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To my family 

“The more one finds out about properties of different 

synapses, the less grows one’s inclination to make 

general statements about their mode of action!” 

Bernard Katz, 1966 

 



		
	

	

      
 I  

	
 TABLE OF CONTENTS 

	
	 	

Table of content 
 

TABLE OF CONTENT I 

 

ABBREVIATIONS III 

 

1. INTRODUCTION 1 

1.1 AUTISM SPECTRUM DISORDERS – ASD 1 
1.1.1 OVERVIEW 1 
1.1.2 SYNDROMIC FORMS OF ASD 3 
1.1.2.1 Fragile X syndrome 3 
1.1.2.2 Rett syndrome 4 
1.1.2.3 Phelan-McDermid syndrome 4 
 
1.2 THE SYNAPSE 6 
1.2.1 OVERVIEW 6 
1.2.2 ELECTRON MICROSCOPIC VIEW ON THE SYNAPSE 9 
1.2.3 MORPHOLOGY OF DENDRITIC SPINES 11 
 
1.3 THE POSTSYNAPTIC DENSITY 12 
 
1.4 THE PROSAP/SHANK FAMILY 14 
1.4.1 OVERVIEW 14 
1.4.2 SHANK MUTANT MICE 17 
1.4.2.1 Shank1 mutant mice 17 
1.4.2.2 Shank2 mutant mice 18 
1.4.2.3 Shank3 mutant mice 19 
 
1.5 GOALS OF THIS WORK 21 

 

2. MATERIAL AND METHODS 22 

2.1 MATERIAL 22 
2.1.1 CHEMICALS 22 
2.1.2 ANALYSED MOUSE STRAINS 22 
2.1.3 INVESTIGATED MICE 23 
2.1.5 EQUIPMENT 24 
2.1.6 SOFTWARE 24 
 
2.2. METHODS 25 
2.2.1 TISSUE PREPARATION 25 
2.2.2 ELECTRON MICROSCOPY 26 
2.2.3 STATISTICAL ANALYSIS 27 
2.2.4 ANALYSED BRAIN REGIONS 28 
2.2.4.1 Striatum 28 
2.2.4.2 Hippocampus CA1 30 
2.2.4.3 Hippocampus CA3 31 
2.2.4.4 Molecular and granular layer of the cerebellum 33 



		
	

	

      
 II  

	
 TABLE OF CONTENTS 

	
	 	

3. RESULTS 35 

3.1 PSD ULTRASTRUCTURE IN DISTINCT BRAIN REGIONS OF PROSAP1/SHANK2 AND 
 PROSAP2/SHANK3 DOUBLE-KNOCKOUT MICE COMPARED TO WILD-TYPE LITTERMATE 
 CONTROLS 35 
3.1.1 DORSOMEDIAL STRIATUM 35 
 3.1.1.1 Pooled sexes 35 
 3.1.1.2 Male and female DKO mice compared to WT mice 38 
3.1.2 DORSOLATERAL STRIATUM 40 
 3.1.2.1 Pooled sexes 40 
 3.1.2.2 Male and female DKO mice compared to WT mice 43 
3.1.3 HIPPOCAMPUS CA1 45 
 3.1.3.1 Pooled sexes 45 
 3.1.3.2 Male and female DKO mice compared to WT mice 48 
3.1.4 HIPPOCAMPUS CA3 50 
 3.1.4.1 Pooled sexes 50 
 3.1.4.2 Male and female DKO mice compared to WT mice 53 
3.1.5 MOLECULAR LAYER CEREBELLUM 55 
 3.1.5.1 Pooled sexes 55 
 3.1.5.2 Male and female DKO mice compared to WT mice 58 
3.1.6 GRANULAR LAYER CEREBELLUM 60 
 3.1.6.1 Pooled sexes 60 
 3.1.6.2 Male and female DKO mice compared to WT mice 63 
3.1.7 DKO SYNOPSIS 65 
 
3.2 PSD ULTRASTRUCTURE OF PROSAP1/SHANK2 KNOCKOUT MICE COMPARED TO WILD-
 TYPE MICE IN THE DORSOLATERAL STRIATUM 66 
3.2.2 PROSAP1/SHANK2 SYNOPSIS 69 

 

4. DISCUSSION 70 

4.1 ALTERATIONS OF THE CORTICO-STRIATAL SYNAPSE IN THE DORSOMEDIAL AND 
 DORSOLATERAL STRIATUM OF DKO MICE 70 
4.2 REDUCED PSD LENGTH IN HIPPOCAMPAL CA1 SYNAPSE OF DKO MICE 73 
4.3 NO SIGNIFICANT ALTERATIONS IN CA3 PSDS OF MOSSY FIBERS IN DKO MICE 75 
4.4 NO OBSERVED ALTERATIONS IN THE CEREBELLAR MOLECULAR LAYER OF DKO MICE 77 
4.5 NO ULTRASTRUCTURAL ALTERATIONS IN THE GRANULAR LAYER OF THE CEREBELLUM IN 
 DKO MICE  79 
4.6 CONCLUSIONS 81 

 

5. SUMMARY 83 

 

6. REFERENCES 85 

 

7. ACKNOWLEDGEMENTS 97 

 

 



		
	

	

	
ABBREVIATIONS 

	
	 	

 
 III 

Abbreviations 
 

°C  centigrade 

ADHD  attention-deficit and hyperactivity disorder 

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

Ank ankyrin repeats 

ASD  autism spectrum disorder 

CA1 Cornu Ammonis 1 

Ca2+ calcium ion 

CA3   Cornu Ammonis 3 

CNS   central nervous system 

CO2   carbon dioxide 

DG   dentate gyrus 

DKO  double knockout 

DLS   dorsolateral striatum 

DMS   dorsomedial striatum 

DSM  Diagnostic and Statistical Manual of Mental Disorders  

Fmr1 Fragile-X-mental-retardation-protein-1 

fMRI functional magnetic resonance imaging 

FMRP  Fragile X mental retardation protein 

FXS  Fragile X syndrome 

GABA  gamma amino butyric acid 

GKAP guanylate-kinase-associated protein 

GLC glomerular layer cerebellum 

GluA1  AMPAR subunit A1 

GluA2 AMPAR subunit A2 

GluN1  NMDAR subunit N1 

GluN2A  NMDAR subunit N2A 

GluR  glutamate receptor 

GRIP  GluR interacting protein 

Hbs  Homer bindung site 

iGluR ionotropic glutamate receptor 

IQ  intelligence quotient 



		
	

	

	
ABBREVIATIONS 

	
	 	

 
 IV 

KO  knockout 

kV  kilovolts 

MECP2 methyl CpG binding protein 2 

mGluR  metabotropic glutamate receptor 

min minute 

ml  millilitre 

MLC  molecular layer cerebellum 

mRNA  messenger ribonucleid acid 

nm  nanometer 

NMDAR  N-Methyl-D-aspartic acid receptor 

PBS  phosphate buffered saline 

PDZ  PSD-95/DLG/ZO-1 

PMS  Phelan-McDermid syndrome 

ProSAP  Proline rich synapse associated protein 

PrR Proline-rich region 

PSD  Postsynaptic density 

PSD-95  Postsynaptic density protein-95 

RNA  ribonucleic acid 

SAM  sterile alpha motif 

SH3  Src homology 3  

stlm  stratum lacunosum et moleculare 

sto  stratum oriens 

stp  stratum pyramidale 

str  stratum radiatum 

WT wild-type 

µm  micrometre 

 



		
	

	

   1     
		

  INTRODUCTION 
	

	 	

1. Introduction 
 

1.1 Autism spectrum disorders – ASD 
 

1.1.1 Overview 
 

Autism spectrum disorders (ASD), initially described as autism by Leo Kanner in 

1968 [63], encompass a broad variety of syndromes, that all share two core 

features defined by the Diagnostic and Statistical Manual of Mental Disorders 

(DSM-5): i. deficits in reciprocal social interaction and ii. restricted or stereotypical 

behaviour [63,23,47].  

With an estimated prevalence of 0.7-1.1 % [3,8,23,55,71,119,123] ASD is 

generally diagnosed in early childhood and was found to affect males more 

frequently than females, with a ratio of 4:1, in particular. Yet, the diagnosis of this 

early-onset neurodevelopmental disorder can only be made upon the occurrence 

of the core features, which, however, can broadly vary in their severity [11,55,106]. 

In addition to these defining features, many patients exhibit several co-morbid 

neurological disorders including mental retardation with an IQ below 70 in about 

70 % of the patients, seizures in approximately 30 % [11], attention-deficit and 

hyperactivity disorder (ADHD), anxiety and mood disorders. Sleep disturbances 

and aggressive traits are also commonly mentioned symptoms in patients with 

ASD [3,33,55,119]. 

Due to this highly variable manifestation of the disease, the term ASD comprises a 

whole spectrum of syndromes, including Asperger´s disease, Fragile X syndrome, 

Rett syndrome, Prader-Willi syndrome, Angelman syndrome, Tuberous sclerosis, 

Neurofibromatosis type 1 and Phelan-McDermid syndrome, to name just a few 

[23,55,109].  

Similar to the heterogeneous manifestation, a high diversity of risk factors can 

contribute to ASD. Common risk factors include advanced age of the parents, in 

utero infections or prenatal stress [14,39,84]. Additionally, in approximately 20-25 

% of the patients diagnosed for ASD, the formation of the disease has a genetic 

cause, especially a combination of genetic variations, are demonstrated 

[1,23,33,55]. Yet, more than 200 genes are known to be susceptible for mutations 
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finally causing ASD. Most of these genes regulate synaptic homeostasis, hence, 

an alteration of synaptic protein synthesis could lead to the phenotypes connected 

to ASD patients and thereby it is shown that synaptic homeostasis is crucial for 

normal brain development [8,23].  

Furthermore, there are also single-gene disorders causing autism like Fragile X 

syndrome, Rett syndrome, Tuberous sclerosis, Neurofibromatosis type 1 and 

Phelan-McDermid syndrome. Since there is such a diversity of mutations linked to 

ASD, these disorders have to be diagnosed clinically in respect to the appearance 

of core symptoms, but for the majority of cases, the underlying mechanisms of the 

disease remain unknown [33].  

Once appeared, the disorder maintains throughout the entire life and is mostly 

detected in early childhood. Up to an age of six months, 25-40 % of the children 

develop almost normally [3,32]. Children between 18 and 24 months of age evolve 

autistic-like behaviours and developmental delays, initially seen by their parents. In 

parallel to the occurrence of the first symptoms, a loss of intellectual skills is 

frequently observed and might be explained by the highly vulnerable state of the 

developing brain, since especially synaptogenesis takes place within this age [71]. 

However, on average, ASD is often not diagnosed until three years of age 

[23,33,71,109].  

Since premorbid signs point toward ASD already in early postnatal stages [33], 

several attempts of ASD research focus on a categorization of children based on 

anatomical differences between normal developing children and children later 

diagnosed for ASD. A noticeable parameter measured in many children later 

diagnosed for ASD is the altered head circumference occurring in early postnatal 

life of pre-diagnosed children. Having normal or slightly reduced head 

circumferences at birth, there is an abnormally enhanced head growth within the 

first year of life in the patients [23]. This circumstance leads to macrocephaly 

accompanied with a reduction in neuron sizes, specifically Purkinje cells, and a 

decrease of the volume in the caudate nuclei by 10 % measured by fMRI 

(functional magnetic resonance imaging) [29,30,71]. Intriguingly, this reduction 

correlates with the severity of stereotypical, repetitive behaviours [54]. Moreover, 

structural changes in the hippocampus as well as an increase in its volume are 

described. By this means, even different forms of ASD can be distinguished 

[31,99]. Beside the alterations of those brain regions, a general increase of white 
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matter is observed in some autistic individuals [3]. This overgrowth leading to 

macrocephaly is observed in approximately 20 % of the individuals diagnosed with 

ASD. However, this abnormally enhanced head growth stagnates after 12 months 

of life [32].  

 

 

1.1.2 Syndromic forms of ASD 
 

In contrast to the broad variety of susceptibility genes of ASD, a subcategory of 

autism spectrum disorders is caused by defined single gene mutations. These 

distinct mutations induce diseases like Fragile X syndrome, Rett syndrome or 

Phelan-McDermid syndrome, that all share autistic traits as one of their symptoms. 

 

 

1.1.2.1 Fragile X syndrome 
 

Fragile X syndrome (FXS) is the most common genetic form of mental retardation. 

With a prevalence of 1 in 5000 males it causes 2-3 % of all patients diagnosed for 

ASD [9,15]. This disorder is caused by mutations of the X-chromosomal FMR1, 

leading to a hypermethylation of a trinucleotide (CGG) repeat in the promoter 

region of the FMR1 gene, ending up in an incorrect expression and lower 

production of the fragile X mental retardation protein (FMRP). FMRP, an RNA-

binding protein, required for the regulation of proper protein synthesis in dendritic 

spines, is reduced or absent in the dendritic spines of patients suffering from FXS. 

The loss of this protein manifests in symptoms like hyperactivity, anxiety, mood 

disorders, growth abnormalities, cranio-facial dysmorphies and macroorchidism 

[12,15,69,121]. Apart from the behavioural manifestation, mice lacking FMR1 

displayed morphological alterations expressed by longer and thinner dendritic 

spines [5,57]. 

Given that a mutation in a single gene, expressing a protein needed for synaptic 

homeostasis, leads to one form of autism, the main cause of ASDs is seen in a 

disorder within this homeostasis called synaptopathy [15,123].  
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1.1.2.2 Rett syndrome 
 

In 1966, Andreas Rett described the Rett syndrome, a single gene defect leading 

to ASD with a prevalence of 1 in 10000 females and very rarely diagnosed in 

males. Rett syndrome is not inherited and is caused by a de novo germ cell 

mutation in the X-linked MECP2 (methyl CpG binding protein 2) gene [10]. The 

absence of the gene product, required for neuronal stabilization and maintenance 

of neuronal maturity, leads to a delayed onset of symptoms at the age of 6 to 18 

months [33]. After normal development, the patients develop a typical autistic-like 

phenotype including mental retardation, seizures, stereotypical behaviour, severe 

language delays and breathing abnormalities [10,123]. Interestingly, restoration of 

the gene in Mecp2 knock-out mice leads to a normalisation of several symptoms 

[48]. In similarity to FXS, the Rett syndrome mouse model, with a knock-out of 

Mecp2, also shows morphological alterations within neuronal networks. Mice with 

a deletion of Mecp2 are characterized by thinner cortical layers, decreased 

dendritic branching and reduced spine density, as well as reduced spine head size 

and elongated spine necks especially in the CA1 (Cornu Ammonis 1) area of the 

hippocampus [13,66]. 

 

 

1.1.2.3 Phelan-McDermid syndrome 
 

Heterozygous deletions or translocations of the 22q13 locus elicit the Phelan-

McDermid syndrome (PMS), also known as 22q13 deletion syndrome. The 

disruption of the SHANK3 gene, which is coding for a synaptic scaffold protein at 

excitatory, glutamatergic synapses has proven to be the responsible cause of 

PMS [22]. In 80-85 % of PMS patients, a haploinsufficiency due to a de novo 

mutation of paternal origin (70 %) is responsible for the manifestation of PMS [89]. 

The Shank3 protein normally acts as scaffold protein in the postsynaptic density, 

which stabilizes receptor complexes and connects them to the cytoskeleton [95]. 

Approximately 2-3 % of all ASD patients carry mutations within this gene [55], 

leading to communication deficits and impairment of social interaction [36]. Further 

symptoms observed in PMS patients are developmental delay, neonatal hypotonia 

and mild cranio-facial dysmorphia [22,89,123]. The ultrastructural correlates of 
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murine tissues are displayed by a decrease of the spine density especially in the 

hippocampus as well as a reduced length and thickness of striatal postsynaptic 

densities [85,89]. 

 

 

Condensed, the genetic origins of autism are multifarious. However, mutations in 

many forms of ASD converge at dysfunctional synaptic homeostasis, 

predominantly in excitatory, glutamatergic synapses. Therefore, the pathology of 

these disorders represented by synaptic dysfunction, altered synaptic morphology 

and altered neuronal circuits suggest the synapse to be the key player in autism 

spectrum disorders [55].  
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1.2 The synapse 
 

1.2.1 Overview 
 

The term “synapse“ was first noted and characterized by Charles Scott 

Sherrington in 1897 [105]. This neuronal structure, representing the functional unit 

of the nervous system, is essential for transmitting integrated signals between 

neurons in a chemical way. The classical synapse is located at the end of an axon, 

the so-called end-foot or bouton terminaux and the dendrite of another neuron, 

thus connecting two neurons or non-neuronal tissue with each other [80,91]. 

Within the central nervous system, the transmission of information occurs in 

different ways including i) axospinous, describing the transmission of information 

from an axon of a neuron to a dendritic spine of a subsequent neuron, ii) 

axodendritic, where information is transmitted by an axon to a following dendrite, 

iii) axoaxonal, where signals are directly transmitted form one to another axon and 

as a last variant of synaptic junctions in the central nervous system iv) axosomatic, 

which functions through a direct connection of an axon with the soma of another 

neuron [115]. Nevertheless, all those synapses go along with the same 

architectural structure [80].  

The synapse is a polarized junction between neurons to transmit impulses from 

one neuron to another [80]. Precisely, the synapse consists of the presynapse, the 

postsynapse and the intervening synaptic cleft. The presynapse emerges of the 

membrane of the telodendron, the last axonal collateral, and unlike the axon or 

telodendron, there are no myelin sheaths at presynapses. As well as the 

presynapse, there are also specialisations in the postsynapse of the receptor cell, 

for excitatory synapses embodied by dendritic spines [80].  

Until the 1950s, synapses were described by studies using only light microscopes. 

In 1956 Palay established „synaptolemma“ as a new term for synaptic 

components. This term included the presynaptic membrane, the postsynaptic 

membrane and the synaptic cleft [80,110]. Central components like the 

postsynaptic density (PSD), vesicles as well as the spine apparatus, however, 

were not mentioned. Beyond this nomenclature, Palay emphasized that those 

membranes never merge [80].  
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Interestingly, in the 1950s it was already known, even despite the low 

magnification of light microscopes at that time, that vesicles are present in the 

presynapse. The heterogeneous group of vesicles was further subclassified by the 

variable size of presynaptic vesicles and later, very large vesicles were noted as 

“multivesicular bodies“ [83,88,110]. With a size range indicated by 24-52 

nanometers (nm), these presynaptic organelles were considered to be storages of 

neurotransmitters. This was presumed by De Robertis and Bennett as the 

“synaptic vesicle theory“ and was supported by many scientists in the late 1950s 

[82,115].  

