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1
� roughout life, the mammalian brain is continuously active in processing and storing 
new information. At the cellular level, information transfer and storage is achieved by 
neurons. Active communication between neurons is facilitated by chemical signaling 
in subcellular compartments, named synapses. A synapse consists of a presynaptic and 
postsynaptic compartment, separated by the synaptic cleft1. Upon arrival of an action 
potential at the presynaptic site, presynaptic vesicles containing neurotransmitters are 
released into the synaptic cleft by membrane fusion2,3. � ese neurotransmitters then 
activate pre- and postsynaptic receptors and subsequent signaling pathways4. Generally, 
there are two distinct types of synapses, inhibitory and excitatory synapses, which 
balance neuronal activity. � e focus of this thesis will be on excitatory signaling in the 
glutamatergic synapse. I will discuss how speci� c postsynaptic proteins contribute to 
synapse structure and function and ultimately modulate behavioral output.

Organiza� on of the excitatory synapse
� e glutamatergic synapse is responsible for the majority of excitatory signaling between 
neurons. Activation of this type of synapse causes depolarization of the postsynaptic 
cell membrane induced by consecutive pre- and postsynaptic processes. Here, I will 
provide an overview of these processes, underlying basal glutamatergic transmission, 
by evaluating presynaptic mechanisms of vesicle release, postsynaptic structure and 
glutamate receptors. 

Presynapti c vesicle release
Synaptic vesicles are loaded with neurotransmitter via active transport and moved to 
the active zone in a process called docking5. Subsequently, vesicles are primed and 
become prone to calcium-dependent fusion with the cell membrane to release their 
neurotransmitter. � e active zone consists of a cytoskeletal matrix that guides vesicles 
to docking and priming sites and clusters voltage gated calcium channels to the release 
sites6. When an action potential arrives at a presynaptic terminal, these voltage-gated 
calcium channels open and a local rise in calcium triggers fusion of vesicles with the 
outer membrane2. Finally, vesicles are recycled, either via a fast route, without moving to 
the endosome, or via clathrin-mediated endocytosis2. Synaptic vesicles have a diameter 
of ~40 nm and are densely packed with membrane bound proteins, which include 
regulators of release, such as the soluble N-ethylmaleimide-sensitive-factor attachment 
protein receptor (SNARE) proteins, synaptobrevin (VAMP2), syntaxin1 and SNAP-25, 
and Rab proteins7. Together, vesicle and outer membrane proteins guide the stages of 
vesicles release, endocytosis and recycling.
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Postsynapti c structure

� e postsynaptic part of most excitatory synapses is located on dendritic spines, which 
are postsynaptic protrusions from the dendrite that vary in length and shape8–10. Spines 
are often classi� ed as thin, stubby and mushroom spines, to indicate their maturity, 
however, they are dynamic and can rapidly adjust their shape in a time-frame from 
min to hours11. � e dendritic spine harbors the postsynaptic density (PSD, see next 
paragraph). Besides the PSD, dendritic spines contain the actin skeleton12 and may 
harbor membrane-bound organelles, such as, endoplasmic reticulum, mitochondria 
and endosomes13. � e actin skeleton12 controls spine formation and dynamics and its 
modulation directly changes synaptic e�  cacy14. In the cytoplasm of spines, both the 
monomeric form of actin (G-actin) and � lamentous actin (F-actin) are present9.  
  A mature spine consists of a delta shaped spine base, a spine shaft and a 
mushroom-like spine head. In all these compartments actin is organized into linear and 
branched � laments, which are controlled by a group of proteins that either promote or 
restrict polymerization and branching of actin, including the Arp2/3 complex, co� lin, 
pro� lins, and capping protein (Eps8)12,15. As such, these proteins may regulate synaptic 
transmission by controlling transport along the cytoskeleton and the by changing the 
shape of excitatory synapses. In addition to structural organization, protein and vesicle 
tra�  cking16, dendritic spines determine the physical properties of the postsynapse, such 
as the local calcium concentration and membrane � uidity9,10.

The postsynapti c density
At the postsynaptic site, excitatory glutamatergic synapses are characterized by the 
postsynaptic density (PSD), comprising multiprotein complexes4,10,17,18. � e PSD has 
a sca� old function. It binds postsynaptic receptors, transsynaptic adhesion molecules 
(aligning pre- and postsynaptic elements), signaling molecules responsible for 
postsynaptic signal transduction and couples to cytoskeleton components. � e PSD 
contains a large variety of sca� olding proteins, of which PSD-95 (DLG4) is most 
abundant13. Other sca� old proteins of the membrane-associated guanylate kinase 
(MAGUK) family, are SAP-97 (DLG1), PSD-93 (DLG2), and SAP-102 (DLG3)19. 
Together with the synapse-associated protein 90 (SAP90)/PSD-95-associated protein 
(SAPAP) and SRC homology 3 (SH3) and multiple ankyrin repeat domains protein 
(SHANK)20, these proteins form the major organizers of the PSD19. 

