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Summary

At the cellular level, fast communication between neurons is facilitated by chemical 
synapses, in which presynaptic released neurotransmitters activate postsynaptic receptors. 
Most of the excitatory synaptic signaling in the brain is mediated by AMPA-type 
glutamate receptors (AMPAR). Both presynaptic release and the numbers of postsynaptic 
AMPAR receptors determine the strength of glutamatergic synaptic transmission. � e 
postsynaptic response can be adjusted by activity-dependent mechanisms that enhance 
or reduce the involvement of AMPARs in a process called synaptic plasticity. Long-term 
physiological and/or structural adaptations of synapses are required to adapt functioning 
of brain circuitry and systems, and are thought to subserve elementary processes of 
memory storage. 
 � e AMPAR consists of four pore-forming subunits and an assembly of associated 
proteins. � ese auxiliary subunits directly modify the function of the receptor by 
modulating gating, expression and tra�  cking. Several of these proteins, including the 
TARP family, Cornichon2/3, GSG1L and Shisa9/CKAMP44, have been identi� ed and 
functionally characterized. � e � rst characterized Shisa family member, Shisa9, is an 
AMPAR interactor predominantly expressed in the hippocampal dentate gyrus where 
it a� ects synaptic expression, AMPAR kinetics and short-term plasticity. Shisa6, -7 and 
-9 show structural similarity; all contain a C-terminal PDZ binding domain, a single 
transmembrane region and a cysteine- rich motif. � e aim of the studies conducted in 
this thesis was to elucidate the e� ect of Shisa6 and -7 on AMPAR function. By making 
use of single knockout (KO) and double knockout (dKO) mice I studied the Shisa 
proteins at the biochemical, physiological and behavioral level.
 Chapter 2 describes Shisa6 as a stable directly interacting AMPAR auxiliary 
subunit. Shisa6 was characterized as a synaptically enriched protein that associated with 
PSD-95 via its C-terminal PDZ-ligand domain. Shisa6 was shown to reduce receptor 
mobility and trap receptors at the PSD, without a� ecting basal AMPAR expression. 
Shisa6 modulates AMPAR kinetics, by slowing deactivation, desensitization and 
recovery from desensitization when co-expressed in HEK293 cells. In CA1 pyramidal 
cells ex vivo, miniature excitatory postsynaptic currents (mEPSCs) and short-term 
plasticity were investigated with use of the Shisa6 KO mouse. In neurons Shisa6 slowed 
rise time and deactivation kinetics. In addition, synaptic depression upon high-frequent 
stimulation was stronger in the Shisa6 KO, implying that the presence of Shisa6 allows 
to maintain high � ring rates. 
 In Chapter 3, Shisa7 was characterized as stable and direct interactor of the 
AMPAR. Shisa7 has a widespread expression in the brain, and is highly abundant in 
cortex and hippocampus, in which it is expressed postsynaptically. In HEK293 cells, 
Shisa7 mildly modulates AMPAR gating, by slowing down recovery from desensitization 
and increasing the desensitization rate without a� ecting deactivation kinetics. Gene 
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deletion of Shisa7 did not alter synaptic expression of AMPARs in the hippocampus, yet 
resulted in faster deactivation in CA1 synapses, as measured by mEPSCs. Hippocampal 
short-term plasticity was not a� ected in the Shisa7 KO, which stresses the di� erent 
physiological role of Shisa6 and -7. Although basal AMPAR-mediated transmission was 
only slightly a� ected by Shisa7, induction and maintenance of long-term potentiation 
(LTP) in the Scha� er collaterals was reduced in Shisa7 KO animals. In accordance, the 
KO mouse displayed impaired hippocampus-dependent fear memory, suggesting that 
experience-dependent plasticity is modulated by Shisa7. 
 Chapter 4 investigates more in depth the functional implication of Shisa6 and 
-7 at the behavioral level. Cognitive function of Shisa6, -7 and -6/7 (d)KO mice was 
measured with a behavioral test battery focused on hippocampus-dependent learning 
and memory tests. Shisa6 KO mice showed spatial memory de� cits in the Morris water 
maze, but normal auditory and contextual fear memory, working memory and learning 
in an automated home-cage setup. In contrast, spatial memory was not a� ected in Shisa7 
KO mice, but contextual fear memory, working memory and home-cage based learning 
were impaired. Finally, the Shisa6/7 dKO mouse had impaired spatial memory, working 
memory and home-cage based learning. � ese � ndings suggest that double deletion of 
the Shisa proteins re� ects an additive, more severe behavioral phenotype, with memory 
de� cits copying both single KO phenotypes.
 In Chapter 5, I investigated whether deletion of Shisa6 and -7 induces changes in 
the morphological development of neurons. As AMPAR-mediated signaling contributes 
to development of dendrites and synapses we hypothesized that altered AMPAR-
mediated transmission might disturb these processes. Using an in vitro high-content 
screening approach hippocampal dissociated neuronal KO and WT cultures were 
compared at DIV7, DIV14 and DIV21. � ese experiments revealed that deletion of 
Shisa6 inhibits, and deletion of Shisa7 enhances, dendritic growth and arborization. 
Dendritic morphology in vivo in biocytin labeled CA1 pyramidal cells was not altered in 
Shisa6 and -7 KO mice. Possibly, the inconsistency between in vitro and in vivo e� ects of 
Shisa deletion results from developmental di� erences or developmental compensation 
in the hippocampus. Shisa7 KO mice showed a trend for reduced spine density in CA1 
pyramidal cells, which is in agreement with a reduction in synapse number induced 
by shRNA-mediated knockdown of Shisa7 in culture. Changes in spine density might 
contribute to disturbed network properties and behavioral phenotypes, and hence spine 
development and morphology should be further explored in vivo.
 In chapter 6 the synaptic proteome of Shisa6, -7 and -6/7 (d)KO mice was 
investigated. Hippocampal synaptosome fractions were isolated and the FASP/SWATH 
method was used for quanti� cation of protein abundance. Shisa6 and -6/7 (d)KO 
synaptosome samples did not show signi� cant regulation of synaptic proteins. Gene 
ontology analysis on a subset of proteins with the highest level of regulation, indicated 
an enrichment of proteins involved in regulation of synaptic plasticity in the Shisa6 
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KO. In addition, the Shisa6/7 dKO showed regulation of proteins involved in vesicle 
tra�  cking and exocytosis, and proteins involved in regulation of the actin skeleton. 
In contrast with Shisa6, in Shisa7 KO samples an overall reduction in mitochondrial 
proteins was measured. Immunoblot and EM validation experiments indicate that 
this reduction resulted from sample preparation artifacts. In general, immunoblotting 
showed that the regulation of protein levels detected by SWATH in all datasets could 
be validated in the same, but not in independent samples. � ese � ndings indicate that 
SWATH analysis can be used to reliably measure protein regulation, but that there was 
considerable biological variation between batches of synaptosome preparations, which 
limits the interpretation of the results.
 Finally, the general discussion summarizes the functional role of Shisa6 and 
-7, and examines AMPAR function, plasticity and behavior. We conclude that Shisa6 
quali� es as bona � de auxiliary subunit, by directly modifying AMPAR biophysical 
properties and short-term plasticity. Our studies highlight a di� erent role for Shisa7, 
that only mildly in� uences basal transmission, however, modulates long-term activity-
dependent changes in AMPAR � ring. � e physiological and behavioral characterization 
of the Shisa6 and -7 KO and the neuronal morphology data stress that deletion of the 
two Shisa proteins gives rise to opposite phenotypes. Some working models for the role 
of these structurally similar proteins are considered and suggestions for future research 
strategies are provided.