Further essential structures of the presynapse were the mitochondria. These 

organelles highlight the enormous energy demand of the synaptic machinery and 

thereby mitochondria are responsible for the electrical phenomenon appearing in 

here [80]. 

 

In addition to the postsynaptic membrane, the postsynaptic side further contains a 

dense patch or thickened region of postsynaptic membrane, which was later 

termed postsynaptic density (PSD) and is explained in the next chapter.  

In contrast to the presynaptic part of the synapse, where vesicles and 

mitochondria are abundant, this is the only ultrastructural obtrusiveness of the 

postsynapse beside a sometimes existing “spine apparatus“ [43,44,80,115].  

 

The third entity of the synapse represents the synaptic cleft, which should not only 

be seen as intercellular space. According to the presynaptic and postsynaptic side, 

it has to be considered as a further highly organized synaptic specialisation. 

Although the technique of visualising synapses in the central nervous system has 

been established in 1959, published by E. G. Gray, it is astonishing how 

accurately the morphology of the synapse and its synaptic cleft had already been 

explored until then [44]. Even in studies using light microscopes, the synaptic cleft 

has been investigated. In 1956, Palay et al. measured an average width of the 

synaptic cleft of 20 nm [80]. More often the synaptic cleft is wider than randomly 

spaced axons or other processes [45,110]. The cleft is further described to contain 

an extracellular matrix, which is likely to stabilize this junction. Therefore, the 

synaptic cleft is a special appliance of the intercellular space. What would later 

turn out to be intermembranous adhesion molecules, e.g. Neuroligins/ Neurexins 
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or Ephrin/ EphR [53], has been described by De Robertis 1961 as "intersynaptic 

filaments". The role of those filaments was presumed i. to maintain the mechanical 

and geometrical stability, ii. to be responsible for a controlled transmitter diffusion 

or iii. to be involved in distinct communication procedures beside the chemical 

information transfer [27].  

 

Long before the establishment of electron microscopes, it was already known that 

synapses are “one-way” conductions. Unlike the axon, neurotransmitters can only 

be released into the synaptic cleft at this specialisation, whereas axons are 

capable to carry neurotransmitters in a retrograde manner. This unidirectional 

character is substantive for the proper transmission of information. Already in the 

1960s, it was presumed that each neuron uses only a single kind of transmitter 

[115]. Only a complex of more than one end-foot raising from more than one 

neuron, makes it possible to have more than one kind of transmitter in the synaptic 

cleft. These complexes can lead to even more controlled and fine-tuned 

information transmission. Soon after the release, the transmitters are degraded 

enzymatically, destroyed or recycled into the presynapse [35]. Nevertheless, not 

only presynaptically released transmitters are responsible for the entire signal 

transmission. As free floating substances, glutamate as well as GABA (gamma 

amino butyric acid) are supposed to sensitize postsynaptic receptors as 

“moderators or conditioners” [115]. Nowadays it is commonly known that this 

mechanism is managed by NMDARs (N-methyl-D-aspartate receptor) and long-

term-potentiation (LTP). 
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1.2.2 Electron microscopic view on the synapse 
 

The very first images of synapses on the electron microscope were made in 1953 

and finally 6 years later, in 1959, E. G. Gray established the electron microscopy 

for visualizing cells of the central nervous system [44]. For the first time, synapses 

could be described in a more detailed view and a nomenclature for different types 

of synapses was established by E. G. Gray, which is still used today. Firstly, Gray 

described two types of synapses: the type I synapses and the type II synapses. 

The type I synapse is characterized by its thin presynaptic membrane and its 

distinctly thicker postsynaptic membrane. Since the great abundance of this type 

in the central nervous system, this type was termed foremost. In 88 % of type I 

synapses, the postsynaptic thickening contains 70-100 % of the entire 

postsynaptic specialisation of the synapse [43]. Some years later, in 1963, Van der 

Loos recognized that this specialisation was not a thickening of the membrane, but 

a highly organized cytoplasmic entity. He therefore recommended to replace the 

term “membrane thickening“ into “postsynaptic membrane plus subsynaptic 

organelle“. Even De Robertis used the term “subsynaptic web“ [27,110]. Finally, 

these terms merged and were included in what we nowadays entitle postsynaptic 

density (PSD), as described below.  

In contrast to type I synapses, Gray´s type II synapses reveal no substantive 

morphological differences of the postsynapses compared to presynapses [43]. 

Since the width of the synaptic cleft does not differ much from non-synaptic 

contacts between axons, it was much more difficult to recognize type II synapses 

in light microscopic observations. Hence, electron microscopy brought crucial 

progress into the examination of type II synapses and synaptic junctions could 

now be distinguished from tight lying neural processes [87]. This circumstance 

was a trivial reason why this type of synapse was titled type II synapse [43,115].  

Beside this nomenclature, there was a potentially improved designation by 

Colonnier, who established the terms “asymmetric type“ and “symmetric type” of 

synapses [27]. This subdivision allowed a better classification of two extremes of a 

single continuum. Gray did not mention this continuum, which was the reason why 

he often has been criticized [27,110]. Despite this morphological difference, Van 
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der Loos even suspected a functional divergence of this basically same entity, 

which was finally proven later [110]. 

In addition to the postsynaptic density, there is another conspicuousness in the 

dendritic protrusion of the postsynapse, the “spine apparatus“. This structure is 

localized in the cytoplasm of spines of cerebral synapses [62] and consists of 

three or four annealed sacs with dense plaques in between [43–46,83,88,115]. 

This formation is in close connection to the smooth endoplasmic reticulum, 

situated in the cytoplasm of dendrites. Although this structure is localized in the 

range of dendrites, it is nevertheless termed “spine“ apparatus. Intriguingly, those 

formations have not been found in cerebellar synapses or synapses in the spinal 

cord. Further, the spine apparatus is rarely found in non-spiny synapses and 

axodendritic junctions [62]. Until the late 1970s the role of the spine apparatus 

remained uncertain. In 1961, Rosenbluth considered the spine apparatus to be a 

form of membrane storage [92]. In 1979, Tarrant and Routtenberg hypothesized 

the spine apparatus to take part in the synaptic transmission and regulation of the 

postsynaptic membrane. For this, the spine had the possibility to change its shape, 

for instance to enlarge in order to react on increased use or to shrink in order to 

compensate non-use [107]. One year later, in 1980, a new theory of Westrum, 

Jones, Gray and Barron was proposed [114]. The previously stated condition, that 

there were no microtubules in spines, was disproved and a direct connection 

between those new found microtubules and the spine apparatus was mentioned. 

This new theory then lead to the presumption that the spine apparatus is a leading 

structure for microtubules, which thereby can get in contact with the postsynaptic 

membrane [114].  
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1.2.3 Morphology of dendritic spines 
 

Dendritic spines are specialized protuberances of dendrites and serve as a basis 

for synaptic contact points. Studies on light microscopic correlates firstly supposed 

the spines to be “nutritive expansions“ of neurons, since mitochondria were also 

reported to be present in dendritic spines [111]. In electron microscopic studies, at 

later times, these spines were further characterized as special platforms for 

synaptic contacts [17,44]. In the late 1960s, Jones and Powell published common 

attributes of the shape and size of dendritic spines, especially focussing on spine 

heads [62]. Great spine heads are predominantly localized at small dendrites, 

whereas small spine heads are mainly found at bigger dendrites. In addition to 

bigger spine heads, the spine stalks also appear to be larger in these spines [62] 

and Wilson et al. described a direct correlation within this phenomenon [116]. An 

increased spine head volume leads to an increase of the length of the spine stalk 

[62,116]. This correlation, however, was disproven in a more recent study of 

Arellano et al. in 2007 [7], so that only a relationship of the spine head volume and 

the PSD area can be postulated [97]. In particular, the PSD is considered to take 

10-15 % of the entire spine head membrane [26]. Interestingly, Nusser et al. 

described a direct correlation between the PSD area and the amount of 

postsynaptic receptors [79].  

Generally, it is believed that the morphology of dendritic spines has a crucial 

influence on synaptic function and stability and thus, considering a correlation of 

spine volume, PSD area and postsynaptic receptor concentration, the spine head 

volume determines its synaptic strength [7].  

Basically, three different forms of dendritic spines are yet described: i. thick, short 

“stubby spines“, ii. “mushroom-shaped spines“, which are characterized by thicker 

spine stalks and great spine heads and iii. thin, “filopodial-like spines“, which are 

characterized by thin spine stalks and heads. But this conception, as well as the 

types of synapses, were extremes of a continuum, in which the single forms 

fluently merge [88]. At least for the cerebral cortex Arellano et al. could not find 

evidence for this classification, since the transition of single forms was fluently [7]. 

Notwithstanding, to date, this classification is still in use. 
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1.3 The postsynaptic density  
 

The postsynaptic density (PSD) is an electron dense, disc-like structure located at 

the tip of a spine or dendritic shaft adjacent to the postsynaptic membrane. This 

postsynaptic formation comprises huge protein complexes, that mediate 

transsynaptic signaling, postsynaptic downstream effects as well as the 

ultrastructural organization of spines [21,101]. Based on various proteins, the PSD 

is displayed as a distinguishable circumscribed disc-like patch under the electron 

microscope, being the basic for the term asymmetric type of a synapse [27,44].  

The proteins of the PSD can be subdivided into five groups; i. cell-adhesion 

molecules, ii. postsynaptic receptors, ion channels and G-proteins, iii. scaffold 

proteins, iv. adapter proteins and v. signaling proteins. These proteins fulfill 

numerous functions, including the stabilization of the synapse, the mediation of 

chemical signals to the subsequent neuron and the morphological organization of 

the dendritic spine [102] . 

The diameter of a PSD varies between 300-400 nm with an average thickness of 

approximately 30-50 nm [101]. Within the entire thickness, the PSD is organized in 

three layers (Figure 1). The outer layer, representing proteins within the 

postsynaptic membrane, contains cell-adhesion molecules, as neuroligins, that link 

the postsynaptic membrane to the opposite presynaptic site via their interaction 

with neurexins, and different subtypes of glutamate receptors. The ionotropic N-

methyl-D-aspartate receptors (NMDARs) are supposed to be localized in the 

center, whereas the ionotropic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptors (AMPARs) together with metabotropic glutamate receptor (mGluR) 

are described to emerge at peripheral sites of the postsynaptic membrane. These 

glutamate receptors fulfill the cardinal function of excitatory synapses 

[21,102,112]. 

The subsequent, deeper layer comprises adapter proteins like PSD-95 

(Postsynaptic density protein 95) and GKAP (Guanylate-kinase-associated 

protein). These proteins link NMDAR subunits to the third layer and control 

AMPARs at synapses. Additionally, GRIP (glutamate receptor interacting protein) 

and Homer link AMPARs and mGluRs, respectively, to downstream components 

in the third layer [21,25,101,102]. 
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Figure 1: Scheme of the postsynaptic density (PSD). The outer layer of the postsynaptic density comprises 
glutamate receptors, including NMDAR (N-methyl-D-aspartic acid receptors), AMPAR (α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors) and mGluR (metabotropic glutamate receptors). These 
transmembrane receptors are bound to adapter proteins such as GRIP (GluR interacting protein), Homer, 
PSD95 (postsynaptic density protein-95) and GKAP (guanylate-kinase-associated protein), which are 
themselves connected to other cytoplasmic proteins like Shank proteins as well as the actin cytoskeleton 
interacting proteins, alpha-Fodrin and Cortactin. 

 

The third and deepest layer comprises the ProSAP/Shank proteins, which lastly 

interact with the actin-based cytoskeleton, and thus stabilize synapses and spines 

and ensure proper spine maturation [95,101].  

 

Taken together, the PSD with its hierarchically structured appearance is a dynamic 

and tightly-controlled construction, which is able to change its shape, size and 

assembly during maturation and in order to react on stimuli like synaptic activity. 

Hence, it is not surprising that the size of the PSD is directly correlated with the 

amount of receptors and thus a proportional correlation of PSD and synaptic 

strength can be observed [64,79,101]. Therefore, powerful excitatory synapses are 

accompanied with larger PSDs, including higher total PSD protein levels in 

particular of PSD 95 and AMPARs [102].  
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1.4 The ProSAP/Shank family 
 

1.4.1 Overview 
 

The ProSAP/Shank protein family includes three members, ProSAP1/Shank2, 

ProSAP2/Shank3 and Shank1 (further referred to as Shank2, Shank3 and 

Shank1, respectively), which all are highly enriched in the postsynaptic density 

(PSD). These proteins are described to link membranous receptors, that are 

integrated into the postsynaptic membrane, to the cytoskeletal network at 

excitatory, glutamatergic synapses [18,19,103]. Therefore, Shank proteins are 

localized in the inner layer of the PSD, situated between N-methyl-D-aspartic acid 

receptors (NMDAR), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptors (AMPAR), as well as metabotropic glutamate receptors (mGluRs) and 

the actin cytoskeleton [95]. Shank proteins are mainly found within the central 

nervous system (CNS), but they can also be detected in non-neuronal tissues, as 

thymus, liver, kidney, pancreas as well as testicular germ cells [72,90]. 

All members of the Shank family, Shank1, Shank2 and Shank3 are presumed to 

act as master scaffolding proteins within the PSD, thereby organising and 

stabilizing this subsynaptic network [36,103].  

For implementing this purpose, the Shank proteins share several protein domains. 

At the N-terminal end five ankyrin repeats are located, followed by an SH3 (src 

homology 3) domain and a PDZ (PSD-95/DLG/ZO-1) domain. Additionally, a SAM 

domain (sterile alpha motif) and Proline rich clusters are situated at the C-terminal 

end of the proteins (Figure 2). These protein domains are shared among the three 

Shank proteins with an amino acid identity of 63-87 % [18,103]. Beside linking 

glutamate receptors and their signalling to the cytoskeleton, the described protein 

domains are necessary for protein-protein interactions. To date, there are over 30 

proteins known to interact with members of the Shank proteins family [61]. 

Furthermore, Shanks are able to form homodimers via zinc through nearly all 

domains [94,40,41]. The most important interacting partners are the Homer family, 

conjoining Shanks with mGluRs, and the PSD-95 family, which affiliate ionotropic 

glutamate receptors (iGluRs) like AMPAR and NMDAR to Shanks [78]. In this way, 

Shanks form a kind of relay station to interconnect iGluRs with mGluRs. Further 
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decisive interacting proteins are Cortactin and α-Fodrin regulating the connection 

between Shank proteins and the actin cytoskeleton, and thus finally linking 

glutamate receptors and their respective signalling components throughout the 

whole PSD to the actin based cytoskeleton [19,108].  

Shank proteins are also able to contribute to presynaptic signalling by interacting 

with proteins of the neuroligin family, which are linked to the presynaptic 

membrane via neurexins [36,106]. 

 

 

Figure 2: Scheme of protein-protein interaction domains of ProSAP/Shank family members, including N-
terminal ankyrin repeats (Ank), Src homology 3 domain (SH3), PSD-95/DLG/ZO-1 domain (PDZ), proline-rich 
region (PrR), Homer binding site (Hbs), cortactin-binding domain (ppI) ending in the C-terminal sterile alpha 
motif (SAM). Reprinted from [41] with permission from Elsevier. 

 

 

The Shank family members are widely present in the brain with different 

expression patterns. Particularly in the hippocampus and the cerebral cortex all 

three family members are highly present, with the peculiarity that Shank3 is mainly 

expressed in the CA3 (Cornu Ammonis 3) region. In Purkinje cell dendrites within 

the molecular layer of the cerebellar cortex only Shank1 and Shank2 are found, 

whereas in granule cells, in the cerebellar granular layer, only Shank3 and Shank1 

are expressed [18,19]. The striatal expression of Shank genes also shows a 

distinct pattern, with Shank3 as the predominant member, Shank2 with the second 

most abundance and Shank1 as the least expressed [85]. In the hypothalamus, 

however, Shank1 is the only present member of the Shank family (Table 1) [20].  
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Table 1: Shank expression in different brain regions [85,98]  

CA1 (hippocampal Cornu Ammonis 1), CA3 (hippocampal Cornu Ammonis 3), MLC (molecular layer 

cerebellum), GLC (granular layer cerebellum); --- (no expression) +++ (strong expression) 

 

 ProSAP1/Shank2 ProSAP2/Shank3 Shank1 

Striatum + +++ (+) 

CA1 ++ + +++ 

CA3 ++ +++ +++ 

MLC +++ --- ++ 

GLC --- +++ + 

 

Moreover, Shank proteins appear in very early stages of development. At the first 

postnatal day, Shank1 and Shank2 mRNA is already detectable within dendritic 

spines, increasing during the first week and culminating at three to four weeks of 

life [19,20,108]. These changes in expression suggest that Shank proteins are 

crucial for early synaptogenesis and development of spines [61,94], since these 

processes also occur within this time [19]. Additionally, it is presumed that Shanks 

are not only important for early synaptogenesis, but also for the reorganisation of 

dendritic spines [18], promoted by an enlargement of spine heads [95], since 

overexpression trials of recombinant Shank2 and Shank3 fusion proteins were 

reported to lead to an increased establishment of excitatory synapses as well 

[40,41,94]. 

 

Finally, Shank proteins form giant platforms within the PSD of glutamatergic 

synapses in the aforementioned brain regions, enabling various proteins to lastly 

interact with numerous components of the synapse either in a direct or indirect 

manner. Therefore, these proteins are thought to be crucial for synaptic 

homeostasis as well as growth and maturation of spines.  
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1.4.2 Shank mutant mice 
 

To investigate the individual function of each Shank family member within the 

synaptic network and synaptic homeostasis, knock-out and knock-in models of 

particular members of the Shank family were created [56,85,98,104,113,117,118]. 

Analysis of these models has already provided promising results in defining the 

precise roles of the distinct Shank proteins. 

 

 

1.4.2.1 Shank1 mutant mice 
 

Shank1 mutant mice exhibit a deletion of exon 14-15 of the Shank1 gene, 

encoding the PDZ domain. Since the PDZ domain is present in all Shank1 

isoforms, this model is designed to eliminate all isoforms. 

Since it is known, that mutations in the Shank1 gene in humans can lead to ASD 

[96], an already existing mouse model was investigated thereupon [56,117].  