Ionotropic glutamate receptors
In the excitatory synapse, ionotropic glutamate receptors (iGluRs) are anchored at 
the postsynaptic membrane by direct or indirect interaction with PSD-95. � is type 
of glutamate receptor is the main mediator of excitatory neurotransmitter activity in 
the brain21,22. � e three major classes of iGluRs, named after speci� c compounds that 
work as receptor agonists, are the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
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acid receptor (AMPAR), kainate and N-methyl-d-aspartic acid (NMDA) receptors. All 
iGluRs consist of multiple subunits that form tetrameric transmembrane assemblies23.
� e AMPAR facilitates most of the fast excitatory signaling24,25 and consists of a 
combination of the subunits GluA1-423,26. � e subunits contain 4 main domains, 
the extracellular N-terminal amino terminal domain (ATD), the extracellular ligand 
binding domain (LBD), the transmembrane domain (TMD) and the C-terminal 
intracellular domain (CTD)23. � e CTD is involved in tra�  cking and synaptic targeting 
of the AMPAR, which is regulated by posttranslational modi� cations, including 
phosphorylation, ubiquitination and palmitoylation27,28. � e ATD and TMD play a 
role in oligomerization and assembly of the AMPAR29–32. Upon binding of glutamate, 
a conformational change in the LBD enables channel pore opening. � is active state 
which allows ion � ow through the receptor is unstable. Stability can be restored either 
by opening of the LBD and dissociation of glutamate, or by closing the ion channel 
in a desensitized state21,33. Hence, the LBD contributes to gating and desensitization 
of the receptor33–35. Although homomeric AMPAR receptors exist, AMPARs are 
mostly organized as heteromeric tetramers36. It is estimated that in the hippocampal 
CA1 pyramidal cells equivalent amounts of GluA1/GluA2 and GluA2/3  heteromers 
are present37, but that under basal conditions GluA2/3 is in a low-conductance state 
and GluA1/2 is responsible for the majority of synaptic transmission38. � e subunit 
composition can modulate both gating and tra�  cking of the AMPAR25,39,40. � e GluA2 
subunit contains a Q/R RNA editing site in the second transmembrane loop, and in the 
majority of receptors this site is edited to arginine41,42. � ese arginine-containing GluA2 
subunits have distinct biophysical properties, as they form AMPARs with non-rectifying 
I/V relationships, calcium-impermeability and low channel conductance43,44. 
 � e NMDAR consists of a heteromeric assembly of glycine binding (GluN1) 
and L-glutamate binding (GluN2) subunits and contains the domains ATD, TMD and 
CTD45. Activation of the receptor requires concurrent binding of glycine, L-glutamate 
and depolarization-induced relief of a magnesium ion block in the receptor channel 
pore46. Upon activation, the permeability of the NMDAR for calcium is much higher 
than for other iGluRs. � e ATD of NMDAR can bind various types of small molecules by 
which its activity is altered through allosteric modulation. Hence, the ATD contributes 
to gating properties, receptor assembly and tra�  cking31. � e CTD on the other hand, 
facilitate synaptic targeting and plasticity mediated by interactions with postsynaptic 
density proteins45,47.

Synap� c plas� city
Synaptic plasticity refers to experience-dependent changes in neuronal � ring that lead 
to lasting modi� cations in neuronal activity. In particular, synaptic plasticity is the 
stimulus-induced strengthening or weakening of synapses that is believed to underlie 
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these changes in neuronal activity. It is the putative mechanism by which the brain can 
store and retain information, and retrieve or adapt it when it receives new transient 
input. Synaptic plasticity occurs and can be studied at di� erent timescales and di� erent 
synapses. Here, classical short-term and long-term plasticity, primarily studied in 
hippocampal Scha� er collateral synapses in acute brain slices, will be introduced48. 

Short-term plasti city
Short-term plasticity is observed during repeated presynaptic stimulation and results 
in either depression or potentiation of the postsynaptic response, on a millisecond to 
min timescale49–51. � e function of short-term plasticity in mammals is not evident, and 
hence, current theories are based on computational studies52. Short-term plasticity has 
been proposed to optimize information transmission53 and is believed to play a role in 
adaptations to sensory stimuli and working memory48.

