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 5		
DISCUSSION	

 
General discussion  
 
The brain is a highly complex organ built up by a vast variety of molecular and cellular 
elements that together provide the machinery for its function. The key structures where 
plasticity takes place are the synapses. Neurotransmitters released into the synaptic cleft 
will bind to their corresponding receptors at the postsynaptic site. This is a highly 
dynamic process that can be altered during development and experience and is 
considered the basis for learning and memory. The work of this thesis is focused on fast 
synaptic transmission, both excitatory and inhibitory. More specifically, this work has 
focused on the regulation of synaptic transmission and plasticity by particular receptor 
subunits and auxiliary proteins that are involved in the fine-tuning of synaptic functions.  
 
The role of AMPARs and GABAARs in fast synaptic transmission and plasticity has 
been extensively studied over the last decades (for reviews see [1-6] ). Recent findings 
revealed the importance of the subunit composition of each receptor as it was found that 
specific properties of these ionotropic receptors could only be achieved if particular 
subunits were present in the architecture of the receptor, i.e.: the sensitivity to 
benzodiazepines of GABAARs can only be achieved if alpha subunits are present [7-
10]. Similar functional dependence on subunit composition occurs for the AMPA, 
namely, AMPARs lacking the GluA2 subunit are permeable to calcium, whereas those 
containing GluA2 allow only sodium to enter the cell [11-13]. Moreover, in recent 
years, an important discovery came out: AMPARs are not sitting by themselves in the 
membranes but rather tightly accompanied by a complex protein network. These newly 
discovered proteins were named accordingly as AMPAR auxiliary proteins and 
classified into the following families: transmembrane AMPAR regulatory proteins 
(TARPs), cornichons (CNIHs) and cysteine-knot AMPAR auxiliary proteins 
(CKAMPs), the latter also known as Shisa proteins [14-16]. The first AMPAR auxiliary 
protein discovered was stargazin (γ2) by Letts et. al. in 1998 [14]. Since then, it has 
been found that these auxiliary proteins modulate the kinetics, the surface expression 
and the synaptic properties of AMPARs [17-20].  
 
In this thesis, we took the challenge of investigating the involvement of individual 
receptor subunits that are involved in fast neurotransmission on hippocampal brain 
oscillations and synaptic plasticity: the α1 and α2 GABAergic subunits, as well as the 
roles of the newly discovered Shisa7 and Shisa9 AMPAR auxiliary proteins. 
 
Differential modulation of fast inhibitory synaptic transmission by alpha GABAAR 
subunits 
 
GABAARs mediate fast inhibitory transmission and are essential for setting network 
activity at specific frequencies. GABAARs are built up from a combination of five 
subunits among the following: α1-6, β1-3, γ1-3 and δ [8]. In this thesis work, we 
investigated which GABAARs subunit controls hippocampal fast network oscillations. 
We used different genetic and pharmacological strategies to manipulate the 
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functionality of GABAARs containing either the α1 or the α2 subunits. The kinetics of 
GABAARs has a direct impact on network activity. The synchronization of activity in 
the hippocampal neuronal network depends on the decay time of inhibitory inputs [21], 
and GABAARs containing α1 or α2 subunits have different decay kinetics. We therefore 
first studied hippocampal fast network oscillations in α1 or α2 subunit knock out 
animals. In mice lacking the α2 subunit, carbachol-induced fast network oscillations in 
the hippocampus were strongly reduced, whereas in mice lacking α1 subunits they were 
hardly affected. Next, we used positive allosteric modulation that lengthens the decay 
time of inhibitory post-synaptic currents (IPSCs) to modulate GABAARs’ kinetics, 
while at the same time using genetic tools to render either the α1 or the α2 subunit 
insensitive to allosteric modulation. We found that allosteric modulation of α1 subunit 
containing GABAARs hardly affected oscillations, while allosteric modulation α2 
subunit containing GABAARs strongly affected oscillations. Using paired recordings 
between interneurons and pyramidal cells that receive inputs from GABAergic 
interneurons, we were able to show that the GABAergic inputs to CA3 pyramidal 
neurons are dominated by α2 subunit containing GABAARs. Allosteric modulation of 
these α2-containing GABAARs in CA3 sets the frequency of hippocampal oscillations 
in both CA3 and CA1. 
 
