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Abstract

Learning and memory has been postulated to rely on changes in synaptic
transmission strength. At excitatory synapses in the hippocampus CA1 region,
synaptic strength is mainly regulated by AMPA receptor function at the post-
synaptic density. PSD-95, a member of DLG-MAGUK family along with PSD-93,
SAP97 and SAP102, is involved in the regulation of AMPAR function. DLG-
MAGUKs share a similar modular domain structure, composed of three copies of
PDZ domain, an SH3 domain and a catalytically inactive GK domain. PSD-95 is
the most abundant DLG-MAGUK at excitatory mature synapses and interacts
with various cellular proteins.

To examine the requirement of specific PSD-95 domains and their role in
the excitatory synaptic transmission regulation, I combined two approaches. On
one hand, I made use of the molecular replacement approach by acutely
knocking-down PSD-95 and expressing simultaneously a mutant form of PSD-95,
in a spatiotemporally specific manner among an intact network of neurons in rat
hippocampal slices. On the other hand, I took advantage of the PSD-95 knockout
mouse line, to express mutants of PSD-95 in a PSD-95 free background. To assess
which domain of PSD-95 is important for the protein to mediate its effect on
basal synaptic transmission, [ evaluated if specific form of truncated PSD-95
could rescue the deficiency caused by the absence of endogenous PSD-95.

With this study I could show that PSD-95 lacking its PDZ3, SH3 and GK
domains could not mediate proper basal synaptic strength in the absence of
endogenous PSD-95. Moreover, the PDZ3 or SH3 domain seems dispensable for
the protein to be functional. Finally, to be functional PSD-95 requires its GK
domain. However, this seems dependent on SAP102, another DLG-MAGUK



regulating synaptic transmission in immature synapses. The requirement of the
GK domain appears dependant on the maturational state of the synapse with a
strongest effect on more immature synapses. In conclusion, my data
demonstrate the importance of the N-terminal PDZ12 domains acting in concert
with the GK domain and a permissive role of the SH3 and PDZ3 domains in

regulating the strength of AMPAR function.

Keywords: PSD-95, GK domain, AMPAR function, basal synaptic transmission.
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[. Introduction

The brain is the pillar of the human spirit. It is the center of cognitive
functions such as learning, memory, language, consciousness and many other
processes. Human behaviors and cognitive functions rely on accurate
networking between single units of the brain, the neurons. Although the
architecture of the brain circuits underlying basic conserved behaviors is
encoded in our genetic material, a substantial part of who we are is based on our
capacity to learn and remember new knowledge about the world. How does the
brain acquire this new knowledge, and, more precisely, what are the molecular
and cellular mechanisms underlying this information storage? The answer to the

above questions lies in adaptive neuronal communication.

Neurons are highly organized cells. Morphologically and also functionally,
a neuron consists of three compartments: the soma, the axon and the dendritic
tree. From the soma, membrane extensions including a single axon and multiple
arborized dendrites arise. Usually, neurons use trains of action potentials (AP)
for coding and propagating patterns of information. The all-or-none property of
action potential transmission prevents it from fading before it reaches the
terminal of the axon, the synapse. An AP consists of rapid reversals of ionic
charges flowing across the axonal plasma membrane, which are mediated by
voltage-gated ions channels. This depolarization propagates all the way from the
initial segment to the nerve terminal, allowing for the transmission of
information from the cell soma to the more distal regions of the cell. At the end of

the axon terminal, another neuron receives the information.

This information transmission between two neurons happens at

connection points termed “synapses.” Etymologically, the word “synapse” comes



from Greek and originates from the fusion of the word syn, (together) with the
word haptein, (attach). In the human brain, the 1011 neurons receive and make
on average 10 000 synaptic contacts per cell in a specific, organized and plastic
manner, allowing the brain to maintain the behavioral stability of the organism
over time. The synapse is a macromolecular complex making a connection
between two neurons. There are two main types of synaptic junctions: the
electrical and the chemical synapse. The main difference between these two
types of neuronal synapses resides in the fact that chemical synapses are made
of gap junction channels that physically bridge two neurons and allow charge
transmission between these two, while chemical synapses connect two neurons

via a synaptic cleft using neurotransmitters.