 One of the most studied forms of short-term plasticity, paired-pulse facilitation, 
is the facilitation of postsynaptic � ring after repetitive stimulation54–56. In general, 
presynaptic calcium signaling is a key player in this form of plasticity. After a � rst 
stimulation pulse, calcium enters the presynaptic terminal where it binds calcium 
sensors. � ese sensors in return modulate calcium channel activation upon a second 
stimulation and thus modulate neurotransmitter release57,58. In the mossy � ber-CA3 
synapses in speci� c, fast calcium bu� ering contributes to presynaptic facilitation55. 
Saturation of calcium bu� ering molecules such as calbindin leads after a � rst stimulation 
pulse to higher local concentration of calcium. After a second stimulation pulse, this 
paired-pulse yields facilitation. On the other hand, repetitive stimulation of synapses 
can induce synaptic depression via presynaptic mechanisms, as a result of inactivation of 
presynaptic calcium channels and reduced neurotransmitter release, which is regulated 
by calcium sensors57,59. 
 Besides presynaptic mechanisms, also postsynaptic mechanisms control short-
term synaptic plasticity by fast AMPAR tra�  cking and desensitization49,60. Even at 
the PSD, AMPARs are highly mobile, as demonstrated by AMPAR travel distance 
measurements, using universal points-accumulation-for-imaging-in-nanoscale-
topography (uPAINT)61. Synaptic receptor tra�  cking is fast enough to allow receptors 
to cross the PSD within a millisecond time-frame61. � is rapid di� usion of AMPARs is 
required for synapses to maintain high-frequency synaptic transmission and to prevent 
synaptic depression62. Interestingly, desensitized receptors are more mobile, which allows 
rapid replacement of a receptor upon glutamate binding with naive receptors to keep up 
postsynaptic � ring rates and prevent synaptic depression to occur63.

Long-term plasti city
Long-term potentiation – Bliss & Lomo (1973) demonstrated that repetitive stimulation 
of synapses induces a long-lasting increase in synaptic strength64. � is nowadays widely 
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studied process is called long-term potentiation (LTP) and is regarded as the cellular 
model of memory. LTP has been studied intensively in glutamatergic CA1 synapses, 
in which, after concurrent activation of pre- and post-synaptic neurons, the expression 
of synaptic AMPARs increases immediately and persistently (for review see 48,65,66). � e 
most widely studied form of plasticity is NMDAR-dependent LTP. Upon glutamate 
binding the AMPAR channel opens, leading to Na+ in� ux in the cell. � e NMDAR 
requires depolarization to allow removal of the voltage-dependent magnesium block 
and in� ux of both sodium and calcium. Hence, triggering of NMDA-dependent LTP 
requires activation of NMDARs by postsynaptic depolarization, leading to a rise in 
postsynaptic calcium concentration67. As a consequence, downstream signaling cascades 
trigger protein synthesis-independent and -dependent processes, ultimately leading to 
persistent enhanced AMPAR expression and thus enhanced synaptic strength68. � e 
initial manifestation of LTP (early-LTP), which is facilitated by modi� cation of pre-
existing proteins, e.g. phosphorylation, evolves on a min time-scale and lasts for 1-3 
h67. Late-LTP involves gene transcription and translation as well as protein breakdown 
to maintain changes in synaptic strength over hours and days68–70. � e mechanisms of 
synaptic potentiation underlying early-LTP will be discussed in the following paragraphs.

Kinase activity mediates initiation of early-LTP – Immediately after postsynaptic 
stimulation, increased calcium levels induce activation of kinases that are required for 
induction of LTP, notably, calcium/calmodulin dependent kinase II (CAMKII)71 and 
calcium/phospholipid-dependent protein kinase (PKC)72,73. Other kinases that play 
a role in LTP are protein kinase M zeta (PKMξ), protein kinase A (PKA), mitogen-
activated protein kinase (MAPK), extracellular signal-regulated kinases (ERKs), of 
which the latter two modulate gene transcription upon translocation to the nucleus67,74. 
� e fast activation of CaMKII is a synapse-speci� c process75, involving CaMKII 
translocation to the PSD, where it binds the CTD of NMDARs76,77. In the PSD, 
CaMKII phosphorylates the AMPAR at the Ser-831 residue of the C terminal tail of the 
GluA1 subunit78–80. � ereby the conductance of these channels increases immediately81 
leading to a potentiated synaptic response. � is early form of LTP is independent of 
protein synthesis and results in immediate potentiation of synaptic strength67 at the 
millisecond timescale. 

