time, thereby 

also removing them from the cell surface. 

Therefore, we chose to analyze cell surface GluRs and GABARs by implementing a slighty 

(Whitehead et al., 2013) which is 

described in detail in the materials and methods section. Briefly, cell surfaces are biotinylated 

with Sulfo-NHS-SS-Biotin and once material is lyzed, subsequent NeutrAvidin pull-down 

(avidin has a very high affinity for biotin) in combination with a few centrifugation steps allows 

for a very strong enrichment of biotinylated cell surface molecules. 
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1.5 Aim of the study and main experimental design 

The main experiments of this thesis pertain to the analysis of several cell surface GluR and 

GABAR subunits in the ASD mouse models Shank2-/- -/- in order to evaluate 

whether these mice share a common molecular footprint with regard to these important signaling 

molecules. Ideally, this approach could identify a molecular footprint which is common to ASD 

mouse models and which  in a broader and clinically more relevant sense  may also be 

important for shedding light on the pathomechanism of human ASD patients. 

For this, we chose an experimental design, where we carried out cell surface biotinylation of 

acute coronal brain sections from wildtype, Shank2-/-, -/- mice followed by an 

extraction and lysis of the brain regions of interest. The subsequent biotinylation assay yielded 

cell surface fractions which were then analyzed by western blot using several antibodies directed 

against GluR and GABAR subunits. 
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2 Materials and methods 

2.1 Animal ethics statement 

Shank2-/-, -/- are mice models which mimic certain ASD behaviours like repetitive self 

grooming and abnormalities in social interactions and were previously described (Schmeisser et 

al., 2012). All mice were kept in specific pathogen-free animal facilities and all animal 

experiments in this study were performed based on the guidelines for the welfare of 

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

committee (Ulm University), ID Number: 0.103. (Heise et al., 2018), page 3.

2.2 Primary antibodies 

Primary antibodies used for western blotting were diluted 1:500 (except for actin which was 

diluted 1:100000). The following primary antibodies were purchased from commercial 

suppliers: Actin (Sigma-Aldrich Cat# A2228 RRID:AB_476697), NR1/GluN1 (Sigma-Aldrich 

Cat# G8913 RRID:AB_259978), GluA1 (SynapticSystems Cat# 182011 RRID:AB_2113443), 

GluA2 (SynapticSystems Cat# 182111 RRID: RRID:AB_10645888), GABAAR

Cat# N95/35 RRID: AB_2108811), pERK (Cell Signalling Cat# 9101 RRID AB_2297442), 

mGluR5 (Millipore Cat# AB5675 RRID AB_2295173).  (Heise et al., 2018), page 3.

2.3 Secondary antibodies 

Secondary antibodies used for western blotting were HRP-conjugated (Dako, Glostrup, 

Denmark, dilution 1: 1000). (Heise et al., 2018), page 3. 

2.4 Cell culture 

Primary hippocampal cell cultures from embryonic rats were generated and maintained as 

described in Schoen et al. 2015 (Schoen et al., 2015) with the only difference being that cells 

were used for the biotinylation assay at days in vitro (DIV) 23 and DIV 30 followed by 

subsequent western blotting (see results section). 

2.5 Slice preparation  

The slice preparation protocol was derived from studies implementing classical 

electrophysiological recordings of acute brain slices (Mathis et al., 2011; Whitehead et al., 2013; 

Heise et al., 2016b). Briefly, adult male mice aged 3-6 months (one Shank2-/-, -/-
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and a corresponding wildtype control mouse) were sacrificed and brains were extracted on ice in 

a petri dish filled with ice cold artificial cerebrospinal fluid (ACSF; NaCl, 120 mM; KCl, 2.5  

mM; NaH2PO4, 1.25 mM; NaHCO3, 22 mM; glucose, 10 mM; MgSO4, 2 mM; pH 7.4; 

oxygenation with 95% O2/5% CO2). Then, 300 µm coronal slices were made using a vibratome 

(Thermo scientific, Vibratom Microm HM 650V cutting frequency  = 100, speed  = 10) 

beginning rostrally at Bregma 3.20 mm. Slices containing striatum and anterior cortex portions 

were gathered between Bregma 1.50 mm and Bregma 0.00 mm. Slices containing hippocampus, 

thalamus, and posterior cortex portions were gathered between Bregma -1.00 mm and Bregma -

3.00 mm. Lastly, slices containing cerebellum were gathered between Bregma -5.80 mm and 

Bregma -7.80 mm. After slicing, sections were immediately transferred to a 2l glass beaker 

filled with ice cold ACSF (oxygenation with 95% O2/5% CO2) until all slices were gathered and 

cell surface biotinylation (see below) was carried out. (Heise et al., 2018), page 3. 

2.6 Cell surface biotinylation protocole 

Cell surface biotinylation and NeutrAvidin pull-down was carried out with slight modifications 

of previously published work (Whitehead et al., 2013). Briefly, slices were transferred from the  

2 l beaker (see slice preperation above) to 6-well plates where they were incubated with ice cold 

Sulfo-NHS-SS-Biotin (Thermo #21331; 1 mg/ml solubilized in ACSF) on a horizontal shaker 

(Heidolph, Unimax 1010; around 90 RPM) for 45 min at 4°C. Then, several washing steps 

followed to stop the biotinylation reaction, each lasting 5 min on the horizontal shaker at 4°C: 

two washes with ice cold 10 mM glycine (solubilized in ACSF) and a final wash with ice cold 

TBS (150 mM NaCl, 50 mM Tris HCl, pH 7.4). (Heise et al., 2018), page 3. The biotinylation 

of proteins takes place since primary amino groups react with NHS-activated biotin. These 

targets for labeling are available at the N-terminus of the peptide chain and in lysine residues 

(see instruction manual of Thermo #21331 for further details and literature references). 