Apart from slightly reduced body weight, Shank1 mutant mice do not show any 

other alterations in general appearance, compared to wild-type littermates [117]. 

On the morphological level, however, convincing consequences of the deletion are 

observed. Mice lacking Shank1 show altered synapse morphology, expressed by 

smaller dendritic spines and lower synaptic strength. In parallel to the reduced 

spine size, the PSD thickness is decreased in the Cornu Ammonis 1 (CA1) area of 

the hippocampus [56]. Table 2 represents a morphological synopsis of the Shank1 

knockout mouse. 

Interestingly, Homer proteins, coupling mGluRs to Shanks, are also reduced and 

thereby it is comprehensible that Shank1 mutant mice suffer from impaired 

glutamatergic synaptic signalling [56].  

Beside the morphological obtrusiveness, behavioural outcomes are conspicuous 

and represent behavioural patterns including the core features of autism. Shank1 

mutants, particularly pups, unveil alterations of communication, displayed by the 

disturbed cardinal forms of murine communication, ultrasonic vocalisation and 

scent marking [6,28]. Moreover, these mice display an anxiety-like phenotype with 
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lesser neuromuscular strength, an overall hypoactivity, but augmented spatial 

learning. However, social interaction skills were not impaired [104].  

 

 
Table 2: Morphological changes in Shank1 knockout mice 

CA1 (Cornu Ammonis 1), PSD (Postsynaptic density) 

 spine density spine length spine head 
width 

PSD length PSD thickness 

CA1 [56]  slightly 

reduced 

slightly 

reduced 

slightly 

reduced 

reduced by 

10 % 

reduced by 5 % 

 

 

 
1.4.2.2 Shank2 mutant mice 
 

Up to now there are two mouse models lacking all isoforms of Shank2, described 

by Schmeisser et al. 2012 and Won et al. 2012 [98,118]. Shank2 deficient mice 

showed autistic-like behaviours in all its facets. These mice showed deficits in 

communication, measured by ultrasonic vocalisation. In addition to this, the social 

interactions skills were reduced and the last defining feature, repetitive and 

stereotypical behaviour became manifested in enhanced jumping comportment 

and slightly increased time spent with self-grooming [98,118]. Furthermore both 

mouse models exhibited an anxiety-like phenotype and hyperactive traits and the 

mouse model of Won et al. showed impaired spatial learning as well [118].  

Consistent with other ProSAP/Shank mutants, synaptic protein compositions are 

altered in Shank2 knock-out mice described by Schmeisser et al. [98]. 

Investigations of hippocampal protein levels revealed an increase of the NMDAR 

subunit GluN2B, whereas striatal measurements showed an enrichment of the 

GluN1 and GluN2A subunits as well as the AMPAR subunit GluA2. A 

compensatory upregulation of Shank3 was further described in the striatum [98]. In 

contrast to these findings, for the mouse model described by Won et al., a 

reduction of NMDAR function was supposed. Within the same model NMDA 

glutamate receptor agonists partially regained normal NMDAR function as well as 

social interaction skills. These results point towards a contribution of the NMDAR 

to the development of autistic-like phenotypes [118].  
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The morphological analysis of the knockout mouse model, examined by 

Schmeisser et al. 2012, revealed only some alterations showing a reduced overall 

spine density in the hippocampal CA1 area [72,98]. In the mouse model observed 

by Won et al. 2012, however, no alteration, neither in spine density, nor on 

ultrastructural investigations of PSD parameters, PSD length and PSD thickness, 

within the hippocampal CA1 area could be shown [118].  

In table 3, a morphological synopsis of the Shank2 knockout mouse models is 

shown. 

 
 
Table 3: Morphological changes in Shank2 knockout mice 

CA1 (Cornu Ammonis 1), PSD (Postsynaptic density), EM (electron microscopy), --- (no data available) 

 spine density spine length spine head 
width 

PSD length PSD thickness 

CA1 
[118]  

no change 

EM method 

--- --- no change no change 

CA1 [98]  reduced 

Golgi method 

--- --- no change no change 

 

 

1.4.2.3 Shank3 mutant mice 
 

In 2007, Durand et al. first mentioned an association of SHANK3 mutations and 

autism in humans [36], serving as a basis for Shank3 mutant models in the field of 

ASD research. To date, five mouse models exist, with each disrupting distinct 

isoforms of the Shank3 protein [67,85,98,113,122]. All five mouse models display 

autistic-like behaviour, compulsive behaviour, excessive self-injurious self-

grooming, as well as impaired social interaction [67,85,98,113,122]. 

Similar to Shank1 and Shank2 mutant mice, synapses of Shank3 mutant mice also 

display morphological alterations compared to wild-type littermates. These 

changes include reduced spine density in the CA1 area of the hippocampus and 

the striatum [85] and a reduction of PSD thickness and PSD length in the striatum 

[113]. In table 4, a morphological synopsis of the Shank3 knockout mouse models 

is shown. 
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Interestingly, in the Shank3 mutant model examined by Schmeisser et al. 2012, a 

compensatory upregulation of Shank2 was observed [98].  

On the molecular level, Shank3 knockout mice of Schmeisser et al. revealed an 

upregulation of the NMDA subunit GluN2B and Shank2, whereas Shank3 mutant 

mice of Peça et al. and Wang et al. showed a downregulation of glutamate 

receptor binding proteins, specifically Homer1, as well as NMDAR and AMPAR 

subunits [85,113,122]. Consistent with these findings, a reduction of cortico-

striatal, glutamatergic transmission has been examined by Peça et al. [85], 

whereas Wang et al. observed a decrease in AMPAR signalling in the CA1 area of 

the hippocampus [122]. 

Shank3 seems to have a different impact on different brain regions, with the 

striatum being the most affected region. This finding is consistent with a high 

abundance of Shank3 in the wild-type striatum, thus, a Shank3 knockout might 

have the most deleterious effects within this region [86]. 

 

 
Table 4: Morphological changes in Shank3 knockout mice 

CA1 (Cornu Ammonis 1), PSD (Postsynaptic density), --- (no data available) 

 spine density spine length spine head 
width 

PSD length PSD thickness 

DLS [85]  reduced no change no change reduced reduced 

CA1 [98] no change --- --- no change no change 

CA1 [113]  no change Increased by 

60 % 

--- no change no change 

CA1 [67]  
 

no change --- --- --- --- 
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1.5 Goals of this work 
 
So far, only minor morphological alterations of synaptic parameters have been 

identified in ProSAP/Shank single mutants. In addition morphological 

characterization has been done only in a limited number of brain regions. Thus, it 

is suggested, that the newly described ProSAP1/Shank2-ProSAP2/Shank3 

double-knockout mice (Schmeisser et al. unpublished) suffer from even major 

ultrastructural changes.  

Further aims of this study were to specifically delineate the brain regions, and sub-

regions, in which these proposed ultrastructural alterations are present. This was 

implemented by electron microscopical screening of distinct brain regions, 

associated with ASD. In particular, ultrastructural analysis was performed in the 

dorsomedial and dorsolateral striatum, the hippocampal sub-regions CA1 and CA3 

and the molecular and granular layer of the cerebellum. 
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2. Material and Methods 
 

2.1 Material 
 

2.1.1 Chemicals 
 

Chemicals for experiments were purchased from following companies, unless 

indicated otherwise:  

 
Table 5: Chemicals used for the experiments 

Substance Company 

Sodium chloride Merck 

Chloral hydrate Sigma 

Heparin Braun 

Paraformaldehyde Merck 

25 % Glutaraldehyde Agar Scientific 

Saccharose Roth 

Cacodylic acid Merck 

Osmium tetroxide Chempur 

Uranyl acetate Merck 

Lead citrate Plano 

Epon Fluka 

 

 

2.1.2 Analysed mouse strains 
 

All of the experiments documented in this thesis were performed with 

ProSAP1/Shank2
-/- knockout mice (KO) and ProSAP1/Shank2

-/-
 - 

ProSAP2/Shank3
-/- double-knockout mice (DKO), while wild type litteramtes (WT) 

served as controls. All KO and DKO mice were generated in house 

(Tierforschungszentrum Ulm) by cross-breeding as listed in table 6 below. 

Breeding of ProSAP1/Shank2
-/- and ProSAP2/Shank3

-/- mutant mice was kindly 

supervised by Jürgen Bockmann, Universität Ulm, and described earlier by 

Schmeisser et al. 2012 [98].  
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Single knockout, double-knockout and wild-type mice were investigated at defined 

postnatal stages (P70-P120). All littermate pairs were sex and age matched. 

 

Table 6:  Breeding scheme of analysed Shank2 KO (knockout) and Shank2/Shank3 DKO 

(double knockout) mice 

Mutant line genotype Breeding scheme 

Shank2 KO Shank2
+/-

 x Shank2
+/-

 

Shank2/Shank3 DKO Shank2
+/-

/Shank3
-/-

 x Shank2
+/-

/Shank3
-/-

 

 
 

2.1.3 Investigated mice 
 

All Investigated mice are listed as follows: 
 

Table 7:  Data of investigated double-knockout (DKO), single-knockout (KO) and mice 

and wild-type (WT) mice at distict postnatal days (P) 

mouse number birth date Gender PCR result Perfusion (age) 

2483 198/12 ♂ WT P92 

2497 202/12 ♂ WT P109 

2191 336/12 ♀ WT P72 

0018 358/12 ♂ WT P100 

0030 9/13 ♀ WT P83 

0036 16/13 ♀ WT P76 

0071 59/13 ♀ WT P89 

0269 162/14 ♂ WT P83 

1996 198/12 ♂ DKO P92 

2019 221/12 ♂ DKO P90 

2196 338/12 ♀ DKO P70 

2240 45/13 ♀ DKO P103 

2267 67/13 ♀ DKO P81 

0132 96/14 ♂ DKO P107 

0016 346/12 ♀ Shank2 KO P112 

0017 346/12 ♀ Shank2 KO P119 

0021 352/12 ♂ Shank2 KO P106 

0065 58/13 ♀ Shank2 KO P89 
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2.1.5 Equipment 
 
Table 8: Equipment used in this study 

Hardware Company 

Microm HM 650 V Vibration microtome Thermo Scientific 
Microscope Slides Roth 
Stereo microscope Stemi 2000 Zeiss 
Ultracut UCT Ultramicrotome Leica 
Primo Star light microscope Zeiss 
Grids 300 Mesh Copper 3.05 mm Agar Scientific 
JEM 1400 transmission electron microscope Jeol 

 
 

2.1.6 Software 
 
Table 9: Software used for analysis 

Software Company 

iTEM Platform - Olympus Soft Imaging Solution GmbH 
Graph Pad Prism 5.0.a GraphPad, Software Inc. 
ImageJ National Institutes of Health, USA 
Microsoft Word 2011 Microsoft Corporations 
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2.2. Methods 
 

2.2.1 Tissue preparation  
 

Postnatal mice at the age of P70-P120 were prepared, always processing one WT 

mouse and one mutant (DKO or Shank2 KO respectively) in parallel. The mice 

were first stunned with CO2 followed by an injection of 0.5 ml chloral hydrate-

solution (25 %) to obtain deep anaesthesia. This procedure was done by a 

technician, specially trained for this purpose, being mentioned in the ethics 

approval.  

Before the perfusion, the mouse chest was cut open in the median to expose the 

heart. The right atrium was then opened to remove the blood and a cannula was 

placed into the left ventricle. By means of a syringe pump, the animals were now 

perfused with 20 ml of solution 1 followed by 50 ml of solution 2 (listed in table 10 

below) for three minutes. After perfusion, mouse brains were dissected and 

postfixed in solution 3 at 4 °C over night. 

 
Table 10: Perfusion solutions 

 Contents of solutions 
solution 1 0.5 % heparinized saline solution 

solution 2 2 % PFA (paraformaldehyde) 

2.5 % GA (glutaraldehyd)  

1 % saccharose in 0.1 cacodylate phosphate buffer at pH 7.4 

solution 3 2 % GA  

1 % saccharose in 0.1 M cacodylate buffered saline 

 

 

After the completion of the postfixation process, frontal sections in the size of 200 

µm were cut with the vibratome. The regions of interest, which are the 

dorsomedial striatum (DMS) and the dorsolateral striatum (DLS), Cornu Ammonis 

area 1 (CA1) and Cornu Ammonis area 3 (CA3) of the hippocampus as well as the 

molecular and granular layer of the cerebellar cortex (MLC and GLC), were 

dissected in 1 mm2 pieces using a stereo microscope and then stored in 

cacodylate buffer solution. Further on, the specimens were washed in 0.1 M 

phosphate buffered saline (PBS), postfixed with 2 % osmium tetroxide for one 
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hour and dehydrated with ascending propanol series (30 %, 50 %, 70 %, 90 %; 

each 2-3 min). Additionally, uranyl acetate, diluted in denatured ethanol, was used 

to contrast the specimens for 30 minutes at 37 °C. The samples were then treated 

with 100 % propanol (3 x 30 minutes). Propaline oxide treatment (2 x 5 minutes) 

finished the dehydration process and hereafter the specimens were embedded in 

Epon.  

The embedded specimens were cut into 0.5 µm section with the ultratome to 

create semi-thin sections and further stained with toluidine blue. Within these 

semi-thin sections, the sub-regions of the above aforementioned regions were 

selected using a light microscope. Moreover the defined sub-region were cropped 

in the Epon-embedded pieces, cut to ultrathin sections (70-80 nm) and collected 

on 300 mesh copper grids. 

 

 

2.2.2 Electron microscopy 
 

All analysed specimens were investigated on a Jeol JEM 1400 transmission 

electron microscope at 120 kV. For this purpose the software Olympus Soft 

Imaging Solution was used. Pictures were all taken with a side-mounted CCD 

TEM camera Olympus Valeta with 2k x 2k pixels. In all brain regions analysed, two 

distinct magnifications were selected to address the following aims. A 

magnification of 25.000x was chosen to study the density of postsynaptic densities 

(PSDs) within the image section. Generally, synapses were counted within a 

whole picture with an area of 35.8 μm2, whereas in the hippocampal CA3 area, as 

well as in the granular layer of the cerebellum, all synapses were exclusively 

counted at a single mossy fiber bouton. A magnification of 80.000x was further 

applied for measuring the PSD length and thickness as well as the width of the 

synaptic cleft of the axon terminals. 

Images were randomly taken in the given areas. All pictures were taken with an 

exposure time of 1000 milliseconds. After all the images were saved in 8 bit TIFF 

format files with a resolution of 4 megapixels (2048 x 2048).  
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2.2.3 Statistical analysis 
 
The software ImageJ (National Institutes of Health, USA) was used to determine 

the length and thickness of PSDs as well as the width of the synaptic cleft (Figure 

3a) by an observer blinded for the genotypes of the specimens. All statistics were 

performed with GraphPad Prism. 

 

Since asymmetrical, type I synapses are described to have a width of the synaptic 

cleft of about 20 nm, this parameter was determined as control parameter. On this 

account only synapses with a throughout constant width of the synaptic cleft of 

about 20 nm were included into the study, to only investigate synapses being cut 

in the centre. Furthermore symmetrical, type II synapses have narrower widths of 

the synaptic cleft of about 12 nm [45,110], which could therefore be excluded.  

The PSD volume was calculated by means of the PSD length and thickness 

(calculation indicated in Figure 3b). 

 

The data is presented as cumulative frequency plot. This type of diagram reveals 

the number of a distinct phenomenon with its smallest and largest values as well 

as the values in between. The values are presented as relative sum frequency as 

well.  

Furthermore, the data is presented as frequency distribution in a separate bar 

graph. This representation reveals the frequency of individual readings. A 

Gaussian curve represents the normal distribution of each parameter. This 

procedure was used in order to evaluate the PSD length, thickness and volume as 

well as the width of the synaptic cleft.  

The calculation of the overall mean values of each group, presented as column 

bar as mean ± s.e.m., was based on the individual mean values of each animal.  

To assess the significance of obtained differences between two groups, an 

unpaired t-test was accomplished with a significance level set to 5 % and a 

confidence interval of 95 %.  

As a first part, the data for all PSD parameters is shown in a pooled section, where 

all animals are included, regardless of gender. In the second section, the PSD 

density, length and thickness are shown divided by gender. Within the latter part, 
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the wild-type mice data comprise male and female mice, since the results showed 

equal outcomes. 

 
a   b     

          

 

Figure 3: Three-dimensional images of a synapse with the postsynaptic density (PSD) displayed in black, 
presynaptic vesicles in red. The measurement of PSD length and thickness as well as the width of the 
synaptic cleft is schematically illustrated in a. The procedure to calculate the PSD volume is depicted in b. V 
(volume), d (diameter), h (height), π (pi). 

 

 

2.2.4 Analysed brain regions 
 

Within this thesis, the following brain regions which are described to be affected in 

autism were analysed: dorsomedial striatum (DMS), dorsolateral striatum (DLS), 

Cornu Ammonis 1 and 3 region of the hippocampus (CA1 and CA3), as well as the 

molecular and granular layer of the cerebellar cortex (MLC, GLC). 

 

 

2.2.4.1 Striatum 
 

The semi-thin sections of the dorsomedial and the dorsolateral striatum were 

prepared for electron microscopy (Figure 4), as described above and accordingly 

adjusted in the electron microscope (Figure 5). Unlike the human striatum, the 

striatum of the mouse, is not as strictly separated by the capsula interna into the 

caudate nucleus and the putamen. The fibers processing through this region are 
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arranged in patches. Pictures were only taken in areas free of fiber patches and 

preferably free of cell bodies or other processes as dendrites. In a magnification of 

25.000x the PSD density was measured. For measuring the PSD parameters, 

width of the synaptic cleft, PSD length and thickness as well as the PSD volume, 

pictures were taken in a magnification of 80.000x.  

 

  

 

Figure 4: Image modified from Kreitzer 2009 [68]. Left side: schematical illustration of a frontal section of a 
mouse brain. Blue region represents the striatum, divided in dorsomedial striatum (DMS) and dorsolateral 
striatum (DLS). Right side: semi-thin section of the investigated sub-region DMS. Asterisks: axon fiber patches 
processing through this region. 

 

           

 

Figure 5: Electron micrograph representing a part of the dorsomedial striatum; dashed lines: axon fiber 
patches running through this region.  

*	
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2.2.4.2 Hippocampus CA1 
 

Before evaluation, the CA1 region of the hippocampus was localized in the semi-

thin sections (Figure 6), and only synapses, occurring in the radial layer, were 

investigated (Figure 7).  