Synaptic recruitment and anchoring of AMPARs during early-LTP  – Besides the fast 
increase in AMPAR channel conductance, also the number of responsive synaptic 
receptors increases during LTP82. A three-step model for synaptic recruitment of 
AMPARs in LTP has been proposed, which involves the exocytosis of AMPARs, their 
lateral di� usion to the synaptic site, and di� usional trapping to accumulate synaptic 
AMPARs in nanodomains83.� e postsynaptic targeting and anchoring of iGluRs is 
mediated by the sca� olding MAGUK proteins via direct or indirect interaction with 
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the C-terminal tails of NMDARs and AMPARs65,84,85. Indirect interactions of PSD-
95 and PSD-93 with AMPARs strongly regulate their synaptic expression and hence 
these sca� olds are crucial for LTP86,87. � e PSD-95 knockout (KO) mouse displays an 
increase and the PSD-93 KO mouse a decrease in LTP88. � is di� erential e� ect of 
gene deletion is possibly the result of the variation in protein complexes or synapses in 
which these MAGUK proteins reside84. SAP-97 exists in di� erent splice forms, namely 
the palmitoylated αSAP-97 and the L27-domain-containing αSAP-97. SAP-97 is the 
only MAGUK protein that directly binds the C-terminal tail of the GluA1 subunit89. 
Both splice variants regulate AMPAR expression di� erentially, thereby regulating 
the distribution of pools of synaptic and extrasynaptic AMPARs and NMDARs that 
in� uence synaptic strength during LTP90. 
 Trapping and accumulation of the AMPAR in the PSD is dependent on 
phosphorylation of the AMPAR-associated protein TARP83,91, that is mediated by 
kinases such as PKC and CaMKII and reversed by the phosphatases PP1 and PP2B91. 
TARP phosphorylation promotes interaction of TARP with PSD-95 and causes 
synaptic receptor clustering92. In order to replenish these trapped receptors, exocytosis 
of receptor-containing vesicles is proposed as mechanism to provide a new extrasynaptic 
receptor pool93,94. � is model is supported by the � nding that during LTP the rate of 
exocytosis increases in stimulated spines and adjacent dendrites95. � e dendritic and 
postsynaptic exocytosis is regulated by proteins that contribute to vesicle tra�  cking 
machinery, similar to presynaptic vesicle release machinery, including the RAS–ERK 
pathway95, RAS and RAB96, SNARE proteins97 and myosin98. Following exocytosis, the 
new surface pool of receptors in turn di� uses to postsynaptic anchoring sites to maintain 
synaptic potentiation.

Plas� city in learning and memory 
Current knowledge on synaptic plasticity mechanisms is predominantly derived from 
acute slice physiology experiments, using well-characterized stimulation protocols to 
modify synaptic strength. � e question remains whether the principles of synaptic 
plasticity measured ex vivo translate to synaptic plasticity during memory storage in 
vivo. � erefore, in the following paragraph, I will discuss the experimental evidence 
for synaptic plasticity in learning and memory in the hippocampus and amygdala, two 
brain regions extensively studied for their role in fear memory. 
 � e � rst proof for LTP-type of changes in synaptic strength was found in the lateral 
amygdala in which association of a tone with a foot shock as unconditioned stimulus 
induced an increase in the slope and amplitude of evoked � eld potentials99. Blocking 
synaptic delivery of GluA1 receptors in this region reduced freezing levels as assessed 
the following day. � is study suggests that AMPAR incorporation in the postsynaptic 
membrane in the hours after training is necessary for storing information100 in a process 
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that is referred to as consolidation. An alternative explanation might be that blocking 
synaptic delivery of GluA1 during learning might be responsible for impaired memory 
formation and subsequent storage of memory. A similar process was found to exist in 
the hippocampus. Inhibitory avoidance learning, which is based on the association of a 
foot shock with a speci� c context, induces LTP-like phenomena including translocation 
of CaMKII to the PSD, increased AMPAR expression in the PSD, increased 
phosphorylation of GluA1 Ser-831, synaptic delivery of GluA1 and GluA2 and an 
increase in the fEPSP slope101,102. In addition, fear conditioning induces GluA1 Ser-831 
phosphorylation103 and recruitment of newly synthesized GluA1-containing AMPARs 
in activated spines in the CA1 region of the hippocampus104. Moreover,  hippocampus 
dependent fear memory is vulnerable for blocking synaptic GluA1 delivery when GluA1 
delivery is suppressed during and after inhibitory avoidance learning105. 
 