2.7 Extraction of brain regions of interest 

Brain regions of interest (cortex, striatum, hippocampus, thalamus, and cerebellum) were 

dissected from the various coronal brain slices using small forceps (Fine Science Tools, 

Heidelberg, Germany) under an Olympus SZ40 stereoscope. Anterior and posterior cortex 

sections (see above) were pooled. (Heise et al., 2018), page 3. 
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2.8 Lysing extracted brain regions or lysated cell culture material, 
NeutrAvidin pull-down, and procedure to generate total protein 
fraction (input) as well as cell surface fraction (biotinylation fraction)

Depending on the experiment, biotinylated cell culture material or biotinylated, extracted brain 

were collected in 1.5 ml Eppendorf tubes containing 600 µl of lysis buffer (25 mM Tris 

(pH 7.6), 150 mM NaCl, 1% TritonTM X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM 

NaF, 1 mM EDTA, and a cocktail of protease inhibitors (Roche), diluted in dH2O). Tissue was 

then lysed on ice using a potter and centrifuged at 12000 g (Eppendorf; 5430R) for 15 min at 

4°C to remove nuclei and cellular debris. Supernatant was transferred to fresh, precooled 1.5 ml 

Eppendorf tubes. Samples were then analyzed by Bradford assay to assess protein concentration. 

Samples were adjusted to 1 µg/µl using lysis buffer and 2x 25 µl were taken from each sample 

as input controls (5%) and stored at 4°C until later use (see below). Five-hundred microliter of 

1µg/µl sample were transferred to a new precooled 1.5 ml Eppendorf tube and 100 µl of 50% 

Neutravidin agarose resin (Thermo: #29200) slurry were added and incubated overnight on a 

test-tube-rotator (Shijders, 34528) at 4°C. The next day, several washing steps followed: 3x 

washes with ice cold lysis buffer and 2x washes with ice cold TBS (cocktail of protease 

inhibitors). Between each wash samples were put on the test-tube-rotator at 4°C for 30 min, 

followed by a centrifugation step at 1000g to separate the Neutravidin agarose matrix and the 

attached biotinylated proteins from the supernatant. After the last washing step, proteins were 

eluted from the matrix with 60 µl of 4x loading dye (200 mM Tris-HCL, pH 6.8, 200 mM DTT, 

4%SDS, 4 mM EDTA, 40% glycerol, 0.02% bromophenolblue), yielding the biotinylated 

fraction with biotinylated cell-surface-bound proteins, henceforth referred to as the surface 

fraction. At this point, input samples from the previous day were also diluted with 4x loading 

dye, yielding the input controls which contain both biotinylated and non-biotinylated proteins, 

henceforth referred to as the total protein fraction. Finally, samples were boiled for 5 min at 

95°C, put directly on ice, centrifuged at 12000 g, and saved for subsequent Western Blot 

analysis at -20°C.  (Heise et al., 2018), pages 3 and 4. 

2.8.1 Measurement of protein concentration using the Bradford Protein 
Assay 

The Bradford assay was carried out as previously described (Bradford, 1976; Ernst and Zor, 

2010) with slight variations in the procedure. Bradford Protein Assay reagent (BioRad) was 

mixed in the ratio of 9:1 with 150 mM NaCl diluted in dH2O to yield working solution. For each 

experiment, a standard of bovine serum albumine was used to evaluate protein concentration of 

the samples. A standard of two, four, six, eight, and ten µg/µl was used to create the linear 
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regression curve which subsequently was used to calculate the protein concentration in the 

samoke. Protein concentrations beyond ten µg/µl are not useful in this assay since the linear 

relationship between protein amount and change in color of the Bradford Protein Assay reagent 

is lost above ten µg/µl (Ernst and Zor, 2010).  

2.9 Western Blot analysis 

For western blotting, one input control (5%) and half of the biotin fraction of the wildtype 

mouse and the corresponding Shank2-/-, -/- 

compare the signal intensities of the fractions as faithfully as possible. Per experimental round, a 

second gel with the same loading was carried out to increase the amount of different antibodies 

that could be used per round. Western blot analysis was carried out according to standard 

protocols (Laemmli, 1970). HRP-conjugated secondary antibodies were used together with the 

SuperSignal detection system (Thermo Scientific) to visualize protein bands. (Heise et al., 

2018), page 4. 

2.9.1 Schematic overview of experimental design: preparing coronal brain 
slices, carrying out the biotinylation assay with subsequent purification of 
cell surface proteins and western blot analysis 

Figure 3 shows a schematic overview of the experimental procedure described in the material 

and methods section so far. 
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Figure 3: Schematic overview of experimental design of this study 

Initially, brains were extracted from mice and briefly put in 4°C ACSF (oxygenation with 95% O2/5% CO2). Then 

the brain was divided by cutting off the pedunculi and cerebellum. The cerbellum was kept for subsequent 

sectioning in 4°C ACSF (oxygenation with 95% O2/5% CO2). The brain was then glued on to a plate with the 

posterior side (where the cerbellum was attached) and the ventral part of the brain was glued against an agar block 

for the sake of stability. With the aid of a vibratom coronal brain sections were created as described in the materials 

and methods section in 2.5. After this, coronal brain sections were created analogously from the posterior part of the 

brain initially set aside, yielding coronal brain sections containing the cerebellum. Brain slices were then 
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biotinylated as described in 2.6 using Sulfo-NHS-SS-Biotin. The NHS component of the molecule then interacts 

with lysine residues (and the N-terminus) in the amino acid chain. After this, brain areas of interest were dissected 

on ice as described in 2.7. Then, the brain regions of interest were lysed and a small volume of the lysis was set 

aside as an input control (total protein fraction) for the subsequent western blot. The remaining lysis volume was 

incubated with Neutravidin agarose resin and the NeutrAvidin pulldown was carried out as described in 2.8. The 

basis for this is the strong interaction of avidin and biotin. After several centrifugation and washing steps followed 

by loading buffer-mediated protein denaturation a fraction could be generated which is enriched in biotinylated cell 

surface proteins. Lastly, the total protein and surface fraction were used for sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) followed by western blot analysis using several antibodies directed against 

subunits of glutamate and GABA receptors for the immunodetection. 