Around 99% of the synapses in the vertebrate central nervous system
(CNS) are based on chemical communication. The junction has a specific
orientation with a defined presynaptic process and postsynaptic process,
separated by the synaptic cleft. In summary, the presynaptic bouton contains
synaptic vesicles filled with neurotransmitters. Upon the arrival of an action
potential, the presynaptic membrane depolarizes, which results in the voltage
dependent calcium channels opening. This leads to a series of steps ending with
the fusion of docked synaptic vesicles to the plasma membrane, which triggers
the release of a packet (quantum) of transmitter substance. These
neurotransmitters cross the narrow synaptic cleft (20-25nm) and act on the
postsynaptic branch juxtaposed to the presynaptic process. The postsynaptic
part is able to respond to the neurotransmitter action, as it contains specific
receptors and coupled machineries enabling neurons to transmit and regulate
the information. Multiple depolarization events sum together and propagate to
the cell body where, if the firing threshold is reached, a new action potential is
generated in the proximity of the cell body at the axon hillock. From an
operational point of view, a synapse converts a presynaptic electrical signal into

a chemical signal and then back into a postsynaptic electrical signal.



Synapses can be excitatory, inhibitory or modulatory. In the vertebrate
brain, glutamate is the major neurotransmitter of excitatory synapses, while
inhibitory transmission is mainly mediated by GABA (gamma-amino butyric
acid) and glycine. The modulatory transmission is based on the action of
dopamine, serotonin and other neuromodulators. The information propagation
from neuron to neuron depends on the combined effects of excitatory, inhibitory
and modulatory transmissions. Excitatory transmission relies on temporary
depolarization of the postsynaptic membrane, a so-called excitatory postsynaptic
potential (EPSP). An EPSP is caused by the activation of receptors, such as
ionotropic glutamate receptors located at the postsynaptic cell membrane. On
the contrary, inhibitory postsynaptic potentials (IPSP) regulate the action of the
EPSC. EPSCs and IPSCs have additive effects. Larger EPSPs result in greater
membrane depolarization, and thus increase the likelihood for the postsynaptic
neuron to reach the threshold for firing an action potential, thus propagating the
information. Finally, the summation of excitatory and inhibitory signals will fine
tune neuronal excitability and thus neuronal transmission. This process is
regulated by the number of excitatory versus inhibitory contacts received by a

single neuron and their respective strengths.

Synapses that convey specific neurotransmitters differ in their
composition and structure. Early on it has been discovered that synapses in the
brain fall into two major categories: type [ synapses, with asymmetrical
densification of their pre and postsynaptic membranes, usually implicated in
excitatory transmission; and type Il synapses, with symmetrical densification
mainly representing inhibitory synaptic actions. Excitatory and inhibitory
synapses also differ in postsynaptic morphology. The majority of glutamatergic
synapses are found on bulbous protrusions known as spines, whereas most
GABAergic synapses are formed on the dendritic shaft, the soma or proximal
axonal regions.

By using different neurotransmitters and neuromodulators, different types of

receptors and different secondary messenger systems, a synapse exhibits



considerable flexibility of its function. These features are crucial for allowing

synapses to communicate between neurons, and thus elaborate complex circuits.

This complex networking and regulation of neuronal communications are
under intensive investigation. Indeed, modifying the synaptic strength between
neurons has been hypothesized to be the cellular correlate of learning and

memory (Bliss and Lomo, 1973) (Wenthold et al., 2003) (Nicoll et al., 2006)

(Malinow and Malenka, 2002) (Bredt and Nicoll, 2003). This process is referred

to as synaptic plasticity. There are multiple forms of synaptic plasticity, which
depend on their induction mode, expression site, the developmental stage and
the type of synapses. One of the most-characterized plasticity processes is Long
Term Potentiation (LTP) and its counterpart Long Term Depression (LTD) (Bliss
and Lomo, 1973) (Martin et al., 2000) (Malenka and Nicoll, 1999) , which takes

place at hippocampal CA3-CA1 synapses.

The homeostasis of the nervous system relies on proper communication
between neurons, a process based on a harmonic operation between excitatory,
inhibitory and modulatory transmissions. The dysfunction of any of these key
players has been shown to mediate various neuropsychiatric disorders such as

anxiety, epilepsy, psychosis and many others.

Thus, it becomes apparent that understanding the mechanisms of basic
synaptic transmission is an important step towards the comprehension of brain

circuit function in normal and pathological conditions.

I.A. The hippocampus as a model system to study
basal synaptic transmission

As already mentioned, functional synaptic communication requires highly

organized networks as well as flexibility. Indeed, wiring the brain involves the



refinement of connections upon stimulation. This process is referred as synaptic
plasticity and is thought to be the molecular basis underlying learning and
memory. Since the 1950’s, the hippocampus has been recognized to play a
fundamental role in episodic memory and learning, especially spatial learning

(Penfield., 1955) (Kesner, Aug 2006) (Penfield., 1955, P. Andersen, 2007)

(Kesner and Hopkins, 2006). Another reason making the hippocampus attractive
is its highly laminated structure. Hence, it has a very distinctive and readily

identifiable structure arranged in orderly layers.