As � nal proof of principle for the causal link between memory encoding and long-
term synaptic plasticity, optic stimulation of lateral amygdala neurons was applied 
to engineer an associative memory. Rats were conditioned to associate a foot shock 
with optic stimulation of inputs from auditory nuclei106. In the amygdala, this type 
of stimulation induced an increased AMPAR/NMDAR ratio, mimicking a LTP type 
of process in synapses. By manipulation of synaptic activity via optic stimulation with 
an LTD protocol, synapses were weakened after recall of conditioned fear. � e LTD 
induction reduced the expression of fear memory when tested one day later. Subsequent 
potentiation of synapses with an optic LTP stimulation protocol restored the expression 
of the fear memory, con� rming causality between synaptic strength and memory recall.
In addition, researchers aimed to investigate endogenous AMPAR plasticity in the hours 
after retrieval of fear memory107,108. In mice subjected to fear conditioning, the strength 
of synapses in the amygdala changed by addition of GluA2-lacking, calcium permeable 
AMPARs, reaching a peak in synaptic transmission 24 h after training108. � e authors 
showed that retrieval of the fear memory at this time point induced removal of the 
calcium permeable receptors. Interestingly, this transient form of plasticity allowed the 
fear memory to be updated with new information. Extinction training during this phase 
of reduced synaptic strength induced a persistent attenuation of fear memory, measured 
as a loss in freezing behavior in a retrieval test. � e period after retrieval of a memory, 
during which the memory is prone for modi� cation and updating of information is called 
reconsolidation. In the hippocampus, the early phase of reconsolidation of contextual 
fear memories, 1-4 h post retrieval, is characterized by endocytosis of GluA2-containing 
receptors. Blocking the endocytosis of GluA2 containing receptors during this plasticity 
time-window enhances expression of fear memory in a subsequent memory test, measured 
as increased freezing behavior107. � ese experiments in the hippocampus and amygdala 
demonstrate the causal link between synaptic AMPAR plasticity and fear memory 
expression, albeit the di� erence in plasticity mechanisms and AMPAR subunits involved. 
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In conclusion, various studies have con� rmed that synaptic plasticity arises in brain 
regions responsible for memory encoding during memory consolidation. Moreover, 
disturbing AMPAR recruitment or endocytosis during consolidation and reconsolidation 
of conditioned fear, directly disturbs the expression of memory. Finally, arti� cial 
stimulation of speci� c synapses can create a memory, and modulation of synaptic 
strength regulates memory expression.

Glutamatergic signaling and structural plas� city 
Neuronal plasticity is not only characterized by an AMPAR-mediated change in synaptic 
strength, but also involves structural changes, referred to as structural plasticity. Both 
LTP and memory consolidation are supported by changes in spine morphology109. In 
addition, the interplay between glutamatergic signaling and morphological changes is 
evident during neuronal development, when the dendritic tree is formed110,111. In the 
following paragraph, I will discuss � rst the structural changes that occur during LTP 
and consolidation of memory. Second, I will continue to summarize the role of neuronal 
activity and AMPAR-mediated transmission in dendritic development.

Structural plasti city in LTP
Long-term changes in synaptic strength due to altered synaptic AMPAR expression are 
accompanied by morphological or structural changes112. � e strength of the synapse 
correlates with PSD size, spine head size, AMPAR expression and presynaptic bouton 
size113. Soon after experimental evidence con� rmed that synapses can undergo LTP, 
electron microscopy studies revealed that the increase in synaptic AMPARs was correlated 
with an increase in spine head size (reviewed in 114,115). Later, independent techniques 
including live imaging, glutamate uncaging and precise synaptic stimulation, together 
with electrophysiological recordings con� rmed that potentiated synapses increase in 
size116,117. � e use of live cell imaging visualized de novo formation of mature spines 
in acute cortical slices after stimulation118. Fear conditioning studies have shown that 
spine size and number are bi-directionally modulated after memory consolidation and 
extinction119–121. Interestingly, the positive correlation between spine size and stimulus-
induced increased synaptic AMPAR transmission has recently been con� rmed in the 
mouse barrel cortex by whisker stimulation and time-lapse imaging in vivo122. � is 
supports the concept that adjustment of spine number and size facilitates strengthening 
of speci� c synapses and maintenance of their strength for long-term information 
storage123. 
 � e molecular mechanisms of spine expansion and stabilization involve 
phosphorylation and activation of the kinases CaMKII and PKC, similar to LTP 
induction and maintenance124,125. � e structure and plasticity of the cytoskeleton of 
spines are regulated by di� erent F-actin actin pools, under control of CaMKII126. 
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CaMKII activation in turn, induces persistent activation of Rho-GTPases127, thereby 
mediating maintenance of long-lasting changes in spine morphology via regulation of 
actin binding proteins113. In addition, translocation of the mRNA of immediate early 
gene Arc via dendrites to active spines allows for local transcription necessary for spine 
remodeling128, required for maintenance of LTP. Arc is necessary for phosphorylation 
of actin binding proteins, such as co� lin, which stimulates actin assembly and F-actin 
growth129. In the rat hippocampus, infusion of antisense ODNs targeted against Arc 
during LTP, induces co� lin dephosphorylation and prevents F-actin stabilization130. 
� ereby inhibition of Arc expression in the rat hippocampus does not only disrupt LTP 
maintenance but also impairs spatial memory131. 