For a neuronal network to generate synchronized activity and therefore show oscillatory 
activity, inhibitory interneurons are of critical importance [22-27]. Excitation and 
inhibition have to be present in a particular ratio or balance in order to produce 
synchrony. Several interneuron types have been shown to fire phase-locked with 
gamma oscillations in vivo and in vitro [24, 28, 29]. In particular, those interneurons 
targeting the perisomatic area of pyramidal neurons have been shown to play a key role 
in producing fast hippocampal oscillations: the fast spiking basket cells and the axo-
axonic cells [26, 30]. We therefore took a step further and investigated which type of 
interneuron-to-pyramidal synapse was responsible for the zolpidem modulation 
observed. We performed double patch-clamp experiments from perisomatic targeting 
interneurons onto pyramidal cells and found that unlike in CA1 pyramidal neurons 
where this inhibitory synapse contains α1 subunit containing GABAARs, that in CA3 
pyramidal neurons the α2 subunit is present at such synapses. These α2 subunit 
containing synapses in CA3 control the frequency of carbachol-induced fast network 
oscillations and were responsible for the network modulatory effect of zolpidem 
observed.  
 
One could argue that there are other GABAergic subunits that might have similar 
effects. It is known that α3, α4 and α5 are also expressed in the hippocampus [31, 32]. 
We can discard α4 and α5 subunits as they are not expressed in perisomatic synapses [5, 
32, 33]. Furthermore, we can discard the α4-containing GABAARs as they are 
insensitive to allosteric modulation by zolpidem [34]. Finally, the α3 subunit is 
expressed at low abundance in hippocampal pyramidal neurons [31, 32]. As this subunit 
is expressed on perisomatic synapses in the hippocampus [5, 35] it is possible that the 
small remaining decrease in frequency by zolpidem application could be accounted by 
α3-expressing receptors. Nevertheless, the effects of zolpidem were drastically reduced 
in mice with the α2-H101R mutation, indicating that the effect on oscillations was 
dominated by the α2 containing GABAARs. 
 
Benzodiazepine treatments are widely used in medicine nowadays. It is therefore of 
extreme importance that we understand the mechanisms of action of such drugs. We 
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have contributed to extend the knowledge of the mechanisms of action of 
benzodiazepines by showing that those GABAARs that contain the α2 subunit are 
modulated by zolpidem. This modulation has effects at the synaptic level, i.e. inhibitory 
postsynaptic transmission (IPSCs), which is reflected also at network level, i.e. 
hippocampal network oscillations. Allosteric modulators of the GABAARs, and in 
particular Zolpidem, have clear effects on brain function and cognition [36, 37]. It 
remains to be tested how modulation of α2 subunit containing GABAARs on 
hippocampal CA3 pyramidal neurons specifically affect brain function and cognitive 
performance. With this work, we have contributed with revealing the role of two 
specific brain puzzle pieces; the α1 and α2 GABAergic subunits in the hippocampus.   
 
Differential modulation of fast excitatory synaptic transmission by AMPAR 
auxiliary proteins 
 
We have seen that the specific subunit composition of the ionotropic GABAARs is 
crucial for their functioning. The same holds true for the excitatory ionotropic 
glutamatergic AMPAR. There are several AMPAR isoforms based on different subunit 
compositions GluA1-4 [38]. Different properties have been found depending on their 
subunit composition. As mentioned previously, those AMPARs lacking GluA2 let 
calcium cations pass inwardly while those with GluA2 are calcium impermeable. 
Another example of subunit specific receptor functioning is that those AMPARs 
containing the GluA1 are essential in long term plasticity [39, 40].   
 
In this thesis, we found out that the functioning of AMPARs not only depends on their 
pore-forming subunit composition, but on the existence of the newly discovered family 
of Shisa proteins [15, 41-43]. In particular, we focused our efforts on discerning how 
Shisa7 and Shisa9 influence the functional properties of AMPARs and how such 
modulation translates into hippocampal network properties and hippocampus-dependent 
behavior.  
 