2.10 Protein band signal intensity quantification and data analysis

he SuperSignal detection system were analyzed with the open source 

program ImageJ (US National Institutes of Health). Average band intensities of the signal of 

interest were calculated, adjusting for background noise. Then, the average band intensity of 

each surface fraction was divided by the corresponding average band intensity in the total 

f the experimental 

wildtype and mutant mice, the wildtype average was then set to 1 by dividing data by the mean 

of the wildtype control across experimental rounds. Statistical analysis was carried out using a 

student´s t-test. For total protein analysis, average band intensities of the signal of interest in the 

total fraction were normalized by actin and the wildtype average was then set to 1 as described 

above. (Heise et al., 2018), page 4. The student´s t-test was used for statistical analysis since 

the scale/level of measurement of the raw data was considered to be at least at interval scale.  

2.  

containing the hippocampus were initially gathered in two 2 l glass beakers (one for the control 

and one for the experimental group) containing ice cold ACSF as described above. After 15 min, 

the ACSF in the glass beakers was exchanged quickly for an ice cold ACSF without MgSO4 but 

with 2 mM CaCl2 instead (all other buffer components were equal and again oxygenation took 

place with 95% O2/5% CO2; incubation for 30 min). Then, the temperature was raised 1°C/min 

to a final temperature of nearly 37°C. As soon as the final temperature was reached, a 4 M KCl 

stock (diluted in dH2O) was added to the ACSF of the experimental group to yield a final 

For the control group, no KCl but instead the 
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corresponding volume of dH2O was added. After 5 min, slices were transferred to new 2l glass 

beakers containing ice cold ACSF without MgSO4 but with 2mM CaCl2 (again oxygenation took 

place with 95% O2/5% CO2). Then, cell surface biotinylation, extraction of the hippocampus, 

tissue lysis, NeutrAvidin pull-down and western blot analysis took place as described above 

(however, every buffer in downstream applications  e.g. the lysis buffer  contained 2mM 

CaCl2).  (Heise et al., 2018), page 4. 

2.12 Software used for creating figures, tables, and statistics 

Figures and tables were created using Microsoft Excel 2013 and/or Microsoft PowerPoint 2013. 

For statistical analysis and data display, GraphPad Prism 5 was used. 
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3 Results 

3.1 Testing the experimental design of the study 

3.1.1 Testing the biotinylation assay protocole on primary hippocampal cell 
cultures and on acute hippocampal brain sections  

3.1.1.1 Using primary hippocampal cell cultures to test the biotinylation assay 
protocole and the purity of cell surface fractions  

Initially, the biotinylation assay protocole was tested on mature (i.e. DIV 23 and DIV 30) lysates

of primary hippocampal cell cultures (see materials and methods section for further details). 

Immunodetection was carried out with the cell surface GluR subunit GluA2 and the intracellular 

protein actin as a loading control (figure 4). Hippocampal tissue was chosen for this initial 

experiment since the hippocampus has a very high density of GluRs (Schwenk et al., 2014).

Expectedly, the total protein fraction (i.e. the input fraction) exhibited a clear actin signal 

whereas the cell surface fractions were almost devoid of actin signal. The GluA2 signal could be 

observed both in the total protein and the cell surface fraction. Taken together, this indicates that 

when using primary hippocampal cell culture material  the implemented biotinylation assay 

yields relatively pure cell surface fractions: i.e. the cell surface fractions appear to be enriched in 

cell surface proteins such as GluRs and devoid of intracellular proteins such as actin. 
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Figure 4: Western blot analysis reveals that the implemented biotinylation assay yields 

relatively pure cell surface fractions from primary hippocampal cell culture lysates 

Western blot of primary hippocampal cell culture on total protein and cell surface samples. Biotinylation of cell 

surface proteins was carried out on mature (DIV 23 and DIV 30) hippocampal cell cultures. Cells from cultures 

were then lysed and the material was then used for the biotinylation protocole and subsequent western blot analysis. 

Immunodetection was carried out against GluA2 and actin. 

3.1.1.2 Using hippocampi extracted from acute hippocampal brain sections of 
wildtype mice to test the biotinylation assay protocole and the purity of cell 
surface fractions 

Having assessed the biotinylation assay protocole for hippocampal cell cultures lysates, we were 

interested whether a similar result could be achieved when using hippocampal lysates from adult 

male mice (figure 5). For this analysis, male mice between the ages of three to six months were 

killed and hippocampi were extracted from acute coronal brain sections between Bregma -1.00 

mm and Bregma -3.00 mm (view materials and methods section for further details). Again, 

hippocampal tissue was chosen for this initial experiment since the hippocampus has a higher 

density of GluRs than other brain regions such as the cortex, striatum, thalamus and cerebellum 

(Schwenk et al., 2014).  

Immunodetection was again carried out with actin and GluA2 but we expanded the analysis to 

include immunodetections against other GluR subunits (GluA1, GluN1, and mGluR5) and 
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against the GABAAR subunit GABAA s showed a prominent signal 

both in the total protein and in the surface fraction, whereas actin only showed a signal in the 

total protein fraction (figure 5). As an additional control for the implemented biotinylation 

protocole, the protocole was also carried out without the use of NHS-SS-Biotin. As expected, in 

this case the analyzed proteins only showed a signal in the total protein fraction but not in the 

cell surface fraction (figure 5). Taken together, this indicates that  when using hippocampal 

material from wildtype mice  the implemented biotinylation assay yields relatively pure cell 

surface fractions. 

Figure 5: Western blot analysis reveals that the implemented biotinylation assay yields 

relatively pure cell surface fractions from hippocampal material from wildtype mice 

Western blots showing band intensities of total protein and cell surface fractions with or without the use of NHS-

SS-Biotin in the biotinylation protocole. Biotinylation of cell surface proteins was carried out on acute coronal brain 

sections containing the hippocampus of male adult wildtype mice. Hippocampi were extracted and lysed and the 

material was then used for the biotinylation protocole and subsequent western blot analysis. Immunodetection was 

carried out against GABAA  Modified from Heise et al. (Heise et al., 

2018), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

3.1.2 Additional quality control of acute brain sections used in this study  

As a kind of readout for the quality control of our acute hippocampal brain sections used in the 

biotinylation assay analysis, a specific type of intracellular signaling cascade was analyzed in 

the sections: namely, extracellular signal regulated kinase (ERK) signaling leading to ERK 
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phosphorylation following high potassium stimulation (50 mM extracellular KCl for 5 min at 

37°C). This is a well-established protocole for inducing neuronal activation in hippocampal 

tissue and subsequent ERK-phosphorylation (Sala et al., 2000; Lundquist and Dudek, 2006). 