For recognizing this region in the electron microscope, the pyramidal layer, 

containing the cell apparent cell bodies as well as the alveus, served as point of 

orientation. Distinct axons, being located certain micrometres beyond the cell 

bodies, represent the alveus, embodied by axons running through. In front of the 

pyramidal layer, the radial layer of CA1 is characterized by radial oriented 

dendrites, which are finally ending in “Schaffer collateral“ synapses, the synapses 

of interest within this thesis. In a magnification of 25.000x the PSD density was 

measured. Similar to the examination of the striatum, only pictures of fiber and cell 

body free regions were taken for the analysis. For measuring the PSD parameters, 

width of the synaptic cleft, PSD length and thickness as well as the PSD volume, 

pictures were taken in a magnification of 80.000x.  

 

a  b 
 

 

 

  

 

 

 

 

 

Figure 6: a Frontal section of the hippocampus with marked sub-regions, Cornu Ammonis area 1 (CA1), 
Cornu Ammonis area 3 (CA3) and dentate gyrus (DG). b Semi-thin section of the CA1 area; stratum oriens 
(sto), stratum pyramidale (stp), stratum radiatum (str), stratum lacunosum et moleculare (stlm) 

 

 

 

CA1 
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DG 
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Figure 7: Electron micrograph representing a section of the CA1 area. Asterisks: pyramidal neurons within the 
pyramidal layer of this area; arrow: dendritic protrusion of a pyramidal neuron in the radial layer. 

 

 

2.2.4.3 Hippocampus CA3 
 

The CA3 region of the hippocampus was localized in the semi-thin sections 

(Figure 8). Within this region the synapses of mossy fibers were investigated 

(Figure 9). This asymmetrical type of synapses, localized in the stratum radiatum, 

is characterized by their giant presynaptic boutons, originating from granule cells 

of the dentate gyrus, which contain large amounts of vesicles. In general, the axon 

terminals of granule cells and dendrites of the pyramidal cells of the CA3 region 

are reported to form a plenty of synapses.  

Characterizing the synapses of mossy fiber boutons according to these conditions, 

the synapse number and PSD parameters, width of the synaptic cleft, PSD length 

and thickness as well as the PSD volume, were assessed in a magnification of 

25.000x, 80.000x respectively.  
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Figure 8: a Frontal section of the hippocampus containing Cornu Ammonis area 1 (CA1), Cornu Ammonis 
area 3 (CA3) and dentate gyrus (DG). b Semi-thin section of the CA3 area; stratum oriens (sto), stratum 
pyramidale (stp), stratum radiatum (str), stratum lacunosum et moleculare (stlm),  

 

 

             

 

Figure 9: Electron micrograph representing a part of the Cornu Ammonis area 3 (CA3). Arrow: pyramidal cell 
of the pyramidal layer. Asterisk: stratum radiatum containing mossy fibers. 
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2.2.4.4 Molecular and granular layer of the cerebellum 
 

The cerebellar cortex is characterized by three layers. These layers comprise the 

inner granular layer typified by granule cells sending parallel fibers into the 

molecular layer, the middle Purkinje cell layer consisting of large Purkinje cells 

with their characteristic dendritic arborisation expanding into the third layer, 

described as the molecular layer (Figure 10 and 11).  

Synaptic parameters were evaluated in asymmetric synapses in the molecular 

layer and in the granular layer of the cerebellum (ml and gl in Figure 10). These 

synapses comprise climbing and parallel fiber synapses in the molecular layer and 

mossy fiber synapses in the granular layer. 

The spines of Purkinje cell dendrites are described to be sphere-like and to 

contain an electron dense material in the core of the spine head [70]. Thus, only 

synapses with a clear black mass in the corresponding spine head were included 

into the analysis within the molecular layer. 

In the granular layer, synapses of mossy fiber boutons were evaluated. These 

synapses are organized in the so-called glomeruli cerebellares, where giant mossy 

fiber boutons are surrounded and connected to granule cell dendrites. 

For evaluating the PSD density, a magnification of 25.000x was chosen. The PSD 

parameters, width of the synaptic cleft, PSD length and thickness as well as PSD 

volume, were again assessed with a magnification of 80.000x. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Semi-thin section of the cerebellar cortex: white matter (wm), granular layer (gl), molecular layer 
(ml), asterisk situated next to a Purkinje cell; dashed line: Purkinje cell layer. 
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Figure 11: Electron micrograph representing parts of all three layers building the cerebellar cortex. Rhombus: 
glomerulus cerebellaris in the granular layer; asterisks: Purkinje cell bodies within the Purkinje cell layer 
penetrating the molecular layer; spotted line: border between the Purkinje cell layer and the molecular layer of 
the cerebellar cortex 
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3. Results 
 

3.1 PSD ultrastructure in distinct brain regions of 
ProSAP1/Shank2 and ProSAP2/Shank3 double-
knockout mice compared to wild-type littermate 
controls 

 

The following section contains the results of the electron microscopic 

ultrastructural analysis of ProSAP1/Shank2 and ProSAP2/Shank3 double-

knockout mice (DKO). PSD ultrastructure was analyzed in different brain regions, 

in particular dorsomedial and dorsolateral striatum, CA1 and CA3 area of the 

hippocampus as well as the molecular and the granular layer of the cerebellum. All 

analyzed parameters were compared to wild-type mice (WT). Measured 

parameters include PSD density, width of the synaptic cleft and PSD length, 

thickness and volume. PSD volumes were calculated by the means of PSD length 

and thickness. 

 

 
3.1.1 Dorsomedial Striatum 
 

3.1.1.1 Pooled sexes 
 

The PSD ultrastructure was analyzed in the dorsomedial striatum (DMS) of 

ProSAP1/Shank2 and ProSAP2/Shank3 double-knockout mice and age-matched 

wild-type controls. 

The PSD density was measured in a low magnification of 25.000x. In an area of 

35.8 µm2
, 7.9 synapses were detected in DKO mice and 8.1 synapses in WT mice. 

No significant alteration of the overall amount of PSDs between the two genotypes 

was observed (p=0.73) (Figure 12).  

The width of the synaptic cleft, PSD length and thickness were measured with a 

greater magnification of 80.000x. In both genotypes, the width of the synaptic cleft 

ranged between 15 and 25 nm, with a mean value of 20 nm (Figure 13 B). The 

width of the synaptic cleft was not significantly altered in DKO mice (p=0.20).  
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Significant alterations of the PSD structure, however, were found in the PSD size, 

which showed a highly significant length reduction of 22.3 % in DKO compared to 

WT mice (p<0.0001). DKO mice showed a mean PSD length of 209.7 nm (Figure 

13 C a and b) ranging between 107 nm and 401 nm, whereas in WT mice, a mean 

PSD length of 270.2 nm was measured with values ranging between 110 and 702 

nm. 

The PSD thickness did not significantly differ between both strains (p=0.91) and 

ranged between 16 and 45 nm with a mean of 29.0 nm in DKO mice. The PSD 

thickness in WT mice was situated between 17 and 48 nm, with a mean of 29.2 

nm (Figure 13 D a and b).  

The calculation of the PSD volume by means of PSD length and thickness 

revealed a highly significant reduction of 41.4 % in DKO mice (p=0.0005) (Figure 

13 E a and b). 

 
 
A 

 
 
 
 
 
 
 
 
 
 
 
   
 

  
 
B 
 

Figure 12: Densities of PSDs (postsynaptic densities) in the dorsomedial striatum. A: 
Representative electron micrographs of synapses in an area of 35.8 μm

2

 in the 
dorsomedial striatum (DMS); WT (wild-type) mouse (left image) and DKO (ProSAP1/ 

Shank2
-/-

 and ProSAP2/Shank3
-/-

 double-knockout) mouse (right image); 25.000x 
magnification; arrows: exemplary synapses; scale bar: 500 nm. Mean density + 
s.e.m. of PSDs in DMS are demonstrated in B: PSD density in DKO mice (red bar) 
was not significantly altered (7.93 ± 0.51 PSDs per 35.8 μm

2
) compared to WT mice 

(white bar) (8.14 ± 0.34 PSDs per 35.8 μm
2

), n.s.: p > 0.05 calculated with two-tailed 

t-test, N=600 areas, entire area analyzed: 0.02 mm
2

, n=6 DKO mice, n=6 WT mice.  
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Figure 13: PSD parameters in DMS  
A: Representative electron micrographs of synapses in the dorsomedial striatum (DMS); wild-type mice (WT) 

(left image) and DKO mice (ProSAP1/Shank2
-/- 

and ProSAP2/Shank3
-/-

 double-knockout) (right image); 
80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active zone; scale bar: 200 
nm. 
B: Width of the synaptic cleft a: Data is presented as cumulative frequency plot; inset reveals the frequency 
distribution with Gaussian curves of the data. The plot presents the distribution of the width of the synaptic 
cleft of all measured synapses in the DMS; N=570 synapses, n=6 wild-type mice (WT), n=6 DKO mice; Data 
in b: Mean width of synaptic cleft + s.e.m.; n=6 WT mice (white bar) 19.60 nm ± 0.25 nm and n=6 DKO mice 
(red bar) 20.40 nm ± 0.51 nm. The width of synaptic cleft of DKO mice revealed no significant alteration 
compared to WT mice; n.s.: p > 0.05 calculated with two-tailed t-test.  
C, D and E: PSD length, thickness and volume a: Data are presented as cumulative frequency plots; insets 
reveal the frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data. C a: PSD 
length distribution of synapses in the DMS; N=570 PSDs, n=6 WT (black line), n=6 DKO (red line). b: Mean + 
s.e.m of the PSD length, WT: 270.20 nm ± 5.33 nm (white bar), DKO: 209.70 nm ± 7.25 nm (red bar). The 
PSD length in DKO mice was significantly reduced; ***p < 0.001 calculated with two-tailed t-test. D a: PSD 
thickness distribution of synapses in the DMS, N=567 PSDs, n=6 WT (black line), n=6 DKO (red line). b: 
Mean + s.e.m of the PSD thickness, WT: 29.17 nm ± 0.70 nm (white bar), DKO: 29.00 nm ± 1.27 nm (red bar). 
There were no significant changes in PSD thickness in the DMS; n.s.: p > 0.05 calculated with two-tailed t-
test. E a: PSD volume distribution of synapses in the DMS, N=570 PSDs, n=6 WT, n=6 DKO mice. Data in b: 
Mean PSD volume + s.e.m. of all measured synapses relative to WT; n=6 WT (black bar) mice and n=6 DKO 
mice (red bar). PSD volumes were significantly reduced in DKO mice; **p < 0.001 calculated with two-tailed t-
test.   
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3.1.1.2 Male and female DKO mice compared to WT mice 
 

In this section, the results of ultrastructural parameters in the DMS of male and 

female DKO mice are shown. 

Within this area the PSD density was analysed and equal to the pooled data, no 

significant changes of the overall amount of PSDs was observed between WT 

mice (8.1 synapses per 35.8 µm2), male DKO (8.1 synapses per 35.8 µm2) and 

female DKO mice (7.8 synapses per 35.8 µm2) (Figure 14).  

The analysis of the PSD length of male and female DKO mice yielded a slight 

difference in the PSD length. The PSD length of male DKO mice ranged between 

107 and 381 nm with a mean length of 201.7 nm. Female DKO mice showed a 

mean PSD length of 217.7 nm, with values ranging between 108 nm and 401 nm. 

While female DKO mice showed a reduction in the PSD length of 20 % (p=0.008), 

the PSD length in male DKO mice was reduced by 24 % compared to pooled WT 

animals (p=0.0096) (Figure 15 B a and b). 

Equivalent to the results obtained from the pooled analysis, the PSD thickness did 

not significantly differ between WT, male DKO (p=0.78) and female DKO mice 

(p=0.86). While the values in all genotypes ranged between 17 nm and 42 nm, a 

mean PSD thickness of 27.6 nm in male DKO mice and 30.3 nm in female DKO 

mice was measured (Figure 15 C a and b). 

 
 
Figure 14: Mean density + s.e.m. of PSDs (postsynaptic density) in the 

dorsomedial striatum (DMS) of male and female DKO mice (ProSAP1/Shank2
-

/- 

-ProSAP2/Shank3
-/-

 double-knockout) in an area of 35.8 μm
2
. No significant 

alteration was observed in PSD density of male DKO mice (blue bar) (8.09 ± 
0.91 PSDs per 35.8 μm

2
) and female DKO mice (magenta bar) (7.77 ± 0.68 

PSDs per 35.8 μm
2
) compared to pooled WT mice (wild-type) (white bar) (8.14 

± 0.34 PSDs per 35.8 μm
2

), n.s.: p > 0.05 two-tailed t-test, N=600 areas, 

entire area 0.02 mm
2

, n=6 WT mice, n=3 male DKO mice, n=3 female DKO 
mice. 

 
 
  

PSD density DMS

WT

DKO m
ale

DKO fe
male

0

5

10

15

n.s.
n.s.

n.s.

N
o.

 s
yn

ap
se

s



	

	

  39 
	

RESULTS 
	

	 	

A 

   
 

 
Figure 15: PSD parameters in DMS divided by gender 
A: Representative electron micrographs of synapses in the dorsomedial striatum (DMS) of WT (wild-type) (left 

image) and DKO (ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) mice; male (middle image) female 
(right image); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active zone; 
scale bar: 200 nm.  
B and C: PSD (postsynaptic density) length and thickness in the DMS divided by gender a Data are presented 
as cumulative frequency plots; insets reveal Gaussian curves of the data; b: Mean + s.e.m of the data. B a: 
PSD length distribution of synapses in DMS; N=570 PSDs, n=6 WT mice (black line), n=3 male DKO mice 
(blue line), n=3 female DKO mice (magenta line). b mean + s.e.m of the PSD length. The PSD length was 
significantly reduced in male DKO mice; ***p < 0.001 calculated with two-tailed t-test; significant reduction of 
PSD length in female DKO mice compared to WT mice; **p < 0.01 calculated with two-tailed t-test. White bar: 
WT mice: 270.20 nm ± 5.33 nm, blue bar: male DKO mice: 201.70 nm ± 10.09 nm and magenta bar: female 
DKO mice: 217.70 nm ± 9.87 nm; C a: PSD thickness distribution of synapses in the DMS; N=567 PSDs, n=6 
WT mice (black line), n=3 male DKO mice (blue line), n=3 female DKO mice (magenta line). b: mean + s.e.m 
of the PSD thickness. White bar: WT mice: 29.17 nm ± 0.70 nm, blue bar: male DKO mice: 27.67 nm ± 2.03 
nm and magenta bar: female DKO mice: 30.33 nm ± 1.45 nm. No significant changes in PSD thickness 
neither between WT mice and male DKO mice, nor WT mice compared to female DKO mice in the DMS; n.s.: 
p > 0.05 two-tailed t-test. No significant alterations between male DKO and female DKO mice neither in PSD 
length nor in PSD thickness were obvious. 
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3.1.2 Dorsolateral Striatum 
 

3.1.2.1 Pooled sexes 
 

The PSD ultrastructure was analyzed in the dorsolateral striatum (DLS) of 

ProSAP1/Shank2 and ProSAP2/Shank3 double-knockout (DKO) mice and age-

matched wild-type controls. 

In a low magnification of 25.000x the PSD density was measured. In an area of 

35.8 µm2, an average amount of 8.5 synapses was counted in DKO mice and 7.6 

synapses in WT mice (Figure 16). No significant changes of the overall amount of 

PSDs have been observed.  

With a greater magnification of 80.000x the width of the synaptic cleft as well as 

the PSD length and thickness were measured. The width of the synaptic cleft of 

both DKO and WT mice lied in a range between 15 nm and 24 nm. The mean 

value of DKO mice was measured by 20.4 nm, WT mice showed a mean value of 

19.6 nm. The width of the synaptic cleft was not significantly changed in DKO mice 

(p=0.26) (Figure 17 B a and b).  

The size of PSDs, however, differed among the genotypes. A highly significant 

reduction of 24.2 % of the PSD length in DKO mice was measured (p<0.0001). 

While WT mice had an average PSD length of 282.8 nm with a value distribution 

between 130 nm and 710 nm, DKO mice had smaller PSDs with a mean value of 

214.4 nm with the smallest PSD at 105 nm and the largest PSD at 445 nm (Figure 

17 C a and b). The PSD thickness did also significantly differ in DKO mice 

compared to WT controls (Figure 17 D a and b) (p=0.0064). DKO mice showed a 

mean PSD thickness of 26.6 nm ranging from 12 to 43 nm, whereas WT mice 

revealed a mean thickness of 30.6 nm ranging in size from 20-50 nm. Furthermore 

the PSD volumes were reduced by 50.8 % in DKO mice (Figure 17 D a and b) 

(p<0.0001). 
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Figure 16: PSD (postsynaptic density) density in the dorsolateral striatum. A: 
Representative electron micrographs of synapses in an area of 35.8 μm

2

 in the 
dorsolateral striatum (DLS); WT (wild-type) mouse (left image) and DKO mouse 

(ProSAP1/ Shank2
-/-

 and ProSAP2/Shank3
-/-

 double-knockout) (right image); 25.000x 
magnification; arrow: exemplary synapses; scale bar: 500 nm. B: Mean density + 
s.e.m. of PSDs in the DLS; n=6 WT mice (white bar), n=6 DKO mice (red bar). No 
significant alteration of the PSD density observable in DKO mice (8,48 ± 0.30 PSDs 

per 35.8 μm
2
) compared to WT mice (7.59 ± 0.21 PSDs per 35.8 μm

2

), n.s.: p > 0.05 

calculated with two-tailed t-test, N=600 areas, entire area analyzed: 0.02 mm
2

. 
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Figure 17: PSD parameters in DLS  
A: Representative electron micrographs of synapses in the dorsolateral striatum (DLS); wild-type mice (WT) 

(left image) and DKO mice (ProSAP1/Shank2
-/- 

and ProSAP2/Shank3
-/-

 double-knockout) (right image); 
80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active zone; scale bar: 200 
nm. 
B Width of the synaptic cleft a: Data is presented as cumulative frequency plot; inset reveals the frequency 
distribution with Gaussian curves of the data. The plot presents the distribution of the width of the synaptic 
cleft of all measured synapses in the DLS; N=625 synapses, n=6 wild-type mice (WT), n=6 DKO mice; Data in 
b: Mean width of synaptic cleft + s.e.m.; n=6 WT mice (white bar) 19.60 nm ± 0.25 nm and n=6 DKO mice (red 
bar) 20.40 nm ± 0.51 nm. The width of synaptic cleft of DKO mice revealed no significant alteration compared 
to WT mice; n.s.: p > 0.05 calculated with two-tailed t-test.  
C, D and E: PSD length, thickness and volume a: Data are presented as cumulative frequency plots; insets 
reveal the frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data. C a: PSD 
length distribution of synapses in the DLS; N=625 PSDs, n=6 WT (black line), n=6 DKO (red line). b: Mean + 
s.e.m of the PSD length, WT: 282.80 nm ± 3.65 nm (white bar), DKO: 214.40 nm ± 7.63 nm (red bar). The 
PSD length in DKO mice was significantly reduced; ***p < 0.0001 calculated with two-tailed t-test. D a: PSD 
thickness distribution of synapses in the DLS, N=618 PSDs, n=6 WT (black line), n=6 DKO (red line). b: Mean 
+ s.e.m of the PSD thickness, WT: 30.57 nm ± 0.55 nm (white bar), DKO: 26.62 nm ± 1.01 nm (red bar). The 
PSD thickness was significantly reduced in DKO mice; **p < 0.0064 calculated with two-tailed t-test. E a: PSD 
volume distribution of synapses in the DLS, N=618 PSDs, n=6 WT, n=6 DKO mice. Data in b: Mean PSD 
volume + s.e.m. of all measured synapses relative to WT; n=6 WT (black bar) mice and n=6 DKO mice (red 
bar). A significant reduction of the PSD volume was detected in DKO mice; ***p < 0.001 calculated with two-
tailed t-test. 