The AMPAR auxiliary protein Shisa9 modulates synaptic and network activity 
 
We particularly studied the protein-to-protein interactions between the AMPARs, the 
AMPAR auxiliary proteins and the post-synaptic density (PSD) proteins. We found that 
the AMPAR auxiliary proteins provide a link between the AMPARs and the PSD 
structure. We specifically found that the Shisa9 C-terminal domain interacts with five 
postsynaptic proteins: PSD95, PSD93, PICK1, GRIP1 and Lin7b. The PDZ domain of 
Shisa9 mediates these interactions, since a binding-site mimicking peptide altered 
glutamatergic synapse function, whereas a similar peptide without the binding site did 
not. Interestingly, we found that the modulation mediated by the interaction of Shisa9 
via its PDZ domain is capable of affecting the kinetics of the AMPAR-mediated 
postsynaptic currents, as well as the degree of short-term plasticity of glutamatergic 
synapses on dentate gyrus granule cells, and even the synchrony of the field potential 
oscillatory activity in the hippocampal network. We therefore conclude that Shisa9, and 
in particular its interactions of the C-terminal domain with other proteins, is an 
important modulator of the most important features of the AMPAR function. Shisa9 
should then be added to the key elements that regulate AMPAR kinetics, glutamate 
plasticity and emergent properties of hippocampal networks.  
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Several questions arise from our results; first of all, knowing that brain oscillations are 
the result of a tight control of interneurons over the excitatory response of pyramidal 
neurons, we immediately wondered: is Shisa9 expressed also in interneurons? So far, to 
the best of our knowledge, no reports exist on a cell-type-specific expression of Shisa9 
within the dentate gyrus. Another evident question would be if other Shisa family 
members behave similarly, since they are quite similar in their protein structure [41]. 
Therefore, we moved on to study the Shisa7 protein, which is widely expressed 
throughout the brain: in the cortex, hippocampus, striatum and olfactory bulb ([41], 
Allen Brain Atlas).  
 
The AMPAR auxiliary protein Shisa7 modulates synaptic properties  
 
Using the Shisa7 full knock-out mouse line generated in our research institute, we 
evaluated the molecular, electrophysiological and behavioral properties of animals 
lacking Shisa7 protein. We first proved that Shisa7 is indeed a ligand-gated ion channel 
auxiliary protein, particularly AMPAR auxiliary protein, as it fulfills the requirements 
set by S. Tomita [44]; (1) Shisa7 is a non-pore-forming protein and it therefore does not 
have ion-channel conductance, (2) Shisa7 has a direct and stable interaction with a pore-
forming subunit of the ion channel, i.e. Shisa7 directly interacts with AMPARs, proven 
by the molecular interaction with GluA1-3, (3) Shisa7 modulates channel properties in 
both heterologous cells and neurons. Shisa7 modulation of AMPARs was shown in the 
following ways: we tested the AMPAR-mediated currents either evoked by rapid 
glutamate application on HEK cells expressing GluA subunits and by spontaneous or 
extracellular stimulated responses (miniEPSCs and evoked-EPSCs, respectively). We 
found that lack of Shisa7 results in faster AMPAR kinetics, specifically on faster decay 
times on neurons. We did not find these kinetic effects on HEK cells expressing GluAs 
and Shisa7, but we did find that Shisa7 affected the recovery from desensitization. The 
lack of kinetic modulation of AMPARs expressed in heterologous cells could be due to 
difficulties in expressing Shisa7 in those cells, as experienced by us and by others [41]. 
Using the full Shisa7 KO  mice, we tested whether lack of Shisa7 could affect synaptic 
properties. We found that Shisa7 does not alter short-term plasticity but it does play an 
important role in maintaining long-term plasticity, i.e. LTP, in adult hippocampal brain 
slices. The lack of effect on presynaptic properties indicates that Shisa7 is located only 
at postsynaptic sites, where it modulates AMPAR synaptic properties. It is well 
established that hippocampal functioning and plasticity is related to memory formation 
and consolidation.  In line with these electrophysiological findings, we also found 
impaired long-term contextual fear memory formation in mice lacking the Shisa7 
protein. Finally, as the last requirement from Tomita’s criteria, Shisa7 is necessary for 
in vivo native AMPAR functioning, as shown in the Shisa7 knock out mice. It remains 
to be proven if Shisa7 modulates trafficking of AMPARs.  
 
Taking together, our findings showed that Shisa7 is indeed an AMPAR auxiliary protein 
that modulates AMPAR functioning and therefore that has to be taken into account 
when studying glutamate-mediated brain functions such as plasticity and memory. 
 
The AMPAR auxiliary protein Shisa7 is involved in long-term synaptic 
potentiation and memory formation  
 
Since mice lacking the GluA1 subunit have impaired LTP [39, 40], we could argue that 
the effect of impaired LTP that we found in Shisa7 KO  mice may be due to the lack of 
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interaction of Shisa7 with GluA1-containing AMPARs in the hippocampus. We have 
shown that Shisa7 interacts with GluA1, GluA2 and GluA3 and it is known that 
AMPARs are inserted into the synapses during synaptic potentiation, therefore we can 
hypothesize that the impaired long term plasticity observed in the Shisa7 KO  mice 
could be due to the lack of interaction and stabilization of the GluA1-containing 
AMPARs at hippocampal synapses. Since the hippocampus mainly contains GluA1-2 
and GluA2-3 AMPAR subtypes, the remaining LTP observed could be explain by the 
remaining pool of GluA2-3. We cannot rule out that the remaining LTP observed in the 
absence of Shisa7 in the hippocampal neurons is due to competition in affinities with 
other AMPAR auxiliary proteins such as TARPs, cornichons or other shisa protein 
family members.  
 