Briefly, adult male wildtype mice between the age of three to six months were killed and acute 

coronal brain sections between Bregma -1.00 mm and Bregma -3.00 mm were made, followed 

by the high potassium stimulation protocole (view materials and methods for additional 

information). In control sections, all parameters were kept equal but no KCl was added to the 

buffer. Then, hippocampi were extracted from the sections and lysed, followed by the 

biotinylation assay as in aforementioned experiments. Western blot analysis was then carried out 

with immunodetection against actin and pERK (an antibody which specifically recognizes the 

ERK molecules phosphorylated as a consequence of the high potassium stimulation protocole). 

As expected, actin and pERK were only present in the total protein fractions but, importantly, 

the pERK signal was higher in the experimental group exposed to high potassium as opposed to 

the control group (figure 6). This suggests a high quality of our experimental approach since at 

least some cellular functions such as certain intracellular signaling cascades  like the ones 

leading to ERK phosphorylation  appear to be intact in the acute brain sections used for the 

experiments in this thesis.  

 

Figure 6: Western blot analysis reveals that ERK signaling appears to be intact in acute 

hippocampal brain sections used for the biotinylation assay  

Western blots showing band intensities of total protein and cell surface fractions in samples from a 

 stimulation protocole and corresponding controls. Briefly, acute coronal brain slices containing the 

hippocampus were generated from male adult wildtype mice as described in the materials and methods section. 

Then, coronal slices were stimulated with 

controls were also heated to 37°C for 5 min but - 

cell surface proteins was carried out, followed by an extraction and lysis of the hippocampi. After this, lysates were 

used for the biotinylation protocole, followed by a subsequent western blot analysis. Immunodetection was carried 
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out against pERK and actin. Modified from Heise et al. (Heise et al., 2018), CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/. 

3.1.3 Testing signal intensity of antibodies directed against glutamate and 
GABA receptor subunits for cell surface fractions from the ASD-related 
brain regions cortex, striatum, hippocampus, thalamus, and cerebellum by 
western blot 

Having established that the biotinylation assay with subsequent western blotting using GluA1, 

GluA2, GluN1, mGluR5 and GABAA  leads to a sufficient signal-to-noise ratio in 

hippocampi extracted from wildtype acute brain sections (see 3.1.1.2), we wondered whether 

this was also true for other ASD-related brain regions like the cortex, striatum, thalamus, and 

cerebellum. As might have been expected from the proteomic analysis of glutamate receptors in 

the aforementioned brain regions by Schwenk et al. (Schwenk et al., 2014), we found that the 

hippocampus was the only one of those five brain regions, where the signal intensity was 

sufficient in the cell surface fraction for reliable western blot analysis for all the antibodies 

mentioned above (see table 1 for a graphical overview). The cortex and striatum allowed for 

western blot analysis of cell surface fractions for all antibodies except mGluR5. The thalamus 

allowed for western blot analysis of cell surface fractions for GluA2, GluN1, and GABAA

and the cerebellum only allowed for a reliable analysis of GluA2 and GABAA  

Table 1: Overview of Western blot signal intensity of several glutamate and GABA receptor 

subunit antibodies in cell surface fractions derived from several ASD-related brain regions  

The signal intensity of GluA1, GluA2, GluN1, mGluR5, and GABAA

slices from cortex, striatum, hippocampus, thalamus and cerebellum was assessed by western blot. X represents an  

insufficient signal intensity, whereas  indicates sufficient signal intensity. Modified from Heise et al. (Heise et al.,  

2018), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
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3.2 Main results: Analysis of selected cell surface glutamate and 
GABA receptor subunit levels in ASD-related brain regions of the 
ASD mouse model Shank2-/- -/- using the biotinylation 
assay on acute brain sections 

3.2.1 Analysis of selected cell surface glutamate and GABA receptor 
subunit levels in ASD-related brain regions of Shank2-/- mice 

For the analysis of cell surface GluRs and GABARs in the ASD mouse model of Shank2-/-, 

wildtype and Shank2-/- mice were killed and processed in parallel to generate various acute 

coronal brain sections which were then biotinylated (see materials and methods section for 

further information). After this, cortex, striatum, hippocampus, thalamus, and cerebellum were 

extracted from the sections, lysed, and subjected to the NeutrAvidin pull-down to generate cell 

surface fractions. Cell surface fractions and total protein loading controls from each brain region 

from Shank2-/- and wildtype mice were then analyzed by western blot. Hippocampal analysis 

was carried out with all tested antibodies, i.e. GluA1, GluA2, GluN1, mGluR5, and 

GABAA  Due to differences among the brain regions with respect to the signal intensity of 

the analyzed GluR and GABAR antibodies in the cell surface fractions, analysis for all the other 

brain regions was more limited than in the case of the hippocampus (see table 1).  

The statistical analysis revealed a significant reduction in cell surface GluRs in Shank2-/- mice 

relative to wildtype controls (see figure 7; total protein levels were taken into consideration for 

the analysis  see material and methods for more information). More precisely, Shank2-/- mice 

exhibited reduced levels of cell surface GluN1 in cortex and striatum. A trend (p < 0.10) for 

reduced levels of cell surface GluN1 could also be observed in the thalamus. Shank2-/- mice also 

exhibited reduced levels of cell surface GluA2 in the cerebellum and a trend for reduced levels 

of cell surface mGluR5 in the hippocampus. As an additional note, Shank2-/- mice also exhibited 

reduced cell surface GABAAR , whereas a trend for increased cell 

surface levels of GluN1 could be observed in the hippocampus. All other data was not 

significant (see table 4 for an overview and details on the statistics of non-significant data). 