PSD length DLS

100 200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0 WT
DKO

PSD length (nm)

cu
m

ul
at

iv
e 

fre
qu

en
cy

Width of the synaptic cleft DLS

10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0 WT
DKO

width synaptic cleft (nm)

cu
m

ul
at

iv
e 

fre
qu

en
cy

10 20 30 40 50
0

20

40

60

80

thickness (2 nm bin)

PSD thickness DLS

10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0 WT
DKO

PSD thickness (nm)

cu
m

ul
at

iv
e 

fre
qu

en
cy

100 200 300 400 500 600
0

10

20

30

40

50

60

Length (20 nm bin)
10 15 20 25 30

0

30

60

90

120

150

width (2 nm bin)

WT DKO
0

50

100

150

200

250

300

350
***

PS
D

 le
ng

th
 (n

m
)

WT DKO
0

10

20

30

40
**

PS
D

 th
ic

kn
es

s 
(n

m
)

WT DKO
0

5

10

15

20

25 n.s.

w
id

th
 c

le
ft 

(n
m

)

PSD volume DLS

0.002 0.004 0.006
0.0

0.2

0.4

0.6

0.8

1.0 WT
DKO

PSD volume (µm3)

cu
m

ul
at

iv
e 

fre
qu

en
cy

0.000 0.002 0.004 0.006
0

50

100

150

PSD volume (0,0005 µm3 bin)

N
o.

 o
f  

PS
D

s

WT DKO
0.0

0.5

1.0

1.5

***

PS
D

 v
ol

um
e 

re
la

tiv
e 

to
 W

T

B C

D E

a

a

a

a

b b

b b



	

	

  43 
	

RESULTS 
	

	 	

3.1.2.2 Male and female DKO mice compared to WT mice 
 

The PSD parameters were analyzed according by gender and revealed following 

results. Equal to the pooled analysis, no significant changes of the overall amount 

of PSDs in a defined area of 35.8 µm2 was observed between WT mice (7.7 

synapses per 35.8 µm2), male DKO (7.9 synapses per 35.8 µm2) (p=0.48) and 

female DKO mice (8.6 synapses per 35.8 µm2) (p=0.05) could be seen (Figure 

18).  

Concerning the PSD parameters, both male and female DKO mice were affected 

similarly compared to WT mice and no gender specific effects were seen. In male 

DKO mice a significant PSD length reduction of 26.7 % was measured (p=0.0003), 

with values ranging between 105 nm and 415 nm and a mean of 207 nm. In 

female DKO mice the PSD length was significantly reduced by 21.7 % (p<0.0001), 

while all values lied between 116 nm and 445 nm with a mean of 221 nm (Figure 

19 B a and b). No significant difference with respect to the PSD length was 

measured between male and female DKO mice (p=0.41). As described above, the 

PSD thickness was altered in DKO mice, this was due to a significant reduction of 

the PSD thickness in both sexes. While male DKO mice suffered from a significant 

PSD thickness reduction of 18.1 % (p=0.0036), the PSD thickness of female DKO 

mice was reduced by 7.7 % (p=0.028). Here, male DKO mice showed a value 

distribution of 12-42 nm with a mean of 25 nm, whereas the values measured in 

female DKO mice ranged between 18 and 43 nm with a mean PSD thickness of 

28 nm (Figure 19 C a and b). No significant changes between male and female 

DKO mice concerning the PSD thickness were obvious (p=0.11). 

 
Figure 18: Mean density + s.e.m. of PSDs (postsynaptic density) in the 

dorsolateral striatum (DLS) of male and female DKO mice (ProSAP1/Shank2
-

/- 

-ProSAP2/Shank3
-/-

 double-knockout) in an area of 35.8 μm
2
. No significant 

alteration was observable in PSD density of male DKO mice (blue bar) (7.98 ± 
0.46 PSDs per 35.8 μm

2
) and female DKO mice (magenta bar) (8.65 ± 0.15 

PSDs per 35.8 μm
2
) compared to WT mice (wild-type) (white bar) (7.64 ± 0.24 

PSDs per 35.8 μm
2

), n.s.: p > 0.05 two-tailed t-test, N=600 areas, entire area 

0.02 mm
2

, n=6 WT mice, n=3 male DKO mice, n=3 female DKO mice. 
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Figure 19: PSD parameters in DLS divided by gender 
A: Representative electron micrographs of synapses in the dorsolateral striatum (DLS) of WT (wild-type) (left 

image), male (middle image) and female (right image) DKO mice (ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 
double-knockout); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active 
zone; scale bar: 200 nm.  
B and C: PSD (postsynaptic density) length and thickness in the DLS divided by gender a Data in are 
presented as cumulative frequency plots; insets reveal Gaussian curves of the data; b: Mean + s.e.m of the 
data. B a: PSD length distribution of synapses in DLS; N=564 PSDs, n=6 WT mice (black line), n=3 male DKO 
mice (blue line), n=3 female DKO mice (magenta line). b mean + s.e.m of the PSD length. The PSD length 
was significantly reduced in male DKO mice; **p < 0.001 calculated with two-tailed t-test; significant reduction 
of PSD length in female DKO mice compared to WT mice; **p < 0.01 calculated with two-tailed t-test. White 
bar: 282.80 nm ± 3.65 nm, blue bar: male DKO mice: 207.30 nm ± 15.22 nm and magenta bar: female DKO 
mice: 221.40 nm ± 3.04 nm; C a: PSD thickness distribution of synapses in the DLS; N=618 PSDs, n=6 WT 
mice (black line), n=3 male DKO mice (blue line), n=3 female DKO mice (magenta line). b: mean + s.e.m of 
the PSD thickness. White bar: WT mice: 30.57 nm ± 0.55 nm, blue bar: male DKO mice: 25.03 nm ± 1.54 nm 
and magenta bar: female DKO mice: 28.22 nm ± 0.40 nm. The PSD thickness was significantly reduced in 
male DKO mice **p < 0.01 and female DKO mice *p < 0.01 calculated with two-tailed t-test. 
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3.1.3 Hippocampus CA1  
 

3.1.3.1 Pooled sexes 
 

The PSD ultrastructure was analyzed in the hippocampal CA1 region of 

ProSAP1/Shank2 and ProSAP2/Shank3 double-knockout mice and age-matched 

wild-type controls. The analysis showed following parameter line-up.  

The PSD density was measured in a magnification of 25.000x. DKO mice showed 

an average count of 15.5 synapses per 35.8 µm2 and WT mice had 14.4 synapses 

within the same area. No significant changes of the overall amount of PSDs 

between DKO and WT mice were measured (p=0.29) (Figure 20).  

The width of the synaptic cleft, PSD length and thickness were evaluated in a 

greater magnification of 80.000x. 

The mean synaptic clefts of both genotypes were measured by 20 nm, ranging in 

the size from 16 – 24 nm. The width of the synaptic cleft did not significantly differ 

among the genotypes (p=0.11). (Figure 21 B a and b). 

The size of the PSDs, however, varied among the strains. The evaluation revealed 

a highly significant alteration of the PSD length in DKO mice compared to WT 

mice (p<0.0001). While the mean PSD length in DKO mice was measured by 

182.3 nm, with values ranging from 90 and 325 nm, WT mice showed an average 

PSD length of 224.8 nm, with values being in the range from 120 and 410 nm. 

DKO mice showed a PSD length reduction of 18.9 % compared to WT mice 

(Figure 21 C a and b).  

The investigation of the PSD thickness revealed no significant alteration between 

DKO and WT mice (p=0.16). The values of both genotypes ranged between 18 nm 

and 45 nm, with DKO mice showing a mean of 27.2 nm and 28.1 nm in WT 

controls (Figure 21 D a and b).  

The PSD volumes, calculated by means of the PSD length and thickness, showed 

a significant reduction of 37.2 % in DKO mice (p<0.0001) (Figure 21 E a and b). 

 

 

 

  



	

	

  46 
	

RESULTS 
	

	 	

A   
 

             

 
B 

 
Figure 20: PSD (postsynaptic density) density in the CA1 (Cornu Ammonis 1) area of 
the hippocampus. A: Representative electron micrographs of synapses in an area of 
35.8 μm

2
 in the CA1 area; WT (wild-type) mouse (left image) and DKO mouse 

(ProSAP1/Shank2
-/-

 and ProSAP2/Shank3
-/-

 double knockout) (right image); 25.000x 
magnification; arrows: exemplary synapses; scale bar: 500 nm. B: Mean density + 
s.e.m. of PSDs in CA1; n=4 WT mice (white bar), n=6 DKO mice (red bar). No 
significant alteration was observed in the PSD density of DKO mice (15.47 ± 0.66 
PSDs per 35.8 μm

2
) compared to WT mice (14.47 ± 0.41 PSDs per 35.8 μm

2
), n.s.: p 

> 0.05 calculated with two-tailed t-test, N=500 areas, entire area analyzed: 0.02 mm
2
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Figure 21: PSD parameters in CA1  
A: Representative electron micrographs of synapses in the CA1 (Cornu Ammonis 1) area of the hippocampus; 
WT mouse (wild-type) (left image) and DKO mouse (ProSAP1/Shank2

-/-
 and ProSAP2/Shank3

-/-
 double-

knockout) (right image); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: 
active zone; scale bar: 200 nm.  
B: Width of the synaptic cleft a: Data is presented as cumulative frequency plot; inset reveals the frequency 
distribution with Gaussian curves of the data. The plot presents the distribution of the width of the synaptic 
cleft of all measured synapses in the CA1 area; N=531 synapses, n=4 WT mice, n=6 DKO mice. b: Mean 
width of the synaptic cleft + s.e.m. of all measured synapses; WT mice (white bar) 20.36 nm ± 0.08 nm and 
DKO mice (red bar) 19.99 nm ± 0.06 nm. No significant alteration of the width of synaptic cleft was detected in 
DKO; n.s.: p > 0.05 calculated with two-tailed t-test. 
C, D and E: PSD length and thickness a: Data are presented as cumulative frequency plots; insets reveal the 
frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data. C a: PSD length 
distribution of synapses in CA1; N=531 PSDs, n=4 WT (black line), n=6 DKO (red line). c: Mean + s.e.m of 
the PSD length, WT: 224.80 nm ± 2.64 nm (white bar), DKO: 182.30 nm ± 2.49 nm (red bar). A significant 
reduction of PSD length in DKO mice was detected; ***p < 0.001 calculated with two-tailed t-test; D a: PSD 
thickness distribution of synapses in CA1 N=520 PSDs. b: Mean + s.e.m of the PSD thickness, WT: 28.13 nm 
± 0.32 nm (white bar), DKO: 27.20 nm ± 0.43 nm (red bar). The PSD thickness was not significantly altered in 
DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test. E a: PSD volume distribution of synapses in CA1; 
N=520 PSDs, n=4 WT mice, n=6 DKO mice. b Mean PSD volume + s.e.m. of all measured synapses relative 
to WT mice; n=4 WT (white bar) and n=6 DKO mice (red bar). A highly significant reduction of the PSD 
volume in DKO mice was found; ***p < 0.001 calculated with two-tailed t-test.  
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3.1.3.2 Male and female DKO mice compared to WT mice 
 

The PSD ultrastructure in CA1 was further analysed by investigating differences 

between male and female DKO mice compared to WT mice and provided the 

following results. 

No significant changes of the overall amount of PSDs was observed between 

female DKO (16.2 synapses per 35.8 µm2) (p=0.07) or male DKO mice (14.7 

synapses per 35.8 µm2) (p=0.65) and WT mice (Figure 22).  

As already ascertained in the data combining male and female animals, both male 

and female DKO mice were found to have smaller PSDs. The PSD lengths of 

female DKO mice ranged between 91 nm and 325 nm with a mean of 187.0 nm, 

which resulted in a significant reduction of 16.8 % compared to WT mice 

(p<0.0001). The values of male DKO mice ranged between 101 nm and 302 nm 

with a mean of 177.7 nm, resulting in a significant reduction of 20.1 % compared 

to WT mice (p<0.0001) (Figure 23 B a and b). However, no significant alterations 

of the PSD length were obvious between male DKO mice and female DKO mice 

(p=0.51). 

The PSD thickness being unaffected in DKO mice in general was even confirmed 

by the gender based comparision. The value distribution of the PSD thickness in 

both male and female DKO mice offered a range between 18 and 45 nm with a 

mean of 27.5 nm in female DKO and 27.0 nm in male DKO mice (Figure 23 C a 

and b). 

 
Figure 22: Mean density + s.e.m. of PSDs (postsynaptic density) in the CA1 
(Cornu Ammonis 1) area of the hippocampus of male and female DKO mice 

(ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) in an area of 35.8 
μm

2
. No significant alteration was observed in the PSD density of male DKO 

mice (blue bar) (14.69 ± 1.06 PSDs per 35.8 μm
2
) and female DKO mice 

(magenta bar) (16.25 ± 0.68 PSDs per 35.8 μm
2
) compared to WT mice (wild-

type) (white bar) (14.47 ± 0.41 PSDs per 35.8 μm
2

), n.s.: p > 0.05 two-tailed t-

test, N=500 areas, entire area 0.02 mm
2

, n=4 WT mice, n=3 male DKO mice, 
n=3 female DKO mice. 
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Figure 23: PSD parameters in CA1 divided by gender 
A: Representative electron micrographs of synapses in the CA1 (Cornu Ammonis 1) area of the hippocampus 

of WT (wild-type) (left image), male (middle image) and female (right image) DKO mice (ProSAP1/Shank2
-/- 

-

ProSAP2/Shank3
-/-

 double-knockout); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic 
vesicles; asterisks: active zone; scale bar: 200 nm.  
B and C: PSD (postsynaptic density) length and thickness in CA1 analysed by gender a Data are presented 
as cumulative frequency plots; insets reveal Gaussian curves of the data; b: Mean + s.e.m of the data. B a: 
PSD length distribution of synapses in CA1; N=531 PSDs, n=4 WT mice (black line), n=3 male DKO mice 
(blue line), n=3 female DKO mice (magenta line). b mean + s.e.m of the PSD length. The PSD length was 
significantly reduced in male DKO mice; ***p < 0.001 calculated with two-tailed t-test; significant reduction of 
PSD length in female DKO mice compared to WT mice; ***p < 0.001 calculated with two-tailed t-test. White 
bar: WT mice: 224.80 nm ± 2.46 nm, blue bar: male DKO mice: 177.70 nm ± 2.91 nm and magenta bar: 
female DKO mice: 187.70 nm ± 1.00 nm; C a: PSD thickness distribution of synapses in CA1; N=520 PSDs, 
n=4 WT mice (black line), n=3 male DKO mice (blue line), n=3 female DKO mice (magenta line). b: mean + 
s.e.m of the PSD thickness. White bar: WT mice: 28.13 nm ± 0.32 nm, blue bar: male DKO mice: 27.00 nm ± 
0.93 nm and magenta bar: female DKO mice: 27.47 nm ± 0.17 nm. No significant changes in PSD thickness 
neither between WT mice and male DKO mice, nor between WT mice compared to female DKO mice in CA1 
were found; n.s.: p > 0.05 two-tailed t-test. No significant alterations between male DKO and female DKO mice 
neither in PSD length nor in PSD thickness were observed. 
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3.1.4 Hippocampus CA3 
 

3.1.4.1 Pooled sexes 
 

The PSD ultrastructure was analyzed in the hippocampal CA3 region of 

ProSAP1/Shank2 and ProSAP2/Shank3 double-knockout mice and age-matched 

wild-type controls.  

Unlike the previously analyzed brain regions, the PSDs per mossy fiber bouton, 

instead of the overall PSD density have been counted in the CA3 region in a 

magnification of 25.000x. DKO mice and WT mice showed 9.8 synapses per 

mossy fiber bouton. The PSD density did not significantly differ between the 

genotypes (p=0.99) (Figure 24). 

With a greater magnification of 80.000x, the width of the synaptic cleft as well as 

the PSD length and thickness were measured.  

The width of the synaptic cleft showed similar values in both DKO and WT mice, 

both ranging between 15 and 25 nm with a mean of 18.7 nm in DKO mice and 

18.8 nm in WT mice. No significant differences were detectable (p=0.81) (Figure 

25 B a and b).  

The PSD parameters revealed not any significance for the PSD length (p=0.10) 

and the PSD thickness (p=0.63) between the two genotypes. The PSD length in 

DKO mice ranged between 49 and 359 nm with a mean value of 163.5 nm. The 

mean PSD length of WT mice was measured by 174.8 nm, with values ranging 

between 57 and 401 nm (Figure 25 C a and b). 

The results for the PSD thickness showed similar, not significant, values between 

DKO and WT mice. The PSD thickness of DKO mice ranged between 13 and 41 

nm with a mean of 25.6 nm. With a range between 14 and 40 nm and a mean of 

25.4 nm, the results of WT mice showed almost equal results (Figure 25 D a and 

b).  