Another possible explanation of the impaired LTP observed in the absence of Shisa7 
protein could be related to the observed quickening of the AMPAR kinetics. The shorter 
rise and decay times of the AMPARs’ postsynaptic currents lead to an overall smaller 
charge, which in turn would lead to a smaller postsynaptic depolarization, which in turn 
will result in a smaller NMDARs activation and as a result a smaller level of long-term 
potentiation. Due to the fact AMPARs are still functioning in the absence of Shisa7 
protein and that only the synaptic current kinetics are altered (and not the amplitude nor 
the frequency of the EPSCs), we expected to find a certain level of LTP even in the 
absence of this AMPAR auxiliary protein Shisa7.  
 
The hippocampus is well known for its role in memory formation. We further 
investigated if the observed decreased level of LTP found at cellular level in the 
hippocampus would have consequences for higher cognitive hippocampal roles such as 
memory formation. We tested whether fear memory formation was altered in Shisa7 
KO  mice using a fear conditioning paradigm. We found that they were not as good as 
the WT mice in remembering the environment in which they received a foot shock, 
either 2 hours or 24 hours after the foot shock. These findings imply that Shisa7 is a 
protein required for memory formation, proven at the cellular level and also at the 
behavioural level.  
 
AMPAR auxiliary proteins Shisa7 and Shisa9 tune synaptic functioning of 
AMPARs  
 
Overall, we conclude that AMPAR auxiliary proteins are required to maintain healthy 
WT levels of long-term plasticity. Shisa7 protein should then be added to the list of 
molecules that are involved in the complex process of sustained plasticity, such as the 
kinases CaMK, PKA and the post-synaptic density proteins PSD95/93. In particular, 
others have shown that PSD95 occludes hippocampal LTP and enhances LTD [45]. 
Interestingly, we have found that another Shisa member, Shisa9, interacts with several 
post-synaptic density proteins, and in particular with PSD93 and PSD95. We therefore 
hypothesize that in a brain network lacking Shisa9, the interaction between AMPARs 
and PSD95 would be either absent or at least reduced, and therefore, the molecular 
mechanisms necessary to maintain a long lasting degree of plasticity, i.e. LTP, would be 
impaired. The result would be a network not capable of maintaining optimal levels of 
long term potentiation due to the lack of Shisa9 protein. We did not test long term 
plasticity ourselves on Shisa9, but Von Engelhardt et al. (2010) did and found that the 
lack of Shisa9 in entorhinal cortex - dentate gyrus synapses had no effect on LTP, but 
that another AMPAR auxiliary protein, TARP γ8 did impair LTP levels [46]. Moreover, 
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they found that CKAMP44 and TARP γ-8 can be contained in the same AMPAR 
complexes and that these two auxiliary proteins do not share the same AMPAR-binding 
site. Therefore, the initially unexpected lack of effect on LTP of the Shisa9-KO mice 
could be explained by taking in consideration that the AMPAR complexes are not 
constant [42, 47], which makes the molecular control of glutamatergic synapses 
certainly very complex.  
 
There are many more well-known molecular mechanisms involved in the process of 
synaptic plasticity, and in particular for the case of LTP induction, several factors have 
not been mentioned yet. To highlight a few, it is well known that calcium-dependent 
kinases, such as CaMKII, are essential for LTP processes [48-53], because the 
phosphorylation state of AMPARs is a key factor in long term plasticity [39, 40, 54-58]. 
So far, we do not know if there is a differential interaction of the Shisas or other 
AMPAR auxiliary proteins that depends on the state of phosphorylation by for example 
CaMKII, or if the auxiliary proteins have different phosphorylation states themselves.  
 
It is well established that LTP induction requires a rise in postsynaptic Ca2+ via 
activation of NMDARs when the magnesium block is released by depolarization 
induced by AMPARs [59-61]. We expect our results to be independent of NMDARs, 
since we didn’t find an interaction between Shisa7 and NMDARs in native complexes. 
A pilot experiment showed no difference in NMDAR-mediated short-term plasticity in 
Shisa7 KO  mice. We could therefore infer that Shisa7 is not involved in NMDAR 
kinetics or NMDAR plasticity.  It is not known whether there are similar auxiliary 
proteins for the non-AMPAR glutamatergic ionotropic receptors; NMDARs and kainate 
receptors.  
 