Worthy of note, total expression levels of the analyzed receptors (see materials and methods 

section for further details) did not differ between wildtype controls and Shank2-/- mice  the only 

exception was a trend for an increased expression of GluN1 in the striatum of Shank2-/- mice 

(see table 2 for an overview and details on the statistics of non-significant data). 
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Figure 7: Western blot analysis of biotinylation experiments reveals that Shank2-/- mice exhibit 

reduced cell surface GluR levels compared to wildtype mice in several ASD-related brain 

regions 

A-E show representative western blots of total protein and cell surface fractions in several brain regions. 

Immunodetections were carried out with GABAA

material but for other brain regions the analysis was more restricted (see table 1 or table 4 for an overview). Data is 

only shown if it is statistically significant (p < 0.05) or if trends (p < 0.10) could be observed. On the left side of 

each representative western blot, the corresponding quantification of the surface/total ratio (see materials and 

methods for more details) is displayed. The vertical axis shows mean fold change relative to wildtype control 

(control is set to 1). SEMs are displayed by error bars for each condition. * p < 0.05, (*) p < 0.10. Heise et al. 

(Heise et al., 2018), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
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Table 2: Overview of Western blot analysis of GluR and GABAR levels in total protein 

fractions of Shank2-/- relative to wildtype controls  

Analysis of total protein fractions by western blot in cortex, striatum, hippocampus, thalamus, and cerebellum. 

Immunodetections were carried out with GABAA

material but for other brain regions the analysis was more restricted (X no data, see also table 1 for more details). n 

represents non-significant results (p value is shown in brackets in the top of each cell). On the bottom of each cell, 

the first number represents the mean difference (wildtype mice  Shank2-/- mice), the second number represents +/- 

standard error of mean (SEM). Numbers have been rounded to two decimal places. Modified from Heise et al. 

(Heise et al., 2018), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

 

3.2.2 Analysis of selected cell surface glutamate and GABA receptor 
subunit levels in ASD-related brain regions -/- mice 

As was the case for the analysis of Shank2-/-, for the analysis of cell surface GluRs and 
-/- -/- mice were killed 

and processed in parallel to generate various acute coronal brain sections which were then 

biotinylated. After this, brain regions of interest were extracted from the sections, lysed, and 

subjected to the NeutrAvidin pull-down to generate cell surface fractions. Cell surface fractions 

and total protein loading contro -/- mice and wildtype 

mice were then analyzed by western blot. Hippocampal analysis was carried out with all tested 

antibodies, i.e. GluA1, GluA2, GluN1, mGluR5, and GABAA

differences among the brain regions with respect to the signal intensity of the analyzed GluR and 

GABAR antibodies in the cell surface fractions, analysis for all the other brain regions was more 

limited than in the case of the hippocampus (see table 1).  

The statistical analysis revealed a significant reduction in cell surface GluRs -/- mice 

relative to wildtype controls, especially in the striatum (see figure 8; total protein levels were 

taken into consideration for the analysis  see material and methods for more information). More 
 -/- exhibited reduced levels of cell surface GluN1 and GluA2 in the striatum 
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and thalamus. In the striatum, a trend for reduced levels of cell surface GluA1 could also be 

observed -/- mice also exhibited reduced levels of cell surface GluA1 in the 

hippocampus. All other data was not significant (see table 4 for an overview and details on the 

statistics of non-significant data). Worthy of note, total expression levels of the analyzed 

receptors (see materials and methods section for further details) did not differ between wildtype 

controls and  -/- mice (see table 3 for an overview and details on the statistics of non-

significant data). 

 

 

Figure 8: -/- mice 

exhibit reduced cell surface GluR levels compared to wildtype mice in several ASD-related 

brain regions, especially in the striatum 

A-C show representative western blots of total protein and cell surface fractions in several brain regions. 

Immunodetections were carried out with GABAA 5, and actin for hippocampal 

material but for other brain regions the analysis was more restricted (see table 1 or table 4 for an overview). Data is 

only shown if it is statistically significant (p < 0.05) or if trends (p < 0.10) could be observed. On the left side of 

each representative western blot, the corresponding quantification of the surface/total ratio (see materials and 

methods for more details) is displayed. The vertical axis shows mean fold change relative to wildtype control 

(control is set to 1

(Heise et al., 2018), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
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Table 3: Overview of Western blot analysis of GluR and GABAR levels in total protein 

fractions of -/- relative to wildtype controls  

Analysis of total protein fractions by western blot in cortex, striatum, hippocampus, thalamus, and cerebellum. 

Immunodetections were carried out with GABAA GluN1, GluA1, mGluR5, and actin for hippocampal 

material but for other brain regions the analysis was more restricted (X no data, see also table 1 for more details). n 

and set to 1 (see materials and methods for more information). N/S 

represents non-significant results (p value is shown in brackets in the top of each cell). On the bottom of each cell, 

the first number represents the mean difference (wildtype mice  Shank -/- mice), the second number represents 

+/- standard error of mean (SEM). Numbers have been rounded to two decimal places. Modified from Heise et al. 

(Heise et al., 2018), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

3.2.3 Overview of results from cell surface glutamate and GABA receptor 
subunit analysis in ASD-related brain regions of Shank2-/- -/-

mice 

Table 4 gives a graphical overview of the main results of this study, i.e. of 3.2.1 and 3.2.2. This 

overview visualizes (notice the red arows in the figure) that both ASD mouse models Shank2-/-

-/- have reduced levels of cell surface GluR subunits in several of the analyzed 

ASD-related brain regions, especially in the striatum. Nonetheless, it is also worthy of note that 

the particular GluR subunits that are affected in Shank2-/- mice largely do not match the 

particular GluR -/- mice. The only exception is GluN1 

since cell surface GluN1 levels are reduced in the striatum both in Shank2-/- -/-

mice. 