Since no significant differences of the PSD length and the PSD thickness were 

obvious, the calculation of the PSD volume also showed no alteration among the 

genotypes (p=0.19) (Figure 25 E a and b). 
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Figure 24: PSD (postsynaptic density) density in the CA3 (Cornu Ammonis 3) area 
of the hippocampus. A: Representative electron micrographs of a mossy fiber 
bouton in CA3; WT mouse (wild-type) (left image) and DKO mouse 
(ProSAP1/Shank2

-/-
 and ProSAP2/Shank3

-/-
 double-knockout) (right image); 25.000x 

magnification; arrows: exemplary synapses; scale bar: 500 nm, N=500 mossy fiber 
boutons. B: Mean density + s.e.m. of PSDs of a single mossy fiber bouton. No 
significant alteration observable in PSD density in DKO mice (9.79 ± 0.18 PSDs per 
35.8 μm

2
) compared to WT mice (9.80 ± 0.46 PSDs per 35.8 μm

2
), n.s.: p > 0.05 

calculated with two-tailed t-test. 
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Figure 25: PSD parameters in CA3  
A: Representative electron micrographs of synapses in CA3 (Cornu Ammonis 3); WT mouse (wild-type) 
(upper image) and DKO mouse (ProSAP1/Shank2

-/-
 and ProSAP2/Shank3

-/-
 double-knockout) (lower image); 

80.000x magnification; arrowheads: PSDs; arrows: giant vesicle pool; asterisks: active zone; scale bar: 100 
nm.  
B: Width of the synaptic cleft density a: Data is presented as cumulative frequency plot; inset reveals the 
frequency distribution with Gaussian curves of the data. The plot presents the distribution of the width of the 
synaptic cleft of all measured synapses in CA3; N=566 synapses, n=4 WT mice, n=6 DKO mice. b: Mean 
width of the synaptic cleft + s.e.m. of all measured synapses, WT mice (white bar): 18.67 nm ± 0.33 nm and 
DKO mice (red bar): 18.80 nm ± 0.37 nm. No significant changes were detected; n.s.: p > 0.05 calculated with 
two-tailed t-test.  
C, D, and E: PSD length, thickness and volume a: Data are presented as cumulative frequency plots; insets 
reveal the frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data. C a: PSD 
length distribution of synapses in CA3; N=566 PSDs, n=4 WT (black line), n=6 DKO (red line). b: Mean + 
s.e.m of the PSD length, WT: 174.80 nm ± 4.52 nm (white bar), DKO: 163.50 nm ± 3.99 nm (red bar). PSD 
length was not significantly altered in DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test; D a: PSD 
thickness distribution of synapses in CA3; N=549 PSDs. b: Mean + s.e.m of the PSD thickness, WT: 25.39 
nm ± 0.38 nm (white bar), DKO: 25.63 nm ± 0.32 nm (red bar). No significant changes in PSD thickness 
observable; n.s.: p > 0.05 calculated with two-tailed t-test.  
E a: PSD volume distribution of synapses in CA3; N=549 PSDs, n=4 WT mice, n=6 DKO mice; b: Mean PSD 
volume + s.e.m. of all measured synapses relative to WT mice; n=4 WT (white bar) and n=6 DKO mice (red 
bar). PSD volume was not significantly altered in DKO mice compared to WT mice; n.s.: p > 0.05 calculated 
with two-tailed t-test.  
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3.1.4.2 Male and female DKO mice compared to WT mice 
 

The PSD parameters in the CA3 area were measured according to gender. At a 

single mossy fiber bouton male DKO mice possessed 10.2 synapses and female 

DKO mice had 9.5 synapses (Figure 26). These findings did not show any 

significant difference compared to WT controls (9.8 synapses per mossy fiber 

bouton). Furthermore, the PSD length and thickness were investigated in both 

male and female DKO animals. The PSD length of male DKO mice ranged 

between 49 and 285 nm with a mean of 159.0 nm, while the values of female DKO 

were in the range of 56 and 359 nm with a mean of 168.0 nm (Figure 27 B a and 

b). This parameter revealed no significant change in male DKO (p=0.08) and 

female DKO mice (p=0.36) compared to WT mice.  

The PSD thickness in male DKO mice ranged between 13 and 49 nm with a mean 

of 25.1 nm, while female DKO mice showed a PSD thickness distribution of 15-41 

nm and a mean value of 26.2 nm (Figure 27 C a and b). No significant changes 

were calculated between male DKO and WT mice (p=0.62), as well as female 

DKO mice and WT mice (p=0.22). 

 

Figure 26: Mean density + s.e.m. of PSDs (postsynaptic density) in the CA3 
(Cornu Ammonis 3) area of the hippocampus of male and female DKO mice 

(ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) in an area of 35.8 
μm

2
. No significant alteration was observed in PSD density of male DKO mice 

(blue bar) (10.2 ± 0.10 PSDs per 35.8 μm
2
) and female DKO mice (magenta 

bar) (9.54 ± 0.28 PSDs per 35.8 μm
2
) compared to WT mice (wild-type) (white 

bar) (10.4 ± 0.73 PSDs per 35.8 μm
2

), n.s.: p > 0.05 two-tailed t-test, N=500 

areas, entire area 0.02 mm
2

, n=4 WT mice, n=3 male DKO mice, n=3 female 
DKO mice. 
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Figure 27: Detailed analysis of PSD parameters in CA3 based on gender 
A: Representative electron micrographs of synapses in the CA1 (Cornu Ammonis 3) area of the hippocampus 

of WT (wild-type) (left image), male (middle image) and female (right image) DKO mice (ProSAP1/Shank2
-/- 

-

ProSAP2/Shank3
-/-

 double-knockout); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic 
vesicles; asterisks: active zone; scale bar: 200 nm.  
B and C: PSD (postsynaptic density) length and thickness in CA3 analysed by gender a Data are presented 
as cumulative frequency plots; insets reveal Gaussian curves of the data; b: Mean + s.e.m of the data. B a: 
PSD length distribution of synapses in CA3; N=566 PSDs, n=4 WT mice (black line), n=3 male DKO mice 
(blue line), n=3 female DKO mice (magenta line). b mean + s.e.m of the PSD length. The PSD length was not 
significantly altered in Male DKO mice; n.s. p > 0.05 calculated with two-tailed t-test; no significant change of 
PSD length in female DKO mice compared to WT mice; n.s. p > 0.05 calculated with two-tailed t-test. White 
bar: WT mice: 174.80 nm ± 4.52 nm, blue bar: male DKO mice: 159.00 nm ± 5.86 nm and magenta bar: 
female DKO mice: 168.00 nm ± 5.00 nm; C a: PSD thickness distribution of synapses in CA3; N=549 PSDs, 
n=4 WT mice (black line), n=3 male DKO mice (blue line), n=3 female DKO mice (magenta line). b: mean + 
s.e.m of the PSD thickness. White bar: WT mice: 25.39 nm ± 0.38 nm, blue bar: male DKO mice: 25.11 nm ± 
0.29 nm and magenta bar: female DKO mice: 26.16 nm ± 0.38 nm. No significant changes in PSD thickness 
between WT mice and male DKO mice, nor between WT mice and female DKO mice in CA3; n.s.: p > 0.05 
two-tailed t-test. No significant alterations between male DKO and female DKO mice neither in PSD length nor 
in PSD thickness were observed. 
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3.1.5 Molecular layer cerebellum 
 

3.1.5.1 Pooled sexes 
 

The PSD ultrastructure was analyzed in the molecular layer of the cerebellum 

(MLC) of ProSAP1/Shank2 and ProSAP2/Shank3 double-knockout mice and age-

matched wild-type controls. 

The PSD density was measured in a low magnification of 25.000x. In an area of 

35.8 µm2
, 8.5 PSDs were detected in DKO mice and 8.1 PSDs in WT mice. No 

significant alteration of the overall amount of PSDs between the two genotypes 

was observed (p=0.35) (Figure 28).  

With a greater magnification of 80.000x, the PSD parameters, width of the 

synaptic cleft as well as the PSD length and thickness were examined. 

The width of synaptic cleft of DKO mice ranged between 15 and 26 nm with a 

mean of 20.6 nm, similar to values measured in all brain regions examined. The 

width of the synaptic cleft of WT mice also ranged between 15 and 26 nm with a 

mean of 20.3 nm. No significant change was found, comparing the width of the 

synaptic cleft in DKO and WT animals (p=0.46) (Figure 29 B a and b). 

The examination of the PSD length did not present any significance between the 

two genotypes (p=0.35). DKO mice showed a range of the PSD lengths of 114 to 

575 nm with a mean of 310.3 nm. Similarly, the PSD length values of WT mice 

ranged between 126 and 580 nm with a mean of 313.6 nm (Figure 29 C a and b).  

There were not any significant alterations of the PSD thickness in DKO compared 

to WT mice (p=0.43). The PSD thickness of DKO mice ranged in the size from 14 

to 37 nm, with a mean of 22.2 nm. WT mice showed comparable results with 

values ranging between 10 and 37 nm and a mean of 23.3 nm (Figure 29 D a and 

b).  

Accordingly, the calculated PSD volume was not significantly altered in DKO mice 

compared to WT mice (p=0.97) (Figure 29 E a and b). 
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Figure 28: PSD (postsynaptic density) density in the molecular layer of the 
cerebellum (MLC). A: Representative electron micrographs of synapses in an area of 
35.8 μm

2
 in the MLC; WT mouse (wild-type) (left image) and DKO mouse 

(ProSAP1/Shank2
-/-

 and ProSAP2/Shank3
-/-

 double-knockout) (right image); 25.000x 
magnification; arrows: exemplary synapses; scale bar: 500 nm. B: Mean density + 
s.e.m. of PSDs in the MLC; n=6 WT mice (white bar) and n=6 DKO mice (red bar). 
No significant alteration observable in PSD density of DKO mice (8.50 ± 0.30 PSDs 
per 35.8 μm

2
) compared to WT mice (8.05 ± 0.37 PSDs per 35.8 μm

2
), n.s.: p > 0.05 

calculated with two-tailed t-test, N=963 areas, entire area analyzed: 0.03 mm
2
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Figure 29 PSD parameters in MLC:  
A: Representative electron micrographs of synapses in MLC (molecular layer of the cerebellum); WT mouse 
(wild-type) (upper image) and DKO mouse (ProSAP1/Shank2

-/-
 and ProSAP2/Shank3

-/-
 double-knockout) 

(lower image); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active zone; 
scale bar: 200 nm.  
B: Width of the synaptic cleft. a: Data is presented as cumulative frequency plot; inset reveals the frequency 
distribution with Gaussian curves of the data. The plot presents the distribution of the width the synaptic cleft 
of all measured synapses in MLC; N=1012 synapses, n=6 WT mice, n=6 DKO mice. b: Mean width of the 
synaptic cleft + s.e.m. of all measured synapses; WT mice: 20.30 nm ± 0.21 nm (white bar) and DKO mice: 
20.60 nm ± 0.34 nm (red bar). No significant alteration of the width of the synaptic cleft was observed in DKO 
mice; n.s.: p > 0.05 calculated with two-tailed t-test.  
C, D and E: PSD length, thickness and volume. a: Data are presented as cumulative frequency plots; insets 
reveal the frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data. C a: PSD 
length distribution of synapses in the MLC; N=1023 PSDs, n=6 WT (black line), n=6 DKO (red line). b: Mean + 
s.e.m of the PSD length WT: 313.60 nm ± 2.27 nm (white bar), DKO: 310.30 nm ± 8.41 nm (red bar). No 
significant alteration of the PSD length in DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test; D a: PSD 
thickness distribution of synapses in MLC N=1008 PSDs. b: Mean + s.e.m of the PSD thickness, WT: 23.30 
nm ± 0.67 nm (white bar), DKO: 22.20 nm ± 1.18 nm (red bar). No significant change of the PSD thickness in 
DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test. E a: PSD volume distribution of synapses in MLC; 
N=1012 PSDs, n=6 WT mice, n=6 DKO mice. b: Mean PSD volume + s.e.m. of all measured synapses 
relative to wild-type mice; WT mice (white bar) and DKO mice (red bar). PSD volumes in DKO mice did not 
differ from WT mice; n.s.: p > 0.05 calculated with two-tailed t-test.   
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3.1.5.2 Male and female DKO mice compared to WT mice 
 

Grouped and analysed by gender, there were no significant alterations between 

Male and female DKO mice compared to WT mice. 

Within an area of 35.8 µm2, in male DKO mice 8.3 synapses were counted, while 

in female DKO mice an average of 8.6 synapses was found.  

The PSD length of male DKO mice ranged between 114 nm and 568 nm with a 

mean of 310.2 nm. Female DKO mice showed a value distribution between 120 

nm and 675 nm with a mean value of 313.6 nm. No significant alteration could be 

observed between male DKO and WT mice (p=0.36), as well as female DKO and 

WT mice (p=0.99). The corresponding PSD thickness of male DKO mice was in a 

range between 14 nm and 37 nm with a mean of 21.8 nm, which revealed no 

significant change compared to wild-type controls (p=0.20). The PSD thickness of 

female DKO mice also ranged between 14 nm and 37 nm, having a mean of 24.6 

nm, showing no significant alteration (p=0.26) As well, no significant alterations 

between were found between male and female DKO mice (p=0.05).  

 
 
Figure 30: Mean density + s.e.m. of PSDs (postsynaptic density) in the MLC 
(molecular layer of the cerebellum) of male and female DKO mice 

(ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) in an area of 35.8 
μm

2
. No significant alteration was observable in PSD density of male DKO mice 

(blue bar) (7.59 ± 0.75 PSDs per 35.8 μm
2
) and female DKO mice (magenta 

bar) (8.52 ± 0.55 PSDs per 35.8 μm
2
) compared to WT mice (wild-type) (white 

bar) (7.95 ± 0.64 PSDs per 35.8 μm
2

), n.s.: p > 0.05 two-tailed t-test, N=963 

areas, entire area 0.03 mm
2

, n=6 WT mice, n=3 male DKO mice, n=3 female 
DKO mice. 
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Figure 31: PSD parameters in MLC divided by gender 
A: Representative electron micrographs of synapses in the molecular layer of the cerebellum (MLC) of WT 

(wild-type) (left image) and DKO (ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) mice; male 
(middle image) female (right image); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; 
asterisks: active zone; scale bar: 200 nm.  
B and C: PSD (postsynaptic density) length and thickness in the MLC divided by gender a Data are presented 
as cumulative frequency plots; insets reveal Gaussian curves of the data; b: Mean + s.e.m of the data. B a: 
PSD length distribution of synapses in the MLC; N=1023 PSDs, n=6 WT mice (black line), n=3 male DKO 
mice (blue line), n=3 female DKO mice (magenta line). b mean + s.e.m of the PSD length. The PSD length 
was not significantly altered in male DKO mice; n.s. p > 0.05 calculated with two-tailed t-test; no significant 
change of PSD length in female DKO mice compared to WT mice; n.s. p > 0.05 calculated with two-tailed t-
test. White bar: WT mice: 313.60 nm ± 2.27 nm, blue bar: male DKO mice: 310.20 nm ± 2.46 nm and magenta 
bar: female DKO mice: 313.60 nm ± 3.37 nm; C a: PSD thickness distribution of synapses in the MLC; 
N=1012 PSDs, n=6 WT mice (black line), n=3 male DKO mice (blue line), n=3 female DKO mice (magenta 
line). b: mean + s.e.m of the PSD thickness. White bar: WT mice: 23.30 nm ± 0.67 nm, blue bar: male DKO 
mice: 21.80 nm ± 0.86 nm and magenta bar: female DKO mice: 24.60 nm ± 0.81 nm. No significant changes 
in PSD thickness neither between WT mice and male DKO mice, nor WT mice compared to female DKO mice 
in the MLC; n.s.: p > 0.05 two-tailed t-test. No significant alterations between male DKO and female DKO mice 
neither in PSD length nor in PSD thickness were obvious. 
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3.1.6 Granular layer cerebellum 
 

3.1.6.1 Pooled sexes 
 

The PSD ultrastructure was analyzed in the granular layer of the cerebellum (GLC) 

of ProSAP1/Shank2 and ProSAP2/Shank3 double-knockout (DKO) mice and age-

matched wild-type controls. 

In a low magnification of 25.000x the PSD density of single mossy fiber boutons 

were counted. An average amount of 10.4 synapses was counted in DKO mice 

and 9.9 synapses in WT mice. No significant change of the overall amount of 

PSDs per mossy fiber bouton has been observed (p=0.07) (Figure 32).  

With a greater magnification of 80.000x, the width of the synaptic cleft, as well as 

the PSD length and thickness were measured.  

In accordance to all examined brain regions, the width of the synaptic cleft did not 

differ between the genotypes (p=0.1). DKO mice showed a distribution of 17 and 

25 nm with a mean of 20.4 nm. Similarly, WT mice ranged between 16 and 25 nm 

with a mean of 20.6 nm (Figure 33 B a and b). 

Like hippocampal mossy fiber PSDs, the cerebellar mossy fiber PSDs were 

smaller than PSDs in other brain regions. Ranging between 62 and 286 nm, the 

PSD length of DKO mice had a mean of 140.8 nm. WT mice showed a PSD length 

distribution between 52 and 275 nm with a mean of 140.2 nm. No significances 

have been found within the PSD length between DKO and WT mice (p=0.74) 

(Figure 33 C a and b). 

