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Summary

Nerve cell communicate with each other via anatomical connections called synapses. At the 

presynapse, the “sender” neuron translates an electrical signal into a chemical signal by re-

leasing neurotransmitter into the synaptic cleft. On the postsynaptic site, the “receiver” neu-

ron recognizes the presence of these neurotransmitters via receptor proteins. These proteins 

transform the chemical back into an electrical signal through the opening of ion-channels. 

The principle neurotransmitter in the vertebrate brain is called glutamate.

Upon glutamate binding, AMPARs rapidly open their channel structures and mediate the 

initial postsynaptic depolarization. This activity is then followed by the opening of slower 

ion-channels, the influx of second messengers and ultimately protein trafficking and synthe-

sis, thus all processes that adapt the synapse in response to activity. Playing such a crucial 

part in triggering the postsynaptic response, AMPARs have been subject of intense research 

for the past two decades. It was found that the number of synaptic AMPARs is directly linked 

to its synaptic strength and that AMPARs of different subunit composition can be found at 

synapses depending on their particular state. Furthermore, many studies successfully linked 

AMPARs to interacting proteins that affected the tune- ability of synapses. Moreover, it has 

been shown that AMPARs immobilize at synapses through interactions with the postsynaptic 

density (PSD) upon induction of synaptic potentiation. In contrast, AMPARs are removed 

from the PSD upon the induction of synaptic depression. However, how AMPARs are exactly 

linked to the PSD remained unknown. This “missing link” was first found with the discovery 

of AMPAR auxiliary proteins. Rather than being a solitary protein, AMPARs seem to form 

close interactions with this small group of trans-membrane proteins, which show to affect 

the behaviour of AMPARs on many different levels, ranging from affecting their synaptic 

anchoring to their affinity for glutamate.

One such auxiliary protein is Shisa9, the first characterized member of the Shisa-family. Shi-

sa9 is known to be a transmembrane protein, which associates directly with AMPARs and 

modifies its function. However, though its role as auxiliary subunit was widely accepted, the 

working mechanisms of its action remained unclear. With Shisa9 incorporating a PDZ- li-

gand motif, we hypothesized that, like other auxiliary proteins, it may function as a “linker” 

protein between AMPARs, the structure of the postsynaptic density (PSD) and its associated 

proteins. This work is subject of Chapter 4 of this thesis. First, we confirm an interaction 

between Shisa9 and proteins of the PSD, most importantly PSD-95. Next, utilizing a novel 

peptide- competition- assay to disrupt the interaction between Shisa9 and PSD-95, we sur-

prisingly found that changes in kinetics as well synaptic depression properties are modified 

through this interaction. Furthermore, we even observed changes in hippocampal brain oscil-

lations when disrupting the interaction between Shisa9 and PSD – 95 underlining the impor-

tance of this interaction. These findings corroborate a dual role for Shisa9 in the modification 
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of decorated of AMPARs: the initially described direct modification of AMPAR properties due 

to an interaction between the two proteins and a more indirect effect through the linkage 

of AMPARs to the PSD and its associated proteins. What proteins exactly account for the 

changes in AMPAR properties remains elusive and needs to be investigated.

After the role of Shisa9 as an AMPAR auxiliary protein has been established, other mem-

bers of the Shisa- family shifted into focus. Using a proteomic approach, our lab identified 

Shisa6 as a potential candidate protein to serve a similar function as Shisa9. It shows a high 

level of structural homology with Shisa9 and interacts with native AMPAR complexes in the 

hippocampus. These initial findings lead to the hypothesis, that Shisa6 might act as auxiliary 

protein for AMPARs itself.

In Chapter 2, we generate insights into the working mechanisms of Shisa6 by using a multi-

disciplinary approach. First, we characterize the protein on a molecular level. Here we found 

that Shisa6 interacts with multiple AMPAR subunits in vitro and vivo through direct interac-

tions. Furthermore, we were able to show that this interaction takes place at synaptic loca-

tions. Confirming its role as an auxiliary subunit, we next showed that the presence of Shisa6 

at AMPARs alone is sufficient to change the conductance properties of the decorated chan-

nels using co-expression experiments in heterologous cells. Next, we tried to translate our 

findings into a more native scheme. Introducing novel Shisa6 KO animals, we showed that 

basic synaptic transmission and synaptic desensitization properties change in the absence 

of Shisa6. Strikingly, quantum-dot AMPAR tracking experiments revealed restricted AMPAR 

movement at synaptic sites in the presence of Shisa6. In short: Chapter 2 adds Shisa6 to the 

list of AMPAR auxiliary proteins. 

With regard to our findings in Chapter 2, we next hypothesized that Shisa6 might affect 

the formation of long- term potentiation, which is subject of Chapter 3. Here, we utilize a 

theta- burst stimulation protocol to induce long- term- potentiation at hippocampal CA1 

neurons.  Unlike our hypothesis, we found that the absence of Shisa6 enhances synaptic 

long-term- potentiation. This effect might be triggered through the absence of Shisa6 ”trap-

ping” of AMPARs to the active- zones of synapses. With changes in the numbers of AMPARs 

underlying changes in synaptic state, the immobilization of receptors is likely to influence the 

overall status of the synapses. The absence of Shisa6 may therefore lead to a higher mobility 

of AMPARs and the compensation with competing auxiliary proteins. However, further stud-

ies will be needed to understand the mechanism behind these findings.

In Chapter 5 of my thesis, I discuss the current state of knowledge on Shisa proteins and 

put it into a wider perspective. With the Shisa- family members being a relatively young field 

of research, many questions are yet to be addressed. With Shisa6 and Shisa9 being two 

relatively novel AMPAR auxiliary subunits, the working mechanisms of these proteins are not 

yet fully understood. Furthermore, more research is needed to evaluate the impact and im-



140

portance of Shisa family proteins. With the initial studies focussing on one auxiliary subunit 

at the time, it is essential to progress towards AMPAR complexes, that have been shown to 

incorporate multiple auxiliary subunits to tune AMPAR function. Only if we achieve a good 

understanding of AMPAR complexes and their behaviour at synapses, we will eventually be 

able to understand the processes that take place to mediate and tune synaptic activity. With 

information transfer between neuron relying not on singular synapses, but rather the tem-

poral occurrence of synaptic activity over the whole of the dendritic tree, this works marks a 

small, but essential step in the process of “decoding” the brain.