The pyramidal cell layer has been divided into three regions designated
as CA1, CA2, and CA3 (Cornu Amonnis or Ammon's horn) based on the size and
morphology of the neurons. The regions above and below the pyramidal cell
layer are divided into a number of strata (containing mainly inhibitory
interneurons). The hippocampal formation contains the dentate gyrus (DG),
composed of granular cell layers which connect to the CA3 cell region through
their axons. These fibers are called mossy fibers. The axons arising from the CA3
pyramidal cells which synapse onto CA1 pyramidal cell dendrites are called as
Schaeffer-collaterals. It is a glutamatergic excitatory transmission. This
connection in the hippocampus has provided the most knowledge about the

processes of plasticity and basal synaptic transmission.

Originally the hippocampal formation was described as a tri-synaptic
pathway: the entorhinal cortex fibers contact the DG granular cells via the
perforant path, which themselves give rise to the mossy fibers projecting onto
CA3 pyramidal neurons. Through Schaffer collateral axons, CA3 pyramidal
neurons in turn form synapses with CA1l pyramidal neurons. Nowadays, the
connectivity appears to be more complex since the entorhinal inputs, in fact,
project to all hippocampal region (Figure 1), and the Schaffer collaterals do not

form a uniform path, but synapse onto CA1 neurons in a highly branched pattern.

The hippocampal formation belongs to the medial temporal lobe system,



together with the adjacent entorhinal, perirhinal and parahippocampal cortices.

In summary, the strictly laminar organization of the hippocampus makes it a
particularly suitable region for electrophysiological recording techniques, both

in vitro and in vivo.

Moreover, another advantage of the hippocampal formation is its ability
to be transversally cut and maintained in culture for several days, in a so called

organotypic slice culture (G_ahwiler, 1981) (Stoppini et al., 1991). It has been

shown that these cultured slices mimic the developmental time course of this

region in situ (D. Muller, 1993) and maintain a connectivity and an expression

profile of synaptic proteins comparable to freshly prepared (acute) slices (De

Simoni et al., 2003) (Buckby et al., 2004). Finally, after a couple of days of

incubation, the slice culture becomes a thin stabilized in vitro system which can
be used for electrophysiological recordings. These features make organotypic
slices a well-suited system for long-term manipulations. Therefore, during my
Ph.D,, I decided to take advantage of the hippocampal organotypic slice model to
study properties of basal synaptic transmission at CA3-CA1 glutamatergic

excitatory synapses.
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Figure 1. Cartoon depicting the basic anatomy of the hippocampus.



The schematic shows a transversal section of the hippocampus with its major
connections, including inputs from the enthorinal cortices and the basic tri-synaptic

intra-hippocampal connectivity. (Modified from (Neves et al., 2008)).

I.B. Glutamatergic Excitatory Synapses

I.B.1. The Post Synaptic Density

CA1 pyramidal neurons possess a large triangular cell body shape and
dendrites with membrane protuberances called spines. These mushroom shaped
specializations face the presynaptic input coming from axon fibers and hold all

the necessary machinery to receive and process the information.

In the 1950’s, electron microscopy shed light on a fundamental
characteristic of the excitatory postsynaptic terminal: it appears as a dense
electron structure, which gave rise to the term Post Synaptic Density (PSD)
(Figure 2) The PSD is located beneath the postsynaptic membrane and is made of
a 30-40 nm thick protein network that comprises a large and dynamic

supramolecular assembly (Scannevin and Huganir, 2000) (Yamauchi, 2002)

(Feng and Zhang, 2009). It includes cytoskeleton proteins, adhesion molecules,

scaffolding proteins, G proteins and other signaling proteins (Husi et al., 2000)

(Kennedy, 2000) (Walikonis et al., 2000). These proteins have the possibility to
form a network with different types of receptors, such as glutamate receptors.
Depending on whether glutamate receptors are coupled to G protein secondary

messenger systems or to the ligand activated cation channels, they are classified

as metabotropic or ionotropic glutamate receptors, respectively (Simeone et al.,



2004).

Figure 2. Glutamatergic excitatory synapse visualized by electron microscopy. The
presynaptic site is filled with neurotransmitter containing vesicles. The red arrow
indicates the post-synaptic density, an electron dense area. (Adapted from (Kennedy,
2000).