Table 5 gives a graphical overview of the main results of this study and relates them to available 

published data on synaptosome/PSD preparations (view 4.2.1 in the discussion section for 

further information and details). 
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Table 4: Summary of results from 3.2.1 and 3.2.2

The implemented biotinylation assay reveals that both Shank2-/- -/- mice exhibit reduced cell surface 

GluR levels in several ASD-related brain regions  especially in the striatum  compared to wildtype mice. 

However, the particular changes in GluRs differ between the two ASD mouse models. This graphical representation 

is based on the data from 3.2.1 and 3.2.2. and reflects the quantifications of the surface/total ratio (see materials and 

methods for more details). shows data with  shows data p < 0.10. N/S represents non-significant 

results (p value is shown in brackets in the top of each cell). On the bottom of each cell, the first number represents 

the mean difference (wildtype mice  ASD mouse model), the second number represents +/- standard error of mean 

(SEM). Numbers have been rounded to two decimal places. Modified from Heise et al. (Heise et al., 2018), CC BY 

4.0, https://creativecommons.org/licenses/by/4.0/. 
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Table 5: Comparison of published data on glutamate receptor level subunits in 

synaptosome/PSD preparations with the data from this study on cell surface glutamate receptor 

subunits levels using the biotinylation assay reveals that both approaches generate converging 

data but results can also vary in some cases 
1 refers to data from Schmeisser et al., 2012 (Schmeisser et al., 2012). 2 refers to data from Peca et al., 2011 (Peca 

et al., 2011). 3 refers to data from Reim et al., 2017 (Reim et al., 2017). 4 refers to data from Peter et al., 2016 (Peter 

et al., 2016). 5 refers to data from Jaramillo et al., 2016 (Jaramillo et al., 2016) . 6 refers to data from Mei et al., 2016 

(Mei et al., 2016). 7 refers to data from Kouser et al., 2013 (Kouser et al., 2013). 8 refers to data from Zhou et al., 

2016 (Zhou et al., 2016); note that in this study two different and Shank3 deficient mice were analyzed. Cell surface 

refers to data from the 

non-significant results. Figure only shows data from brain regions/antibody detections which were addressed in this 

study. (Heise et al., 2018), page 10. Heise et al. (Heise et al., 2018), CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/. 
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4 Discussion 

4.1 Discussion of main results 

(Elsabbagh et al., 2012; Christensen et al., 2016; Park et al., 2016) and considering that this 

neurodevelopmental disorder is on the rise, it is critical to develop a better understanding of the 

pathomechanism underlying this psychiatric disorder. This could be relevant both for the 

treatment or amelioration of the core symptoms of ASD and possibly also for the treatment of 

common comorbidities associated with ASD such as epilepsy (Besag, 2018). As of yet, ASD 

research is still in the infancy with respect to finding commonalities among all the different 

e or classical idiopathic Kanner-type autism. 

Fortunately, the ethiology of ASD is more clear than its pathomechanism: several environmental 

factors like air pollution may be relevant risk factors for ASD (Ng et al., 2017) but more 

importantly there is a very strong genetic component to ASD which has become clear in the last 

years (Geschwind, 2009; Bourgeron, 2015). Even though most genetic ASD cases are probably 

due to a great number of altered genes, variations in several identified individual genes may be 

able to cause ASD by themselves. Interestingly, many of those identified genes have a function 

in synaptic signaling which may explain why changes in synaptic signal transmission and 

neuronal network activity have been associated with ASD. Two of those genes are SHANK2 and 

SHANK3 which encode for the scaffolding proteins Shank2 and Shank3, respectively, at the 

excitatory synapse. These molecules are important for the physiological functioning of the 

synapse and a proper synaptic signal transmission (Jiang and Ehlers, 2013).  

In this study, we used mice with a Shank2 deficiency (Shank2-/-) and a Shank3 deficiency 
-/-) as ASD mouse models and studied whether both of the mice shared commonalities 

with respect to changes cell surface GluRs and/or GABAARs in the ASD-related brain regions 

cortex, striatum, hippocampus, thalamus, and cerebellum. Importantly, these mice exhibit ASD-

like behaviour (Schmeisser et al., 2012; Vicidomini et al., 2016; Monteiro and Feng, 2017)

which is important since we are trying to emulate the human ASD condition in these mice 

models. It is also an important prerequisite for translating meaningful data from these mice 

models to the human situation.  

In our analysis we found that both Shank2-/- -/- mice exhibit reduced cell surface 

levels of iGluRs in several ASD-related brain regions and especially in the striatum. However, 

the changes observed between Shank2-/- -/- mice relative to wildtype mice were 

rarely exactly the same with respect to brain-specific changes in individual iGluR subunits: e.g. 
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cell surface GluA2 level were downregulated -/- mice in the striatum but not in 

Shank2-/- mice. This suggests a certain molecular heterogeneity in ASD mouse models. In the 

case of Shank2-/- -/- mice, this may also be due to a differential expression of 

Shank2 and Shank3 in the organism, including a differential expression at synapses in the brain

(Lim et al., 1999; Yao et al., 1999; Heise et al., 2016a). Therefore, synaptic deficits and synaptic 

compensation mechanisms in Shank2-/- -/- mice may, indeed, be quite different 

despite a similar ASD phenotype observed in these mice at the behavioural level (Jiang and 

Ehlers, 2013). Worthy of note, almost no changes in GABAAR levels could be observed in the 

mice, though one must also keep in mind that we only analyzed one GABAR  namely 

GABAA   but four GluRs in this study.  

Since iGluRs appear to be reduced in several brain regions of Shank2-/- -/- mice but 

GABAARs appear to be less affected by Shank deficiency, one might assume that a change in 

excitation/inhibition balance could be inferred from our data. Of course, this is a simplified view 

since the connectivity among the brain regions must also be taken into account, but as an 

approximation, changes in the excitation/inhibition balance seem likely. In line with this, one 

research group has shown that Shank3 deficient mice have a reduced glutamatergic transmission 

and a reduction in spine density in the striatum (Peca et al., 2011) and other groups have 

demonstrated that their Shank2 and Shank3 deficient mice exhibit altered PSD structures and 

reduced signal transmission at the hippocampal synapse (Schmeisser et al., 2012; Jiang and 

Ehlers, 2013). 