Furthermore, the PSD thickness did not significantly alter as well among the 

genotypes (p=0.39). While the PSD thickness of DKO animals ranged between 16 

and 39 nm with a mean of 25.3 nm, WT mice showed similar results with a value 

distribution of 17 and 45 nm and a mean of 25.9 nm (Figure 33 D a and b) 

The calculation of the PSD volume revealed no significant alteration between DKO 

and WT mice (p=0.45) (Figure 33 E a and b). 
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Figure 32: PSD (postsynaptic density) density in the granular layer of the cerebellum 
(GLC). A: Representative electron micrographs of synapses in an area of 35.8 μm

2
 in 

the GLC; WT mouse (wild-type) (left image) and DKO mouse (ProSAP1/Shank2
-/-

 and 

ProSAP2/Shank3
-/-

 double-knockout) (right image), asterisks: PSDs, v: vesicle pool, 
blue line outlines a mossy fiber bouton; 25.000x magnification; arrows: exemplary 
synapses; scale bar: 500 nm. B: Mean density + s.e.m. of PSDs per mossy fiber 
bouton in the GLC n=6 WT (white bar) and n=6 DKO mice (red bar), N=600 boutons. 
No significant alteration observable in PSD density of DKO mice (10.38 ± 0.11 PSDs 
per mossy fiber bouton) compared to WT mice (9.99 ± 0.16 PSDs per mossy fiber 
bouton), n.s.: p > 0.05 calculated with two-tailed t-test. 
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Figure 33: PSD parameters in GLC  
A: Representative electron micrographs of synapses in GLC (granular layer of the cerebellum); WT mouse 
(wild-type) (left image) and DKO mouse (ProSAP1/Shank2

-/-
 and ProSAP2/Shank3

-/-
 double-knockout) (right 

image); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active zone; scale 
bar: 100 nm. 
B: Width of the synaptic cleft. a: Data is presented as cumulative frequency plot; inset reveals the frequency 
distribution with Gaussian curves of the data. The plot presents the distribution of the width of the synaptic 
cleft of all measured synapses in GLC; N=655 synapses, n=6 WT mice, n=6 DKO mice; b: Mean width of the 
synaptic cleft + s.e.m. of all measured synapses; n=6 WT mice (white bar) 20.55 nm ± 0.05 nm and n=6 DKO 
mice (red bar) 20.41 nm ± 0.05 nm. No significant alteration of the width of the synaptic cleft in DKO mice; 
n.s.: p > 0.05 calculated with two-tailed t-test. 
C, D and E: PSD length, thickness and volume. a: Data are presented as cumulative frequency plots; insets 
reveal the frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data. C a: PSD 
length distribution of synapses in the GLC; N=655 PSDs, n=6 WT (black line), n=6 DKO (red line). b: Mean + 
s.e.m of the PSD length, WT: 140.20 nm ± 1.71 nm (white bar), DKO: 140.80 nm ± 1.08 nm (red bar). No 
significant alteration in the PSD length observed in DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test; D 
a: PSD thickness distribution of synapses in GLC; N=556 PSDs. b: Mean + s.e.m of the PSD thickness, WT: 
25.92 nm ± 0.35 nm (white bar), DKO: 25.34 nm ± 0.55 nm (red bar). No significant changes in PSD thickness 
in DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test. E a: PSD thickness distribution of synapses in 
GLC; N=655 PSDs, n=6 WT mice, n=6 DKO mice. b: mean PSD volume + s.e.m. of all measured synapses 
relative to wild-type mice; WT mice (white bar) and DKO mice (red bar). There was no significant alteration of 
the PSD volume of DKO mice; n.s.: p > 0.05 calculated with two-tailed t-test.   
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3.1.6.2 Male and female DKO mice compared to WT mice 
 

The PSD parameters in the GLC were further measured according to gender. A 

single mossy fiber bouton revealed 10.4 synapses in male DKO mice and 10.3 

synapses in female DKO mice (Figure 34). These results did not show any 

significant alterations compared to WT animals (9.9 synapses per mossy fiber 

bouton). Furthermore, the PSD length and thickness were investigated in both 

male and female DKO animals. The PSD length of male DKO mice were in a 

range of 62 and 223 nm with a mean of 138.0 nm, while the values of female DKO 

ranged between 66 and 286 nm with a mean of 141.6 nm (Figure 35 B a and b). 

No significant difference was analysed in male DKO (p=0.91) and female DKO 

mice (p=0.59) compared to WT mice concerning this PSD parameter.  

The PSD thickness in male DKO mice ranged between 16 and 39 nm with a mean 

of 24.7 nm, whereas female DKO mice had a PSD thickness value distribution of 

17 to 39 nm and a mean value of 25.9 nm (Figure 27 C a and b). No significant 

differences were measured between male DKO and WT mice (p=0.13), as well as 

female DKO mice and WT mice (p=0.93). 

 
 
Figure 34: Mean density + s.e.m. of PSDs (postsynaptic density) in the GLC 
(granular layer of the cerebellum) of male and female DKO mice 

(ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) in an area of 35.8 
μm

2
. No significant alteration was observable in PSD density of male DKO mice 

(blue bar) (10.44 ± 0.08 PSDs per 35.8 μm
2
) and female DKO mice (magenta 

bar) (10.32 ± 0.22 PSDs per 35.8 μm
2
) compared to WT mice (wild-type) (white 

bar) (9.99 ± 0.16 PSDs per 35.8 μm
2

), n.s.: p > 0.05 two-tailed t-test, N=600 

areas, entire area 0.02 mm
2

, n=6 WT mice, n=3 male DKO mice, n=3 female 
DKO mice. 
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A 
 

   
 

 
 
Figure 31: PSD parameters in GLC divided by gender 
A: Representative electron micrographs of synapses in the granular layer of the cerebellum (GLC) of WT 

(wild-type) (left image) and DKO (ProSAP1/Shank2
-/- 

-ProSAP2/Shank3
-/-

 double-knockout) mice; male 
(middle image) female (right image); 80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; 
asterisks: active zone; scale bar: 200 nm.  
B and C: PSD (postsynaptic density) length and thickness in the GLC divided by gender a Data are presented 
as cumulative frequency plots; insets reveal Gaussian curves of the data; b: Mean + s.e.m of the data. B a: 
PSD length distribution of synapses in the GLC; N=655 PSDs, n=6 WT mice (black line), n=3 male DKO mice 
(blue line), n=3 female DKO mice (magenta line). b mean + s.e.m of the PSD length. The PSD length was not 
significantly altered in male DKO mice; n.s. p > 0.05 calculated with two-tailed t-test; no significant change of 
PSD length in female DKO mice compared to WT mice; n.s. p > 0.05 calculated with two-tailed t-test. White 
bar: WT mice: 140.20 nm ± 1.71, blue bar: male DKO mice: 139.90 nm ± 0.45 nm and magenta bar: female 
DKO mice: 141.80 nm ± 2.19 nm; C a: PSD thickness distribution of synapses in the GLC; N=655 PSDs, n=6 
WT mice (black line), n=3 male DKO mice (blue line), n=3 female DKO mice (magenta line). b: mean + s.e.m 
of the PSD thickness. White bar: WT mice: 25.92 nm ± 0.35 nm, blue bar: male DKO mice: 24.69 nm ± 0.73 
nm and magenta bar: female DKO mice: 25.98 nm ± 0.77 nm. No significant changes in PSD thickness 
neither between WT mice and male DKO mice, nor WT mice compared to female DKO mice in the GLC; n.s.: 
p > 0.05 two-tailed t-test. No significant alterations between male DKO and female DKO mice neither in PSD 
length nor in PSD thickness were observed. 
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3.1.7 DKO synopsis 
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3.2 PSD ultrastructure of ProSAP1/Shank2 knockout mice 
compared to wild-type mice in the dorsolateral striatum 

 

Unlike double-knockout mice, a single knockout of ProSAP1/Shank2 had no 

consequences on the ultrastructure in ProSAP1/Shank2 knockout mice in the 

dorsolateral striatum. 

Within an area of 35.8 µm2 WT mice had an average amount of 8.8 synapses, in 

DKO mice 8.9 synapses were counted. This result had no significant effect 

(p=0.91). 

The width of the synaptic cleft in DKO, as well as WT mice ranged from 15 to 25 

nm with a mean of 20.0 nm in DKO mice and 20.3 nm in WT mice (p=0.64) (Figure 

36). 

Disparately to double-knockout results, the PSD length did not show any 

significance (p=0.77). In DKO mice, the PSD lengths ranged between 124 and 572 

nm with a mean of 268 nm, the values of WT mice ranged in the size from 125 and 

501 nm, with a mean of 271.5 nm (Figure 37 B a and b). 

The PSD thickness was unaltered in DKO mice compared to WT mice (p=0.99). 

With a mean of 28.1 nm the PSD thickness ranged between 16 and 41 nm in DKO 

mice. Quite similar, WT showed values, which ranged in the size from 14 and 43 

nm with a mean of 28.1 nm (Figure 37 C a and b).  

Consequently, the PSD volume was not significantly altered between the 

genotypes (p=0.75) (Figure 37 E a and b) 
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B 
 
 

Figure 36: PSD (postsynaptic density) density in the dorsolateral striatum (DLS). A: 
Representative electron micrographs of synapses in an area of 35.8 μm

2

 in the DLS; 
WT (wild-type) mouse (left image) and KO mouse (ProSAP1/Shank2

-/-
 knockout) 

(right image); 25.000x magnification; arrow: exemplary synapses; scale bar: 500 nm. 
B: Mean density + s.e.m. of PSDs in the DLS; n=4 WT mice (white bar), n=4 KO 
mice (red bar). No significant alteration observable of the PSD density in KO mice 
(8,79 ± 0.45 PSDs per 35.8 μm

2
) compared to WT mice (8.87 ± 0.42 PSDs per 35.8 

μm
2

), n.s.: p > 0.05 calculated with two-tailed t-test, N=400 areas, entire area 

analyzed 0.02 mm
2
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Figure 37: PSD parameters DLS  
A: Representative electron micrographs of synapses in the DLS; WT (left image) and KO mice (right image); 
80.000x magnification; arrowheads: PSDs; arrows: presynaptic vesicles; asterisks: active zone; scale bar: 200 
nm. 
B: Width of the synaptic cleft a: Data is presented as cumulative frequency plot; inset reveals the frequency 
distribution with Gaussian curves of the data. The plot presents the distribution of the width of the synaptic 
cleft of all measured synapses in the DLS; N=364 synapses, n=4 WT mice, n=4 KO mice; b: Mean width of 
the synaptic cleft + s.e.m.; WT mice 20.26 nm ± 0.39 nm (white bar) and KO mice 20.04 nm ± 0.21 nm (red 
bar). No significant alteration of the width of the synaptic cleft observed in KO mice compared to WT mice; 
n.s.: p > 0.05 calculated with two-tailed t-test.  
C, D and E: PSD length, thickness and volume; a Data are presented as cumulative frequency plots; insets 
reveal the frequency distributions with Gaussian curves of the data; b: Mean + s.e.m of the data C a: PSD 
length distribution of synapses in the DLS; N=428 PSDs, n=4 WT (black line), n=4 KO (red line). b: Mean + 
s.e.m of the PSD length, WT: 271.50 nm ± 3.59 nm (white bar), KO: 266.80 nm ± 6.57 nm (red bar). No 
significant alteration of PSD length in KO mice; n.s.: p > 0.05 calculated with two-tailed t-test; D a: PSD 
thickness distribution in the DLS; N=416 PSDs. b: Mean + s.e.m of the PSD thickness, WT: 28.09 nm ± 0.68 
nm (white bar), KO: 28.44 nm ± 0.38 nm (red bar). No significant changes in the PSD thickness of KO mice.; 
n.s.: p > 0.05 calculated with two-tailed t-test. E a: PSD volume distribution synapses in the DLS; N=416 
PSDs, n=4 WT mice, n=4 KO mice; b: Mean PSD volume + s.e.m. of all measured synapses relative to WT 
mice; WT mice (white bar) and KO mice (red bar). No significant change of the PSD volume in KO mice 
compared to WT mice; n.s.: p > 0.05 calculated with two-tailed t-test.  
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3.2.2 ProSAP1/Shank2 synopsis 
 
 
Table 12: Synopsis of the results evaluated in the dorsolateral striatum (DLS); PSD (postsynaptic 
density), WT (wild-type), KO (ProSAP1/Shank2 knockout) 
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4. Discussion 
 
 

Substantial focus in autism spectrum disorders is nowadays laid on 

PROSAP/SHANK due to an overall estimated mutation prevalence of 1% in this 

gene family in patients with ASD (autism spectrum disorders) [73]. Thus, special 

interest arises on synapse morphology and PSD composition of ASD-associated 

brain regions in ProSAP/Shank mutant mice. In this study, the striatum with its 

dorsomedial and dorsolateral part, the hippocampal CA1 and CA3 areas as well 

as the cortical layers of the cerebellum have been investigated. With respect to 

already analyzed ultrastructure in the different ProSAP/Shank mutant mice 

[56,67,85,98,113,118], the synapses of ProSAP1/Shank2 as well as the synapses 

of a new mutant, ProSAP1/Shank2–ProSAP2/Shank3–homozygous double 

knockout (Schmeisser et al. unpublished), have been examined.  

 

 

4.1 Alterations of the cortico-striatal synapse in the 
dorsomedial and dorsolateral striatum of DKO mice 

 

The cortico-striatal synapse is the most common synapse of the neostriatum, 

caudate nucleus and putamen. The pyramidal cells, originating in cortical layer V, 

innervate medium-sized spiny neurons (MSNs) of the neostriatum. At least 90-

95% of all striatal cells are MSNs [42,49]. Afferents of almost all parts of the cortex 

forming synapses with MSNs are of the asymmetrical, axospinous type and form 

the majority of all synapses within the neostriatum [60,100]. For the purpose of this 

study, dorsomedial synapses of the striatum were analysed in consideration of 

originating axons from the prefrontal and limbic circuits. These synapses were 

opposed to synapses with respect to the sensorimotor neocortex being localized in 

the dorsolateral striatum [34].  

Like synapses in other brain regions, there is a direct correlation between the 

spine head volume and the PSD size of cortico-striatal synapses. Not only a 

morphological correlate, but also a functional correlate has to be seen. Hence, the 

geometry of the synapse is supposed to be the expression of its efficiency 

[7,79,97,116].  
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In this study the width of the synaptic cleft was analyzed in wild-type mice. Within 

these two striatal sub-regions, all animals revealed similar values comparable with 

the data in the literature, which is 20 nm [110]. Furthermore, the average synapse 

within the dorsomedial striatum had a PSD length of 270 nm and a PSD thickness 

of 29 nm. PSDs in the dorsolateral striatum showed slightly larger average PSDs 

with a length of 280 nm and a PSD thickness of 30 nm. Further, these two 

parameters together are the two-dimensional correlates of the entire PSD volume 

and therefore morphologically reflect the efficiency of the synapses. In an area of 

35.8 µm2 approximately 8 of such synapses were located within the dorsomedial 

and the dorsolateral striatum, respectively. 

Contributing to the most important functions of the dorsomedial striatum, 

behavioral versatility, mental control of comportment as well as the managing of 

action and consequence, it is crucial for these synapses to maintain the above 

measured parameters within a distinct range to allow precise control of these 

functions. Such a maintenance should further be found in the dorsolateral striatum, 

regulating its main function, the stimulus-response learning [34].  

The importance of geometry and efficiency of those synapses can be 

demonstrated by knocking out genes, which are coding for scaffold proteins within 

the PSDs. In this study, both ProSAP1/Shank2 and ProSAP2/Shank3 were 

deleted. Double knockout animals show ASD-like phenotypes (Schmeisser et al. 

unpublished) and revealed dramatic alterations of synapses in the dorsomedial 

and dorsolateral striatum, which could possibly be responsible for the ASD-like 

phenotypes or at least contribute to these. Apart from inter-individual differences, 

no significant alterations were found in the overall number of PSDs in a defined 

area, neither in the dorsomedial, nor in the dorsolateral part of the striatum. In the 

dorsomedial striatum, the average PSD length was reduced by 23.3 %, while the 

widths of the synaptic cleft and the average thickness of the PSD did not 

significantly alter. By comparison, a reduction of 24.7 % of the PSD length was 

found in the dorsolateral striatum and the PSDs in this sub-region also showed a 

reduced thickness by 12.6 %, while the width of the synaptic cleft remained 

unchanged. Interestingly this effect was regardless of gender. Both the synapses 

of male and female double knockout mice had similar effects and were not 

significantly different. Even compared to each other, there were no significant 

differences.  
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The ultrastructural analysis of both striatal sub-regions in double knockout mice 

indicated a change of the synaptic morphology towards smaller synapses and 

dendritic spines, and thus leading to a potential loss of synaptic efficiency. 

Therefore it is feasible that the above-mentioned functions might not longer be 

fulfilled in an optimal manner. So far, as described above, it is assumed that the 

PSD area, and volume respectively, reflects the strength of a single synapse [7]. 

However, the measured data within this study might be suggestive that the proper 

functionality of a single synapse might presuppose a certain PSD thickness, while 

the PSD length on the other side might reflect the efficiency of the synapse. But 

this hypothesis has to be proven in further electrophysiological studies. 

 

In addition to the ProSAP1/Shank2 and ProSAP2/Shank3 double knockout mouse 

model, in this study, the ProSAP1/Shank2 knockout, was further analyzed with a 

special focus on the dorsolateral striatum. Interestingly, no significant alterations 

were found for neither of the measured parameters, width of the synaptic cleft, 

PSD density, length, thickness and volume. Considering the massive changes 

seen in the ProSAP1/Shank2 and ProSAP2/Shank3 double knockout mouse 

model, this raises the question, whether ProSAP1/Shank2 proteins have a 

subordinate role for the geometry of synapses in the dorsolateral striatum and that, 

at least for the dorsolateral striatum, the ultrastructural shape of PSDs might be 

dependent on the presence of ProSAP2/Shank3. This presumption could be 

supported by Peça et al. in 2011, where cortico-striatal synapses in the 

dorsolateral striatum of ProSAP2/Shank3 mutant mice were examined and 

showed a significant reduction of both PSD length and the PSD thickness [85]. 

Finally, in this study, no ultrastructural correlate for the autistic trait could be found 

in these mice, at least concerning the dorsolateral striatum 

  

The fact that the synapses in the two striatal sub-regions, were differently affected 

by a ProSAP1/Shank2 and ProSAP2/Shank3 double knockout, suggests that this 

ProSAP1/Shank2 knockout not only evokes brain region specific effects, but also 

unravels a sub-region specific vulnerability to altered protein levels of the 

synapses in the striatum of these animals.   
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4.2 Reduced PSD length in hippocampal CA1 synapse of 
DKO mice 

 

 

The CA3 to CA1 Schaffer-collateral synapse, named after the Hungarian 

anatomist and neurologist Károly Schaffer, was a major point of focus in this study. 

Each CA3 pyramidal cell sends Schaffer collaterals projecting to the stratum 

radiatum of the CA1 region [58]. All of these axospinous connections have 

asymmetric synapses, which use the glutamate as neurotransmitter and are thus 

excitatory [50]. 

The size and shape of dendritic spines and their synapses underlie a broad range, 

including small and thin spines as well as large, mushroom-shaped spines within a 

single continuum [7,51]. Despite these variances, one of the parameters always 

remains consistent They all share a macular shaped PSD with an average area of 

about 0.04 µm2 [97].  