The Shisa family expression and functions, why so many members? Overlapping 
functions versus differentiation 
 
The different Shisa family members are expressed throughout the brain in several 
regions. Each Shisa has a different overall brain map, but there are common areas 
between the Shisa family members. This regional distribution of AMPAR auxiliary 
proteins leads us to wonder about the consequences of overlapping expression and 
differential roles. Specifically, there is an overlap in expression of three Shisa members 
in the hippocampus: Shisa6 and Shisa9 are coexpressed in the Dentate Gryrus, and 
Shisa6 and Shisa7 are coexpressed throughout the cornus ammonis (CA) areas. On the 
contrary, there are brain regions that only express one type of Shisa protein, which is the 
case of the cerebellum where only Shisa6 is expressed ([43] & Allen brain atlas). We 
also wondered about the overlapping versus differential functional roles of the different 
Shisa family members and other AMPAR auxiliary proteins. We focused our efforts on 
discerning the functional properties of two Shisa members expressed in the 
hippocampus. We showed that Shisa7 modulates the kinetics of AMPARs in 
hippocampal pyramidal CA1 cells in the same fashion as found for Shisa6 [43]. 
Similarly, Shisa9 protein which is expressed in the dentate gyrus area of the 
hippocampus, showed similar auxiliary effects on AMPAR kinetics by overexpression 
assays as well as by knowing it out [15, 46].  Overall, all the individual Shisa KO 
studies (Shisas 6,7 and 9) resulted in AMPAR-mediated EPSC with faster decay times 
[15, 43, 46, 62]. We could then conclude that the studied Shisa members have the same 
role in modulating AMPAR kinetics in the hippocampus.  
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We further hypothesize that the putative role for having several proteins of the same 
family co-expressed in the same brain region could be due to ensure the proper timing 
of the AMPAR kinetics. Therefore, in the possible case of malfunctioning of one 
member of an AMPAR auxiliary protein in tuning the AMPAR kinetics, the other 
existing auxiliary proteins would then ensure the correct kinetics, maybe not of that 
specific AMPAR that is bound to the malfunctioning Shisa, but of the rest of AMPARs 
which are bound to their corresponding Shisas and/or other AMPAR auxiliary proteins. 
We believe that due to the importance of AMPARs for synaptic transmission and 
plasticity, and therefore for brain functioning, the redundancy and overlap in functions 
among all different AMPAR auxiliary proteins is there to ensure the proper functioning 
of the AMPARs. Redundancy could be seen as energetically unfavorable in nature but 
on the other hand, it is a safety mechanism that nature has created to ensure proper 
functioning. 
 

 
 
Table 1: Compilation of the known properties of the AMPAR auxiliary subunits Shisa6, Shisa7, 
Shisa9 and TARP-γ8. Table legend:  
* Taken from Klaassen et al. 2016 [43] & Farrow et al. 2015 [41] 
♦ Taken from current Shisa7 work (unpublished) & Farrow et al. 2015 [41] 
◊ Taken from Karataeva et al. 2014 [62] , Khodosevich et al 2014 [46] & von Engelhart et al.2010 [15] 
□ Taken from Khodosevich et al. 2014 [46] 
N.A.: Not available.  
 
Table 1 provides an overview of several AMPAR auxiliary proteins and their functional 
properties. It is noticeable that some Shisa proteins overlap in their regional expression 
and in their electrophysiological effects on AMPAR-mediated functions. Such is the 
case of the overlap observed in the modulation of the AMPAR-EPSCs’ kinetics by the 
three Shisa members: Shisa6, Shisa7 and Shisa9. On the other hand, not all Shisa 
members have exactly the same functional properties. Shisas have shown to have 
differential roles, as it was observed for the synaptic plasticity characterization. The 
short-term plasticity experiments performed on knock-out mice lines of Shisa6-7-9 
showed that, while no change was observed on the Shisa7 KO paired-pulse ratio 
quantification, an increase PPR was reported for Shisa9-KO as opposed to the decrease 
observed at the Shisa6-KO. The Shisa proteins seem to have different roles when it 
comes to long-term plasticity too. In the case of the reported LTP, Shisa9 doesn’t seem 
to play a role, while Shisa7 is needed in order to maintain normal levels of potentiation, 
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and the Shisa6-KO displays an increased LTP ratio. We then venture to say that all 3 
Shisa members are required in the hippocampus to tune short- and long-term plasticity 
in a differential manner.      
 
Overall, it can be extracted from this overview table that all the AMPAR auxiliary 
proteins share common functional features and geographically overlap in some brain 
areas while, at the same time, they perform some specific AMPAR-related functions in 
a differential manner. These opposing effect account for a differential modulation of 
synaptic plasticity and reflect the need for nature to create these different proteins in 
order to finely control the functional properties of AMPARs. 
 