Taken together, the evidence of previous work and our study suggests that commonalities 

among ASD mouse models exist but apparently striking differences between ASD mouse 

models  even if their affected gene belongs to the same gene family as is the case in Shank2-/- 
-/- mice  exist. If we translate this concept to the human situation, it becomes 

quite apparent that highly individualized treatments are probably necessary to ameliorate some 

of the ASD core phenotypes and comorbidities which are common for ASD patients. 

4.2 Comparison of the biotinylation assay and its technical limitations 
with other biochemical approaches for analyzing glutamate and 
GABA receptors at the synapse 

As mentioned in the section 1.4 of the introduction, in this study a biotinylation assay was 

implemented to assess GluRs and GABAARs in Shank2-/- -/- mice and this 

approach has an important advantage over classical biochemical fractionation protocoles such as 

the PSD-preperation (Dosemeci et al., 2006): namely that in theory only cell surface receptors 

enter the analysis. In contrast, PSD-preperations will also contain receptors which are located at 
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the synapse but not in the membrane, e.g. because they have undergone endocytosis or because 

they are being transported to the cell membrane (Horak et al., 2014). But GluRs and GABAARs 

which are not at the cell membrane do not participate in signal transmission and, obviously, that 

is what researchers are primarily interested in when trying to assess receptor levels.  

However, one must also consider that there are technical challenges when performing 

biotinylation on acute slices as we did in this study: e.g. when preparing the acute brain slices, 

cells will be ruptured and subsequent biotinylation of cytosolic content can occur. This is also 

why we tested the biotinylation assay both on acute brain slices and in cell cultures since in 

cultured neurons the cell damage will probably be less pronounced than in acute slices. 

Fortunately, our results show that we were able to create relatively pure cell surface fractions 

both in the case where we used cultured neuron material or in the case where material from 

acute brain slices was used. Another limitation of our experiments is that one cannot be certain 

to what degree the Sulfo-NHS-Biotin will penetrate the brain sections. This means that our data 

cannot be interpreted in absolute terms  e.g. judging from our western blot analysis where total 

protein fraction was loaded next to the surface fraction one cannot make any conclusions about 

the percentage of receptors located at the surface relative to receptors located in the cytosol. 

Therefore, in our experimental approach using the biotinylation assay and western blot analysis, 

the 

between wildtype and Shank2-/- -/-  has no 

scientific value if one only considers its absolute value . 

become useful when one compares its value between a control group and an experimental group. 

amount of a receptor. Nonetheless, it is also important to note that since we found no significant 

differences between wildtype mice and Shank2-/- -/- mice in total protein amounts of 

actually can be 

interpreted as changes of the absolute amount of receptors located at the cell surface. Another 

relevant limitation of the biotinylation assay employed in this study is that it apparently requires 

a high expression level of cell surface proteins in order to detect these molecules in the cell 

surface fraction. This has been pointed out in the 3.1.3 of the results section. E.g., as a 

consequence of this we were not able to analyze the glutamate receptor GluA1 in the thalamus 

since it yielded an insufficient signal in the western blot analysis (see 3.1.3), presumably since 

the expression of GluA1 and other AMPARs is quite low in the thalamus compared to other 

brain regions like the hippocampus, cortex and striatum (Schwenk et al., 2014). This limitation 

must be kept in mind when looking for commonalities between Shank2-/- and Shank3 -/- mice 
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with respect cell surface GluRs and GABARs in the analyzed brain regions (see 3.2.3 and table 

4 in the results section for an overview). 

But even when technical issues are controlled as much as possible, the biotinylation assay also 

shares disadvantages that are common to all available biochemical approaches which one should 

keep in mind when interpreting the data: e.g. there is no way to discern between neuronal 

subtypes, neurons or glia cells, and these approaches also cannot discern between synaptic and 

extrasynaptic receptors. This is somewhat problematic since it is known that glia cells express 

glutamate receptors, though of course at a much lower level than neurons (Gallo and Ghiani, 

2000; Verkhratsky and Kirchhoff, 2007; Gundersen et al., 2015). Also, as mentioned in 1.3.2.1, 

extrasynaptic GABAARs can exhibit quite different functions than synaptically located 

GABAARs (Glykys and Mody, 2006, 2007) and this does not only apply to GABARs but also to 

GluRs as becomes apparent with specific functions associated with extrasynaptic NMDARs 

(Hardingham and Bading, 2010). Therefore, complementary approaches like super resolution 

microscopy or classical electrophysiology should be considered in future studies to differentiate 

extrasynaptic and synaptic receptors (Schmidt-Salzmann et al., 2014; Lee et al., 2017).  

4.2.1 Comparison of published results from glutamate receptor level 
analysis in Shank2 and Shank3 deficient mice using synaptosome/PSD 
preparations with the results from the current study addressing cell 
surface glutamate receptor levels using the biotinylation assay on acute 
brain sections 

An interesting question is how the results from our study using the biotinylation assay to assess 

synaptic GluR and GABAR levels in ASD-related brain regions in Shank2 and Shank3 deficient 

mice compares to published data on synaptosomes and  PSD preparations. Table 5 (see 3.2.3 in 

results section) gives an overview of this. As it turns out, in many cases similar trends can be 

seen. But in other cases even opposite data has been reported  e.g.  when comparing our striatal 

data on GluN1 from the Shank2-/- mice with data published by Schmeisser et al. (Schmeisser et 

al., 2012). Therefore  assuming that our study truly does reflect cell surface receptor changes 

better than other available biochemical approaches  one must be cautious about interpreting 

data from synaptosomes and  PSD preperations as if it mainly represented changes at the 

synaptic cell surface. Obviously, research on synaptic receptors would benefit a great deal from 

combining all available biochemical approaches to get a deeper insight into the receptor 

proteome at the synapse and at the synaptic membrane. However, the fact that the biotinylation 

assay leads to the generation of biochemical fractions highly enriched in cell surface receptors 

makes it a promising approach not only for researching the synaptic receptor proteome but also, 

e.g., for the field of electrophysiology. 
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4.3 Outlook 

In this thesis we gathered biochemical data that suggests a reduction of iGluRs in several ASD-

related brain regions of Shank2-/- -/- mice, especially in the striatum. This is 

indicative of a reduced glutamatergic synaptic transmission in Shank2-/- -/- mice. 