AMPA receptor signaling during development of the dendriti c tree
In addition to the experience-induced plasticity required for learning and memory, 
neurons also display a high degree of plasticity during morphological development. 
Neuronal development is guided by combined intrinsic and extrinsic signals, like 
transcription factors, the distribution of the Golgi apparatus and the expression of genes 
involved in the secretory pathway, growth factors, and contact-mediated signaling110,132,133. 
Moreover, neuronal activity has proven to play a major role in dendritic development111. 
Spontaneous activity during embryonic and early postnatal phases drives formation 
of neuronal circuits. Later in life, experience-dependent plasticity continues to shape 
growth and maintenance of the dendritic tree134–136. 
 � e synaptotrophic hypothesis states that growing dendritic processes move 
towards axonal processes where the probability to form synaptic contacts is high. 
� e subsequent formation of these synapses stabilizes the dendritic structure137,138. 
� e formation of a stable synapse is initiated by physical contact between an axonal 
growth cone and an expanding dendrite. Both guidance and targeting of the axonal 
growth cone and dendritic protrusion are extremely plastic processes, which depend 
on actin dynamics, and involve cell adhesion molecules139–143. Initially, the newly 
formed immature synapses are characterized by the presence of the NMDAR type of 
iGluRs. Subsequently, as synapses mature the AMPAR-mediated synaptic transmission 
increases138,144. 
 Two decades ago, a study in Xenopus laevis tadpoles demonstrated that dendritic 
growth and arborization during development can be blocked by pharmacological 
inhibition of NMDARs and AMPARs145, implying that glutamatergic signaling regulates 
dendritic development. Currently, there is more evidence for the crucial role of AMPAR 
signaling in neuronal morphology in rodents146,147. In rat hippocampal organotypic 
cultures, prolonged inhibition of AMPAR activity reduces the number of Scha� er 
collateral synapses148. Overexpression of GluA1 in motor neurons in vitro increases 
dendritic growth, whereas knockdown decreases dendritic growth149. Moreover, the 
GluA1 KO mouse displays a reduction in size and complexity of the dendritic tree during 
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postnatal development, an e� ect that is mediated by the C-terminal interaction with the 
sca� olding protein SAP-97149,150. In summary, these studies support the hypothesis that 
AMPAR-mediated signaling modulates neuronal outgrowth.