We should not discard the possibility that some AMPARs are bound not only to one 
AMPAR auxiliary protein. It might be the case that a single AMPAR is bound to 
several auxiliary proteins, either from the same family or from different families. For 
example, a single AMPAR could be bound to a Shisa while being also bound to a 
TARP. There are hints that TARP γ8 competes with the cornichons-1 [63]. Such 
differential binding distribution could be mediated by the subunit composition of the 
AMPARs and/or by the specificity of the binding sites from the different AMPAR 
auxiliary proteins. The specific stoichiometry, localization and distribution of the 
multitude of possible combinations of AMPAR protein complexes remain to be 
determined. Although, so far some insights already showed that coexpression of certain 
TARPs are required. To name another example, TARP γ8 and Shisa9 (CKAMP44) are 
coexpressed in Dentate Gyrus cells [46]. These two AMPAR auxiliary proteins overlap 
in certain functions such as the deactivation times of AMPAR-mediated EPSC and the 
expression of AMPARs at the surface, but they have opposite effects on parameters 
such as desensitization times and short-term plasticity parameters such as paired-pulse 
ratio.  
 
Recent work from Schwenk et al. [47] has deepened our knowledge on the diversity of 
AMPAR auxiliary proteins in regional brain areas and their developmental dynamics. 
They showed highest abundance of TARPγ8 and cornichon-2 at the hippocampus, 
followed by Shisa6 (CKAMP52), and then followed by Shisa9 (CKAMP44) and the 
TARPs γ2, 3, 4 and 7. The relative abundance of Shisa7 remains to be reported. 
Moreover, TARP γ8 and cornichon-2 are thought to be part of the same AMPAR 
complex. The different AMPAR subunits have a distinct dynamical profile over 
development and their auxiliary subunits seem to adapt to such developmental changes 
by following similar molecular abundance profiles. For example, Shisa9 and GluA2 
showed an increased molecular abundance at postnatal days 7 and 14 with respect to P0 
and adulthood (>P28), suggesting that Shisa9 will preferably bind AMPARs containing 
GluA2.  
 
Overall, AMPARs functioning has been shown to be finely tuned system by several 
auxiliary proteins such as TARPs [64-66], cornichons [16, 67, 68], Shisa6 [41, 43], 
Shisa7 and by Shisas9, as reported in this thesis and by recent work [15, 41, 62]. 
Overall, the final goal of nature is to ensure a highly fined tuned complex system in 
which the many puzzle pieces come together to make it function in a reliable manner. It 
seems that nature has found its way by creating these complex networks of proteins to 
modulate fast excitatory transmission.  
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Proposed future experiments 
 
The presented work has clarified several aspects of the role of the GABAergic subunits 
and the AMPAR axuliary proteins. Is often the case in scientific research: findings 
trigger more scientific questions. Here I will present some suggestions for future 
research lines. From the results obtained on hippocampal network oscillations when 
interfering with a Shisa9 peptide, we wondered about the possible existence of Shisa9 
or any other AMPAR auxiliary protein at the inhibitory interneurons. We showed that 
interfering with Shisa9 protein-to-protein interactions at the PDZ domain affect the 
synchronous oscillatory activity in the hippocampus. Since any oscillatory activity 
reflects synchrony and therefore a specific balance between excitation and inhibition, 
we then wonder if Shisa9 or any other AMPAR auxiliary protein could be influencing 
the activity of interneurons. We therefore propose that future experiments should focus 
on discerning the existence, and if so, the role of AMPAR auxiliary proteins on 
inhibitory interneurons. Similarly as performed here, the kinetics of the AMPAR should 
be studied in the absence of the several Shisa proteins. This characterization of the 
kinetic properties on the different interneurons would reveal crucial information to 
complete the picture of the role of AMPAR auxiliary proteins in hippocampal 
oscillations. As for plasticity, the synapse to be studied would be the excitatory onto 
inhibitory interneurons [24, 25, 69]. Complementarily, immunohistochemistry 
experiments would reveal the localization of the different Shisa members and other 
TARPS in the different neuronal types. Moreover, it would be of great value to know 
the exact localization (soma, dendrites, synapses, extrasynaptic sites, etc) and relative 
abundance of the different AMPAR auxiliary proteins on the different cell types.  
For the continuation of the presented studies on Shisa7, it would be of great interest to 
study the synaptic properties of the double knock out  of the two hippocampal AMPAR 
auxiliary proteins: Shisa6 and Shisa7. This mouse line would be a great tool in order to 
disentangle the functional overlap of both AMPAR auxiliary proteins in the CA1-CA3 
hippocampal regions where they are coexpressed. Similarly, the triple KO mice would 
be required in order to study the Dentate Gyrus in the absence of Shisa proteins. And 
any combination of multiple knock outs from all the AMPAR auxiliary protein families 
would be of great interest in order to discern how the different proteins coexist and 
compete in their binding to AMPARs and in tuning AMPARs’ physiological properties.  
 