Interestingly, many correlations between spine shape, the PSD and at least the 

activity of the involved Schaffer-collateral synapses have been reported. Being 

more precise, the spine head parameters are proportional to the PSD area [53], 

the larger the spine head, the larger the PSD, the higher the number of included 

receptors, the more presynaptic vesicles and the more efficient the synapse 

[51,52].  

Within this study, the average PSD of Schaffer-collateral synapses of wild-type 

mice was analysed and showed the following appearance. Like in the above-

mentioned brain region, striatum, the width of the synaptic cleft is stable at 

approximately 20 nm. Based on the values detected in striatal synapses, the 

hippocampal CA1 area showed an average width of the synaptic cleft, well-fitting 

to the values in the literature [74]. With a total length of about 223 nm, the PSD of 

this type of synapse is not as large as the ones in the dorsomedial or the 

dorsolateral synapses. The PSDs of these synapses showed an average 

thickness of 28 nm, which is similar to striatal PSDs. This suggests that the 

general synapse has to maintain a certain thickness to ensure its survival as 

stated above. Compared to the dorsomedial and dorsolateral striatum, the density 

of PSDs in a defined area is higher within the stratum radiatum in CA1. With 14.2 
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synapses per 35.8 µm2 almost twice the amount of synapses within striatal regions 

were measured in the hippocampal CA1 region. Based on the higher amount of 

synapses per area, the efficiency of the entire sub-region is possibly balanced by 

even smaller PSDs. 

The examination of this sub-region in ProSAP1/Shank2 and ProSAP2/Shank3 

double knockout mice showed exactly an effect of the presumed morphological 

indicator of synaptic efficiency, the PSD length. The mean PSD length of double 

knockout mice was reduced by almost 20 %, while the PSD thickness remained 

unchanged. This leads to the assumption, that most of these synapses generally 

are still functional, but not as efficient as the synapses of wild-type controls. 

Furthermore the presumed loss of efficiency within this sub-region might also 

contribute to the ASD-like phenotypes observed within this mouse model 

(Schmeisser et al. unpublished). 

With respect to a higher prevalence of ASD in male patients, possible differences 

between male and female double knockout mice were further investigated. Apart 

from higher significances of the observed alterations in double knockout male 

mice, there was no crucial alteration between the genders within all measured 

parameters. This suggests, that these parameters might probably not contribute to 

the bias towards males in the ASD prevalence. 

Additionally, an almost significant trend towards a higher PSD density in the 

stratum radiatum of CA1 in double knockout animals may point towards an attempt 

of this sub-region to compensate the lower synaptic strength of single synapses. 

Thus, the amount of PSDs might be increased to potentially counteract a loss of 

efficiency. As well, this statement has to be proven by electrophysiological 

examinations. 

The CA1 region with its Schaffer-collateral synapses represents the most 

commonly analysed sub-region of ultrastructural studies in general as well as for 

the analysis of ProSAP/Shank mutant mice, and ASD respectively. Indeed, only a 

change towards smaller and thinner PSDs in the Shank1 mutant mouse measured 

by Hung et al. [56], but there was no ultrastructural alteration in any 

ProSAP1/Shank2 knockout mouse models [98,118], fitting to the aforementioned 

assumption, that ProSAP1/Shank2 itself might not be crucial for the shape of the 

synapse.  
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4.3 No significant alterations in CA3 PSDs of mossy fibers in 
DKO mice 

 

 

In his work, “the histology of the central nervous system“, Santiago Ramón y Cajal 

declared the CA3 synapses as “mossy fiber” synapses, based on their 

morphology; “the swellings (of the end-boutons) resembled moss on trees“ [37]. 

These synapses are known to have a strong influence on pattern recognition and 

information storage as well as the completion, separation and linking of patterns 

[16,38,91] 

Mossy fiber boutons, originating from granule cells of the dentate gyrus of the 

hippocampus form synaptic junctions with pyramidal cell dendrites of the CA3 

region in the stratum radiatum. As the second station of the tricyclic pathway [4], 

there is a strong divergence with up to 15 boutons rising from a single granule cell. 

This divergence leads to an enormous potentiation of the transmitted signal 

[2,4,16,37].  

The mossy fibers expand sac-like with an average diameter of about 4-11 μm 

[2,38] and form up to 37 synaptic contacts at a single mossy fiber bouton [2,26,37]. 

In this context, the CA3 sub-region is described to be relatively resistant to 

damage [37,77].  

The examination of mossy fiber PSDs of wild-type mice revealed a marked 

constancy of their shape. While it is already described, that these synapses, and 

their PSDs respectively, are relatively small [2], an average size of mossy fiber 

synapses was measured in this thesis with the following appearance: The width of 

the synaptic cleft of about 19 nm represented the classical size of this parameter 

in the central nervous system. The mean length of the PSDs yielded 175 nm, while 

a length over 300 nm was rarely seen. Compared to PSDs in the neighbouring 

sub-region CA1, mossy fiber PSDs were over 20 % smaller. In addition, the mean 

PSD thickness was slightly reduced compared to CA1 PSDs. Given, that the 

mossy fiber bouton forms up 37 synaptic junctions in three-dimensional 

examinations [26], the two-dimensional ultrastructural investigation in this study 

detected 10 PSDs per bouton.  
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Due to their described functions and the observed behavioural phenotype of 

ProSAP1/Shank2 and ProSAP2/Shank3 double knockout mice (Schmeisser et al. 

unpublished), the analysis of these PSDs has been included in the ultrastructural 

investigation of ProSAP1/Shank2 and ProSAP2/Shank3 double knockout mice. 

Intriguingly, none of the PSD parameters displayed significant differences, which 

might be due to the experienced resistance of this brain region and the mossy 

fibers respectively [37]. The large boutons with their uncountable number of 

vesicles, as well as their high amount of synapses appear to be neuroprotective 

within this sub-region. Hereby, it is conceivable, that even a knockout of crucial 

genes, coding for PSD scaffold proteins, might not be able to morphologically 

disrupt this essential part of the hippocampal circuit. On the ultrastructural level, 

the high amount of synapses within this hippocampal sub-region in double 

knockout mice might presumably be capable to compensate a weakened scaffold 

to potentially maintain its required efficiency and functionality.  
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4.4 No observed alterations in the cerebellar molecular layer 
of DKO mice 

 

Based on the fact, that there is currently no data of synaptic ultrastructure in the 

cerebellum of ProSAP/Shank mutant mice, the molecular layer of the cerebellum 

was examined considering the locomotive dysfunction within these mice.  

In this cortical layer of the cerebellum, the dendrites of Purkinje cells build up 

spines to form synapses with parallel and climbing fibers. An electron dense 

material indicates the core of such spherical spine heads of Purkinje cell dendrites, 

allowing to identify these synapses [70]. These spine heads, either linked to a 

climbing fiber or a parallel fiber, showed an average width of the synaptic cleft of 

20 nm in wild-type mice. Like in all aforementioned brain regions, this value seems 

to be the usual width of synaptic clefts at asymmetric synapses. The average PSD 

of synapses on Purkinje cell dendrites had a length of 313 nm and a thickness of 

23 nm. In contrast to striatal synapses, which have similar circuit modalities, as in 

particular the reception of glutamatergic, excitatory input, while being inhibitory on 

their own, the PSD length of climbing and parallel fiber synapses was 10 % 

increased, while the PSD thickness was 20 % lower compared to striatal PSDs.  

On this account, these data suggest that every type of synapse in each of the 

various brain regions has its own defined and typical construction, although there 

are analogous circuit modalities.  

Based on the fact that ProSAP2/Shank3 is absent in the molecular layer of the 

cerebellum, or to be more precise in the Purkinje cells, a germline double knockout 

of ProSAP1/Shank2 and ProSAP2/Shank3 would potentially mimic a single 

knockout of ProSAP1/Shank2 within this layer. Interestingly, the examination of 

the Purkinje cell PSD parameters, analogous to the other brain regions 

investigated, showed no significant differences compared to their unaffected wild-

type controls. These data imply, that even though there was substantial loss of an 

essential scaffold protein at the tips of spines, the ultrastructure was not changed. 

This leads to the assumption, that i.) ProSAP1/Shank2 is not the crucial protein for 

the maintenance of the geometry of this type of synapse, and PSD respectively 

and/ or ii.) there have to be additional, compensatory procedures maintaining a 

throughout consistent PSD.  
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Given that the Purkinje cell is the only output system of the cerebellar cortex, this 

system presumably underlies stricter control to preserve its cerebellar function. 

Hence, it would be necessary that such irreplaceable pathways, with a high 

amount of signal processing are pretty resistant to damage in general, or in the 

case of this study, that they are morphologically resistant even to a knockout of 

substantial genes.  
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4.5 No ultrastructural alterations in the granular layer of the 
 cerebellum in DKO mice 

 

The first step of the integration of incoming signals in the cerebellum occurs within 

the granular layer at mossy fiber swellings [93]. The mossy fibers do not have any 

direct connection to Purkinje cells, therefore their signals are transmitted indirectly 

via parallel fibers of granule cells [24]. The mossy fiber axons form protoplasmic 

islands, described as the glomeruli cerebellares, which are occupying at least one 

third of the entire granular layer [76,81] and establish up to 400 synapses with 

granule cells and Golgi cells [120]. Within this study, only the asymmetric 

connections between mossy fibers and granule cell dendrites have been 

investigated [75].  

Since ProSAP1/Shank2 is generally absent in the granular layer of the cerebellum, 

this region was of particular interest to analyze synapses with only 

ProSAP2/Shank3 and Shank1 (but no ProSAP1/Shank2) expression. 

Similar to mossy fiber boutons in the CA3 region, the swellings within this sub-

region contained many synapses, which were smaller in their shape compared to 

other brain regions. An average mossy fiber swelling of wild-type mice had 10 

synapses in this two-dimensional correlate. In a three-dimensional study, however, 

Kim et al. counted 40-240 release sites at a single mossy fiber swelling. 

Additionally, there is a direct correlation between the size of a mossy fiber swelling 

and its release sites [65].  

As a first step, this region was investigated in wild-type animals. With 19 nm, the 

width of the synaptic cleft is comparable to other brain regions. The PSD 

parameters of these synapses were comparable to those in the CA3 region. 

Furthermore, with a PSD length of 140 nm, the ordinary PSD length was 55 % 

smaller than synapses in the molecular layer of the cerebellum. Interestingly, the 

PSD thickness had similar outcomes compared to other brain regions, 26 nm, 

which might again point towards this parameter being responsible for the 

functionality of a single synapse and that this parameter might be maintained 

throughout different brain regions. However, only electrophysiological studies 

could confirm this hypothesis.  
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Intriguingly, there was not any significant parameter alteration comparing wild-type 

and double knockout animals. The PSDs of double knockout mice had a similar 

appearance compared to wild-type PSDs. This might be caused by the 

morphology of mossy fiber swellings and their surroundings, the glomeruli 

cerebellares. The high amount of the overall synapses could potentially 

compensate the loss of one of the essential scaffold proteins, ProSAP2/Shank3. A 

further mechanism for compensation, might be the fact that there are no glial cells, 

which separate single synapses from one another, leading to an overleap of 

signals between neighboring release sites [120]. Additionally, the large number of 

vesicles, always seen in the swellings, may also contribute to the unaltered 

appearance of the PSDs in double knockout mice. Like in the hippocampal CA3 

region, these aspects might be neuroprotective for this brain region. Due to the 

fact that only two afferent pathways exist in the cerebellum, the mossy fibers and 

the climbing fibers, it might be even more important to preserve both of these 

pathways for the maintenance of differentiated cerebellar functions. Although 

ProSAP/Shanks are substantial postsynaptic scaffold proteins, both deletions of 

ProSAP1/Shank2 and ProSAP2/Shank3 did not result in alterations of the PSD 

ultrastructure within the granular layer of the cerebellum in contrast to striatal and 

hippocampal CA1 synapses. Hence, in addition to the presumed compensational 

mechanisms, these data suggest, that there might be other, not yet decoded 

instances, leading to the unchanged ultrastructure of mossy fiber swelling PSDs. 

At least, one could expect, that a loss of ProSAP2/Shank3 proteins, in a sub-

region, which does not contain ProSAP1/Shank2 proteins, leads to a breakdown of 

the PSD. Indeed, this circumstance did not take place, which might be pointing 

towards a further aspect, that the effects of a ProSAP1/Shank2 and 

ProSAP2/Shank3 double knockout in distinct brain regions is dependent on the 

overall amount of these proteins in the PSD within the various brain regions. 
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4.6 Conclusions  
 

All these results indicate that a ProSAP1/Shank2 and ProSAP2/Shank3 double 

knockout in mice effects a brain region specific outcome, suggesting a different 

vulnerability of the PSDs in each brain region. In brain regions with high 

ProSAP1/Shank2 and ProSAP2/Shank3 abundance, such as the striatum, the 

effect of a double knockout of these proteins appeared to be the most detrimental. 

In brain regions with lower ProSAP1/Shank2 and ProSAP2/Shank3 protein levels, 

the effect of a double knockout of these proteins seemed to be not as impressive 

as the previous.  

Several ultrastructural hints were observed in DKO animals, possibly explaining 

the ASD-like phenotype occurring in the examined mouse models. But whether the 

whole phenotypic appearance is brain region specific or even a sub-region specific 

effect has to be proven by ether cell-type specific or attenuated adenovirus-

mediated sub-region specific knockout mouse models. Such approaches could 

shed light on knowledge on to which extend the ultrastructure is correlated to the 

behavioral outcome of the animals. 

Referred to the literature, where the geometry of PSDs is usually stated as the 

ultrastructural expression of the efficiency of a synapse [7], the collected data also 

allows the conclusion that the geometry has to be considered separately with its 

two components, PSD length and PSD thickness. In particular, not the PSD itself, 

but the PSD length instead is supposed to be the expression of the efficiency and 

the PSD thickness to be the expression of the functionality of a single synapse. 

With this assumption, it is important to consider both parameters with respect to 

the corresponding brain region. That indicates that the longer the PSD, the more 

efficient the synapse and, the thicker the PSD, the more functional it is. Vice versa, 

the thinner the PSD, the less functional the synapse, potentially loosing the entire 

synaptic strength. There may be critical values for the PSD length but particularly 

for the PSD thickness, from that the synapse maintains efficient and functional and 

finally preserves its synaptic strength. Possibly, the fate of a single synapse is 

determined by defined critical values for the PSD thickness, and maybe also the 

PSD length, which generally allow a functional synapse or an efficient one, 

respectively. In addition, only exceeding these critical values might preserve 
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synaptic strength at all, while smaller differences within these values could further 

serve for precise modulation.  

 

Condensed, the detailed characterization of the single types of synapses appears 

to be crucial for the analysis of synaptic ultrastructure, since only the knowledge of 

the ultrastructure of unaffected synapses in a distinct brain region allows the 

interpretation of emerging alterations.  

 

Finally, it always has to be considered, that electron microscopic imaging is a 

static method, only depicting a snapshot of highly dynamic processes within the 

central nervous system. It was recently shown by Isshiki et al. 2014 that there was 

a high turnover of excitatory synapses in multiple ASD mouse models [59]. They 

have not yet shown, that ProSAP/Shank mutant mice exhibit this synaptic turnover 

as well, but the assumable possibility should be noticed by interpreting the data of 

this thesis. However, the large amount of measured PSD parameters and the 

highly significant results surely demonstrated the disturbed synaptic composition 

on the ultrastructural level, though being a non-dynamic method. 
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5. Summary 
 

ProSAP/Shanks are considered to be the master organizing proteins of the 

postsynaptic densities (PSDs) of excitatory glutamatergic synapses in the central 

nervous system. Autism spectrum disorders (ASD) patient cohort studies revealed 

that in almost 1% of patients one of the ProSAP/Shank genes was mutated. To 

assess the consequences of ProSAP/Shank mutations, the PSDs of two different 

animal models were examined upon its morphology in different brain regions. 

These animal models include ProSAP1/Shank2 knockout and ProSAP1/Shank2-

ProSAP2/Shank3 double-knockout mice. 

In these mice distinct PSD parameters were analyzed for alterations, as an effect 

of a loss of such crucial PSD components in this highly organized scaffold. As 

PSD parameters, the PSD density, width of the synaptic cleft, PSD length, 

thickness and volume were examined. 

Analyses were based on electron microscopic studies of ASD associated brain 

regions, particularly the dorsomedial and dorsolateral striatum, the hippocampal 

CA1 and CA3 (Cornu Ammonis 1 and 3) region as well as the molecular and 

granular layer of the cerebellum.  

The most striking results were obtained in the dorsolateral striatum. Within this 

striatal sub-region the PSD composition was significantly altered in double-

knockout mice. While the PSD length was reduced by 24% and the PSD thickness 

by 13%, the calculated PSD volume was even reduced to 49% of those in WT 

littermates. In the dorsomedial striatum, as well as in the hippocampal CA1 region 

a significant change of the PSD length of about 20% was obtained. The other 

brain regions analyzed, CA3, the cerebellar molecular and granular layer, did not 

show any significant alteration in neither of the measured PSD parameters in the 

double-knockout mutants. Furthermore, the ultrastructural analyses in 

ProSAP1/Shank2 mutant mice did not reveal any significant morphological 

changes of the PSD. 

Among the examined brain regions within this study, these findings might probably 

highlight the dorsomedial and dorsolateral striatum as well as the hippocampal 

CA1 region as key areas considering morphological aspects in autism spectrum 

disorders caused by ProSAP/Shank mutations.  
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Additionally, this study might possibly upgrade the existing paradigm, that the 

morphology of the PSD expresses the strength of its synapse. The indicated 

results point towards the PSD length being the expression of the efficiency and the 

PSD thickness being the expression of the functionality of a synapse, together 

reflecting synaptic strength.  

 

This work has been performed to expand the existing knowledge of ultrastructural 

alterations in ProSAP/Shank mutants and to gain more detailed information on 

brain regions that have not yet been investigated in this focus. Even though, 

electron microscopic analyses are always snap-reading, static methods and do not 

include the highly dynamic processes occurring in the central nervous system. 

However, the large amount of measurements of the PSD parameters certainly 

provides important information on the disturbances occurring on the ultrastructural 

level in ProSAP1/Shank2 and ProSAP1/Shank2-ProSAP2/Shank3 double-

knockout. 
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