AMPA receptor auxiliary subunits
As discussed above, several molecular cascades control AMPAR function and tra�  cking 
to mediate plasticity processes. Recently, a group of AMPAR-interacting proteins151 has 
been identi� ed, that together with the AMPAR pore forming subunits form the receptor 
complex. � ese AMPAR-associated proteins are either secreted or transmembrane 
proteins. One distinct class of AMPAR-interacting proteins are the auxiliary subunits, 
known to directly bind the AMPAR to form a functional complex at the cell surface and 
to modulate biophysical properties of the receptor66,152,153, and/or to regulate receptor 
tra�  cking and expression in speci� c subcellular compartments154. 
 � e � rst characterized auxiliary subunit of a ligand gated ion channel was 
stargazin155, identi� ed in the epileptic Stargazer mice155. � is protein appeared to be 
crucial for AMPAR expression in granule cells in the cerebellum, as Stargazer mice lack 
AMPAR-mediated transmission in cerebellar granule cells156,157. Stargazin interacts with 
the AMPAR and PDZ containing proteins like PSD-95, thereby a� ecting di� usion of 
AMPARs157. In particular, the binding to the synaptic sca� olding proteins through the 
PDZ domain mediates synaptic localization and PSD clustering of the AMPAR92,156. 
Stargazin, or also named TARP γ-2, is a member of the transmembrane AMPA receptor 
regulatory proteins (TARP) family. TARP γ-2, -γ-3, -γ-4 and -γ-8 all belong to the type 
I TARP family and mediate AMPAR localization and function, although they have very 
distinct brain region and complex speci� c expression patterns158. TARP γ-5 and -γ-7 
form a separate class, type II TARPs, that respectively do not alter AMPAR properties or 
increase AMPAR surface expression159–161. � e type I TARPs are redundant, and loss of 
AMPAR expression in a TARP knockout mouse can be compensated for by expression 
of another family member162. More recently identi� ed and characterized AMPAR-
interacting proteins that regulate AMPAR synaptic targeting are cornichon homologs 
2 and 3 (CNIH2/3)163, SynDIG1164, CKAMP44 (Shisa9)165, germ cell-speci� c gene 
1-like protein (GSG1L) and Porcupine (PORCN)166. Deletion of CNIH2 or CNIH3 
in the hippocampus speci� cally a� ects surface expression of the GluA1 subunit, likely 
through interplay with TARP γ-8, that prevents interaction of CNIH2/3 with GluA2 or 
GluA3 subunits167. PORCN knockdown in cultured hippocampal neurons reduces both 
intracellular and surface expression of the receptor complexes. In accordance, AMPAR-
mediated transmission in a conditional PORCN  knockout mouse is diminished. In 
contrast with TARP, CNIH and PORCN, GSG1L negatively regulates AMPAR surface 
expression, as deletion or overexpression of the protein in the hippocampal CA1 
area, respectively increase and decrease AMPAR-mediated synaptic transmission168. 
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In addition to the central role of AMPAR auxiliary subunits in tra�  cking and synaptic 
targeting, also gating properties of the AMPAR are controlled by TARPs, CNIH2/3 and 
GSG1L (Fig. 1). To directly examine the e� ect of a single AMPAR-associated protein 
on kinetics of the receptor, AMPAR subunits have been co-expressed with the protein 
of interest in heterologous expression systems using HEK293T cells and oocytes. TARPs 
and CNIH2/3 slow deactivation and desensitization kinetics, and only TARPs a� ect 
rise times of GluA1 monomers expressed in HEK293T cells163,169. Slower deactivation 
and desensitization kinetics are con� rmed ex vivo (Fig. 1), using outside out patches in 
the dentate gyrus for TARP γ-8170 and in the CA1 for CNIH2/3167. Similarly, PORCN 
deletion ex vivo in CA1 pyramidal cells accelerates deactivation kinetics166. � is change 
in AMPAR kinetics is suggested to be an indirect e� ect, as synaptic GluA2/3 and TARP 
γ-8 expression is reduced as a result of PORCN deletion166. Like TARPs and CNIH2/3, 
GSG1L slows deactivation and desensitization when expressed in HEK293T cells and 
oocytes151,171. On the other hand, GSG1L fastens deactivation in the CA1 region of 
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Figure 1. Auxiliary subunits modulate AMPAR kine� cs. Eff ect of Shisa9/CKAMP44165,170, GSG1L151,168,176, TARP 
γ-8169,170,172 and CNIH2/3151,167 on the speed of deac� va� on, desensi� za� on and recovery of desensi� za� on  
(slower, no eff ect, or faster) in heterologous expression systems (HEK293 cells/oocytes) or in neuronal 
context in acute slices (indicated as ‘neurons’). TARP γ-8 and CNIH2/3 enhance the deac� va� on � me, Shisa9 
enhances the deac� va� on, but reduces the desensi� za� on � me. Recovery from desensi� za� on is not 
aff ected by CNIH2/3, slowed by Shisa9 and sped up by TARP γ-8. GSG1L slows deac� va� on, desensi� za� on 
and recovery from desensi� za� on in heterologous cells, but fastens kine� cs in a neuronal context. This 
modulatory eff ect ex vivo is likely due to interac� on with CNIH2/3.
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the hippocampus, an e� ect that is occluded by knockdown of CNIH2, suggesting that 
GSG1L modulates the e� ect of CNIH2/3 on AMPAR gating168.
 � e auxiliary subunits TARP γ-8, CNIH2/3 and GSGL are not only responsible 
for surface delivery and AMPAR synaptic transmission under basal conditions, but also 
contribute to LTP167,168,172, as TARP γ-8 and CNIH2/3 deletion reduce LTP, whereas 
the GSG1L KO shows enhanced LTP. Although under basal conditions the C-terminal 
PDZ binding domain of TARP γ-8 is required for AMPAR synaptic transmission, this 
PDZ domain is not responsible for TARP γ-8-mediated regulation of LTP173. AMPAR 
immobilization during potentiation of the synapse is mediated by phosphorylation of 
the AMPAR by TARP, thereby facilitating binding of PSD-95174,175. 

The Shisa family 
� e Shisa family of proteins forms a distinct group of single pass-transmembrane proteins 
that can interact with and modulate the AMPAR function. � ese proteins all share 
an N-terminal cysteine rich motif, a single transmembrane domain and a proline-rich 
C-terminal region177. � e proteins Shisa6–9 belong to subfamily I of the Shisa family178, 
share more similarities than other members of the Shisa family, and contain a C-terminal 
PDZ binding domain. Shisa9/CKAMP44, the � rst family member that was described as 
AMPAR auxiliary protein, modulates AMPAR expression, gating behavior, and short-
term plasticity165. Later, a proteomics screening identi� ed Shisa6 as constituent of native 
AMPAR complexes151, and more recently, Shisa8 has been con� rmed to interact with 
the AMPAR in heterologous expression systems179. Functional analysis of the e� ect of 
Shisa6–9 on AMPAR gating in heterologous expression systems indicated that Shisa6/
CKAMP52 and Shisa8/CKAMP39165,170,179 increase the deactivation time constant 
and decrease the desensitization time constant (Fig. 1). Shisa9 also slows deactivation, 
but speeds up desensitization. � e recovery from desensitization is slowed by all four 
members of the Shisa family, but conversely, the steady state current is enhanced by 
presence of Shisa6 and decreased by Shisa8 and Shisa9. Surprisingly, Shisa7 does not 
a� ect channel gating, stressing that despite the similarity in homology, the Shisa family 
members display a unique AMPAR modulating biophysical pro� le. 
 To investigate whether data derived from expression in HEK293 cells or 
oocytes re� ect in vivo modulation of AMPAR function, the e� ect of Shisa9 deletion or 
overexpression on miniature excitatory postsynaptic currents (mEPSC) was monitored 
in the dentate gyrus. Shisa9 increases the deactivation time constant and reduces the 
desensitization time constant, similar to the e� ect on AMPAR kinetics measured 
in oocytes. Furthermore, AMPAR expression, measured as AMPAR amplitude, is 
positively regulated by Shisa9. Interestingly, Shisa9 modulates short-term plasticity by 
increasing the paired-pulse ratio (PPR) at perforant path synapses165. Karataeva et al.180 
demonstrated that C-terminal sca� olding interactions of Shisa9 through the PDZ domain 
are responsible for modulation of AMPAR-gating properties and short-term plasticity. 
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It remains unknown whether other members of the Shisa family contribute to AMPAR 
gating and plasticity in vivo. As the Shisa proteins display unique properties with respect 
to control of biophysical properties of the AMPAR, and their expression pattern in 
the brain varies greatly, it is likely that each protein shows a distinct pro� le of AMPAR 
modulation in a neuronal context.