We have focused on the hippocampus as our brain area of interest, but it would be of 
great importance and relevance to perform anatomical and functional studies in order to 
determine the distribution and roles of the other AMPAR auxiliary proteins. Shisa8 
(also termed CKAMP39) [41] is the most interesting candidate since it’s also expressed 
in the brain and has very recently reported to modulate AMPAR functioning. It would 
be of great interest to check the cellular specificity of all the auxiliary subunits, and 
even more, the AMPAR-complex localization. With respect to Shisa7, it would 
particularly interesting to move to cortical areas since it’s the only hippocampal Shisa 
that it’s also express throughout the cortex. For the case of Shisa6, the cerebellum 
would be of great interest as it is the only Shisa expressed there. It’d also be worth 
investigating the role of all these Shisa members that are all expressed in the olfactory 
bulb. Does olfactory sensory experience depend on Shisa proteins modulating AMPAR 
functions? Determining the cellular location and synaptic function tuning of all these 
brain pieces would make a huge contribution to solve this challenging puzzle. 
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The presented work has clarified several synaptic and network roles of the AMPARs 
auxiliary proteins Shisa7 and Shisa9. We then wondered if GABAARs also have 
auxiliary proteins. Are the auxiliary proteins required to fine tune inhibitory synaptic 
transmission in a similar way as they tune excitatory synaptic transmission? We have 
focused on the fast synaptic transmission receptors, but what about those receptors with 
slower kinetics, i.e. metabotropic-GluRs and GABABRs? Is metabotropic transmission 
tuned similarly by a network of auxiliary proteins, or is this complex machinery only 
needed to ensure proper timing of the fast transmission? GABABRs also have a family 
of auxiliary subunits tuning their kinetics and pharmacology sensitivity [70]. Nicotine 
receptors also have a similar modulation by means of the LYNX1 auxiliary protein 
With respect to other glutamatergic ionotropic receptors, Neto1&2 act as a auxiliary 
proteins for kainate receptors and NMDARs [71, 72]. Is there any auxiliary protein for 
both excitatory and inhibitory receptors? Are there auxiliary proteins common for two 
ionotropic receptors?  
 
With respect to AMPARs’ mobility, it has been shown that some AMPAR auxiliary 
proteins affect the mobility of the synaptic and extrasynaptic AMPAR as well as the 
trafficking of AMPAR to the membrane [43, 73, 74]. Shisa9 overexpression on DG 
granule cells increased channel conductance, shown as an increase in the amplitude of 
AMPAR-mediated currents [46]. From the current work on Shisa7, we can indirectly 
infer that Shisa7 is most likely not involved in trafficking AMPAR to the synaptic sites 
since there is no significant amplitude difference between the EPSCs of the WT mice 
versus the Shisa7 KO mice, nor in the spontaneous mEPSCs. Moreover, Shisa7 KO  
neurons did not show any alteration in short-term plasticity, which suggest that they 
might not be involved in trapping receptors at the postsynaptic site, as suggested by 
Heine et al. [75]. On the contrary, several studies link AMPAR trafficking to the 
synaptic sites with LTP [54, 76, 77] and a link has been found between some AMPAR 
auxiliary proteins and trafficking [46, 68, 73, 78, 79]. We could then explain that the 
observed decrease of LTP on hippocampal synapses lacking the Shisa7 protein could be 
due to an impaired AMPAR trafficking to the synaptic sites mediated by Shisa7. To 
solve this dichotomy, a more direct way of revealing if Shisa7 is involved in trafficking 
would be to perform Quantum-Dots mobility experiments similar to those performed for 
the GluRs subunits [75, 80-83] and for the Shisa6 auxiliary protein [43] . It was shown 
that Shisa6-containing synapses showed less AMPAR mobility than those lacking this 
AMPAR auxiliary protein.   
 