The data from our experimental approach in the striatum is particularly interesting since our 

analysis  to a large degree  reflects changes at medium sized spiny neurons since these 

GABAeric cells make up around 95% of the striatal neurons (Yager et al., 2015). 

In future experiments it would be exciting to follow up this biochemical data with 

electrophysiology. E.g., one could carry out a single cell patch clamping experiment on medium 

sized spiny neurons in Shank2-/- -/- mice and compare the patched cells to medium 

sized spiny neurons from wildtype mice. My expectation would be that medium sized spiny 

neurons from Shank2-/- -/- mice would have an altered electrophysiology in 

agreement with the idea that glutamatergic transmission at the postsynaptic site is reduced. This 

could be observed by measuring miniature excitatory postsynaptic currents (mEPSCs): e.g. the 

amplitude of the mEPSCs would probably be reduced. Also, it would be interesting to verify and 

expand upon our biochemical data with immunocytochemical approaches such as the super 

resolution microscopy approaches Stimulated Emission Depletion (STED) microscopy and 

Stochastic Optical Reconstruction Microscopy (STORM) (Dyba and Hell, 2002; Bethge et al., 

2013; Schoen et al., 2015). As mentioned in 4.2, super resolution microscopy and classical 

electrophysiological approaches could, e.g., be used to identify whether there are commonalities 

among ASD mouse models with respect to their content of extrasynaptic glutamate and GABA 

receptors. Lastly, it would also be interesting to expand our current comparison of ASD mouse 

models: e.g. it would be interesting if common molecular themes could be observed when 

comparing Shank deficient mice with other well-established ASD mouse models like 

Neurologin1 deficient mice which also show ASD-like behaviour (Provenzano et al., 2012). It 

would also be interesting to include an analysis of SHANK1 deficient mice which also appear to 

display ASD-like behaviour (Jiang and Ehlers, 2013). 
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5 Summary 

The umbrella term autism spectrum disorder (ASD) comprises a large, heterogenous group of 

neurodevelopmental disorders which are characterized by abnormalities in social interaction 

communication and ASD patients also display repetitive, stereotypical behaviour. Despite years 

of intensive research, the precise molecular mechanisms responsible for causing ASD remain 

elusive. Nonetheless, a multitude of studies has demonstrated a strong genetic component in the 

disorder and, interestingly, several of the identified genes code for proteins which are directly or 

indirectly involved in controlling synaptic function and signaling at the synapses of the brain. 

Therefore synaptic abnormalities may be central to understanding the pathomechanism of ASD. 

In most ASD patients where a genetic component has been identified, several genes are affected 

concomitantly and  presumably  disruptions in all of those genes are necessary to evoke an 

ASD phenotype. However, in a few ASD cases, changes in a single gene appear to be sufficient 

in causing an ASD phenotype. For example, mutations in one of the SH3 and multiple ankyrin 

repeat domains (SHANK) gene family members  especially in the SHANK3 and to a lesser 

degree in the SHANK2 gene  have been associated with an increased probability of developing 

ASD. Of note, Shank molecules have a scaffolding function at the excitatory postsynapse in the 

brain and are responsible for interconnecting glutamate receptors, the cytoskeleton, intracellular 

signaling components, and other molecules at the postsynaptic density (PSD) and thereby 

regulate synaptic signal transmission in the brain.  

In order to gain a better understanding of the molecular underpinnings common to different 

genetic ASD forms, we utilized adult male mice deficient in Shank2 (Shank2-/-) or Shank3 
-/-) as ASD mouse models and studied their cell surface glutamate and gamma-

Aminobutyric acid (GABA) receptor subunit levels in several ASD-related brain regions 

(cortex, striatum, hippocampus, thalamus, and cerbellum) relative to wildtype controls. 

Importantly, both Shank2-/- -/- mice exhibit ASD-like behaviour and are, therefore, 

suited as ASD mouse models. For the cell surface analysis, we implemented a biotinylation 

assay on coronal brain slices containing the aformentioned brain regions, dissected the regions 

of interest, lyzed them and carried out a subsequent NeutrAvidin pull-down to isolate cell 

surface proteins/receptors which were then analyzed by western blot. Of note, so far this 

biochemical technique has rarely been used to gain insight about levels of synaptic receptors in 

ASD research. Instead, conventional biochemical approaches focusing on the analysis of 

synaptosome and PSD preparations were more common which is unfortunate since the 

biotinylation assay has the decisive advantage of addressing receptors exclusively located at the 

cell surface. After all, cell surface receptors are  of course  more important for research 
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focusing on signaling events taking place at the synapse as opposed to intracellular receptors

which are, inadvertently, always present in the biochemical fractions of conventional 

biochemical approaches like synaptosome and PSD preparations. 

The analysis of cell surface glutamate and GABA receptor subunits revealed that both the 

Shank2-/- and -/- ASD mouse model have lower levels of cell surface glutamate 

receptors than wildtype mice in several of the analyzed brain regions especially in the striatum 

whereas almost no changes in GABA receptor levels could be observed. Instead, total 

glutamate or GABA receptor levels were not altered. Of note, the changes in cell surface 

glutamate receptor subunits observed in the ASD mouse models of this study differed and varied 

considerably in each analyzed brain region. Taken together, the results of this study suggest that 

molecular commonalities such as similar levels of cell surface glutamate receptor levels 

probably exist among ASD mouse models and may, therefore, explain some of the ASD 

phenotypes observed in these mice. However, striking molecular differences also appear to exist 

and must not be neglected. Translated to the human situation, the results of this study suggest 

that patients suffering from ASD may share certain molecular commonalities which could 

potentially be the target of future drug treatments. Nonetheless, inter-individual differences are 

probably very relevant, as well, which means that if ASD patients are to be treated efficiently, a 

highly individualized approach may be necessary. 
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