Thesis outline
� e primary aim of this thesis is to determine how Shisa6 and -7 modulate AMPAR 
function, synapse structure and behavioral output, and to compare the contribution of 
these proteins to the expanding group of AMPAR interactors identi� ed in recent years. 
� e experimental chapters of this thesis provide a characterization of the function of 
Shisa6 and -7 at the molecular, physiological and behavioral level, studied with use of 
novel KO mouse lines with a full deletion of Shisa6 and/or -7. 
 In the second chapter, the characteristics of Shisa6 are explored by combining 
interaction and physiology data based on co-expression of Shisa6 and the AMPAR in 
HEK293 cells with functional analysis ex vivo. � is study demonstrated that Shisa6 is a 
PSD-enriched auxiliary subunit of the AMPAR that is part of native AMPAR complexes 
and a� ects receptor mobility. Combined HEK293 cell and ex vivo acute slice physiology 
experiments revealed that Shisa6 slows AMPAR kinetics and decreases desensitization. 
Hence, in the presence of Shisa6 AMPARs maintain � ring levels upon high frequent 
stimulation. 
 Similarly, in chapter 3 the aim was to investigate the role of Shisa7 on AMPAR 
function. � e interaction of Shisa7 with the AMPAR in native hippocampal complexes 
was con� rmed with co-immunoprecipitation. Furthermore, a subtle role for Shisa7 on 
AMPAR gating was observed with physiology experiments in HEK293 cells and acute 
hippocampal brain slices. Stimulus-induced e� ects were more prominent, as Shisa7 KO 
mice have reduced LTP and fear memory.
 In chapter 4, I elaborate on the functional implication of Shisa6 and -7 at the 
behavioral level. Using a behavioral screening battery, cognitive phenotypes of the 
Shisa6, -7 KO and -6/7 double KO (dKO) mice were identi� ed. � e focus of this study 
was on learning and memory tests, as these depend on experience-induced AMPAR-
mediated plasticity. Hence, hippocampus-dependent contextual and spatial memory 
tests were included, as well as tests with a speci� c temporal pro� le. I observed distinct 
learning and memory de� cits for the Shisa6 and -7 KO mice. 
 To explore whether neuronal development and morphology is a� ected in the 
Shisa6 and -7 KO mice, in chapter 5, I continued with a morphological study. First, 
outgrowth of the dendritic tree and synapse formation in hippocampal dissociated 
primary cultures was monitored in vitro, with use of an automated screening and software 
analysis technique. Second, neuronal morphology of hippocampal CA1 pyramidal cells 
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was visualized with biocytin labeling. � e hippocampal culture data revealed an opposite 
e� ect of Shisa6 and -7 on dendrite outgrowth and branching. I conclude to discuss the 
di� erent observations for Shisa6 and -7, and the discrepancy between results obtained 
from in vitro and in vivo experiments.
 In chapter 6, I used a proteomics approach to explore changes in the synaptic 
proteome induced by deletion of Shisa6, -7 and -6/7. � e FASP/SWATH method was 
used on hippocampal synaptosome fractions to generate quantitative measurements of a 
large set of synaptic proteins in individual mouse hippocampi. Immunoblot validation 
illustrated that we could con� dently measure protein regulation in the Shisa KO mice 
using this novel method. � e reproducibility of this type of experiment is discussed in 
terms of biological and technical variation due to sample preparation.
 In chapter 7, the collection of studies at the molecular, physiological and 
behavioral level are discussed to provide a general comparison between the function of 
Shisa6 and -7. Second, the unique role of Shisa proteins in AMPAR gating and synaptic 
plasticity were evaluated in the broader view of previously identi� ed auxiliary subunits 
and the AMPAR complex.