Relevance of the studies 
 
Alterations in the GABAAR-mediated fast inhibitory synaptic transmission have been 
found to be the cause of many brain disorders such as schizophrenia, epilepsy and 
depression [84-89] . Alterations on GABAergic neurons have a major impact on 
network activity since altering inhibitory transmission leads to shifts on network output 
frequencies, which could lead to pathological brain states as epilepsy [87, 90-94]. 
Benzodiazepines were proven to have a therapeutic effect on depression patients. We 
found that the benzodiazepine modulation of hippocampal network oscillations was 
dependent on the GABAAR subunit composition. Zolpidem affects the function of both 
α1 and α2 subunits, albeit in a concentration dependent manner. Zolpidem has a higher 
affinity for GABAARs containing the α1 subunit: at 100 nM zolpidem modulates α1-
containing receptors more than other GABAARs. At 1 μM, zolpidem also modulates 
α2/α3 containing receptors [95]. However, we found that effects of zolpidem on 
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hippocampal network oscillatory activity resulted from its effect on CA3 synapses 
containing α2 subunits, and not from its effect on α1- GABAAR. This results from the 
fact that CA3 inhibitory synapses onto pyramidal neurons are driving the hippocampal 
network in carbachol-induced fast network oscillations [25]. These findings will have 
important consequences for synapse specific drug targeting. Affecting GABAARs with 
α1 subunits in hippocampus will affect oscillations to a lesser extent than targeting 
GABAARs with α2 subunits. 
 
As opposed to GABAARs, drugs have not yet been found that specifically target a 
particular AMPAR subunit. Historically, a lot of effort has been put into developing 
pharmacological tools to modulate the activity of AMPARs due to the importance of 
AMPARs in synaptic transmission and synaptic plasticity [2, 80, 96-99]. Since 
expression of AMPAR subunits is so abundant in all brain areas, it is hard to direct 
pharmacological manipulation to a specific brain area based on these receptors. The 
recent discovery of AMPAR auxiliary proteins opens many doors to more brain region 
specific pharmacological manipulations, as the expression of auxiliary subunits seems 
to be more restricted than GluRs subunits. This may be helpful for those diseases 
affected by dysregulation of the activity of AMPARs. To name a few: schizophrenia, 
epilepsy, Amyotrophic lateral sclerosis, Alzheimer, and Parkinson’s diseases, and 
AMPARs are even involved in the neuronal damage caused by a stroke or traumatic 
brain injury [12, 100, 101] . 	
 
In the pathological cases where re-establishment of normal AMPAR activity is needed, 
completely blocking the AMPAR activity is not an option since AMPARs are essential 
for synaptic transmission. A more appropriate strategy would be to modulate the 
deregulated AMPAR activity by means of pharmacological tools that specifically target 
AMPAR auxiliary proteins, and hence benefiting from the fact that AMPAR auxiliary 
proteins are capable of tuning the kinetics, plasticity and mediate the protein-to-protein 
interactions of the complex AMPAR-postsynaptic density protein network. It was 
recently found that TARPs are dysregulated in schizophrenia [102]. In particular, the 
TARPs γ5 and γ5 where increased, while γ4, γ7and γ8 where decreased. Cornichons 
were also upregulated in schizophrenia patients [103]. There is therefore a need 
nowadays to develop ligands that specifically target AMPAR auxiliary proteins in order 
to re-established healthy AMPAR functioning. As for GABAARs, we are not aware of 
the existence of GABAARs protein complexes, but in the case of finding them, they 
could also become potential targets for therapeutic drugs.   
 
The molecular machinery that regulates long term plasticity involves the ionotropic 
receptors AMPARs and NMDARs, as well as several kinases including CamKII and 
PKA. Moreover, as we have shown in this work, long term plasticity mechanisms also 
require AMPAR auxiliary proteins such as Shisa7. The new field of research of the 
AMPAR auxiliary proteins has shown that several of them are involved in LTP 
mechanisms. LTP is the neural correlate of memory formation. Concordant with the 
impaired effect on LTP caused by the lack of AMPAR auxiliary protein Shisa7 at in 
vitro level, similar impairment was observed at the cognitive level.  Shisa7 is involved 
in hippocampal memory formation and retrieval. With respect to learning and memory, 
data on the role of Shisa6 and Shisa9 is still lacking. We hope that our current findings 
inspire cognitive researchers to explore memory formation and memory retrieval in 
relation to the AMPAR auxiliary proteins.  
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In this thesis, we took the challenge of investigating the role of some of the smallest 
brain pieces, i.e. the molecules that build up and interact with the ionotropic receptors, 
such as the alpha subunits that build up GABAARs and the Shisa transmembrane 
auxiliary proteins that regulate the synaptic functioning of AMPARs. With this thesis 
work I hope to have highlighted the importance of disentangling the roles of these little 
building blocks that are involved in the functioning of the massive puzzle that is the 
brain. 
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