I.C. Ionotropic Glutamate Receptors

lonotropic glutamate receptors are divided into 3 subgroups, named after
the selective agonists with which they were discovered.
0 The AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptor (AMPAR),
0 the NMDA (N-Methyl-D-aspartic acid) receptor (NMDAR),
0 the Kainate receptor (KAR)
(Watkins and Evans, 1981) (Dingledine et al., 1999) (Hollmann and Heinemann
1994).

Along with a fourth, less characterized, class, the § receptors (GluD1-2)



(Collingridge et al., 2009).

To a large extent, ionotropic glutamate receptors (iGluRs) determine the shape
of synaptic currents at glutamatergic synapses. At synapses between CA3 and
CA1 hippocampal pyramidal neurons, presynaptic release of glutamate activates
primarily two subtypes of ionotropic receptors: AMPARs and NMDARs. AMPARs
mediate most of the fast excitatory transmission as NMDAR are blocked by

magnesium ions at resting membrane potential.

I.C.1. NMDAR

NMDARs are heterotetrameric assemblies (Rosenmund et al., 1998) of

NR1, NRZ(A-D) and NR3(A-B) subunits. NR1 and NR2ZA mRNA are distributed
ubiquitously, with the highest densities occurring in hippocampal regions. In this
particular brain region, a functional NMDAR is composed of NR1 with either
NRZ2A or NR2B subunits. Activation of NMDARs requires simultaneous binding of

glutamate and a co-agonist (Kleckner and Dingledine, 1988), glycine or D-serine,

released by adjacent glial cells (Mothet et al., 2000) (Panatier and Oliet, 2006).

The channel is permeable to sodium, potassium and calcium ions. (Burnashev et

al. 1996) (Magleby, 2004).

Since the channel pores are blocked by extracellular magnesium in a

voltage dependent manner (Novak L, 1984), channel activation requires a

simultaneous release of glutamate by the presynaptic terminal and a
depolarization of the postsynaptic membrane which result in the release of the
magnesium block. As such, the NMDAR serves as a coincidence detector for co-
activation of the pre and the postsynaptic neurons (Figure 3) This detector
property together with a high permeability to calcium renders the NMDAR a key

player in the process of synaptic plasticity at CA3-CA1 synapses (Harris et al.

1984). One of the most-characterized plasticity processes is long term



potentiation and its counterpart, long term depression, which take place at CA3-
CA1l synapses and are NMDAR-dependent. LTP and LTD are expressed by the
incorporation or the retrieval of AMPARs at the synapse, respectively (Hayashi et
al., 2000) (Shi et al., 2001) (Lu et al., 2001) (Carroll et al., 2001) (Malinow and

Malenka, 2002) hence regulate synaptic strength.
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Figure 3. Illustration depicting a glutamatergic synapse.

A) At the resting membrane potential, NMDARs are blocked by extracellular magnesium
ions. The release of glutamate by the pre-synaptic terminal activates AMPARs which
open and enable sodium to enter the cell. B) A simultaneous postsynaptic membrane
depolarization and glutamate release leads to magnesium removal from the NMDARs.
NMDAR activation allows sodium and calcium influx into the neuron with an outflux of

potassium. (From (Malenka and Nicoll, 1999).

I.C.2. AMPAR
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I.C.2.a. Structure and Composition of AMPARs

AMPARs are heterotetramers (Mano and Teichberg, 1998) (Rosenmund

et al., 1998) composed of four subunits: GluA1, GluA2, GluA3, GluA4 (Dingledine

etal., 1999) (Hollmann and Heinemann, 1994), with a maximum of two different

subunit types assembled to form a functional receptor (Ayalon and Stern-Bach,

2001) (Mansour et al., 2001). Each subunit contains around 900 amino acids and

has a molecular weight of 105kDa (Rogers et al., 1991). Each subunit possesses a

large N-terminal extracellular domain, three transmembrane domains (TM1, 3,
4), one intramembrane domain (TM2), and an intracellular C-terminus. The
ligand binds to a pocket created by the association of the extracellular loop
between TM3 and TM4 and the N-terminal domain. The C-terminal tail is the

binding site of PDZ motif-containing proteins (Figure 4).
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Figure 4. Schematic illustration showing the topology of an AMPA receptor
subunit.

The N-terminal domain and the extra-cellular loop form the ligand-binding site. The four
transmembrane domains and the intracellular domain are depicted. The alternative
splicing sites (Q/R, RG), the intracellular interacting proteins or the phosphorylation

sites are highlighted by squares. (From (Palmer et al., 2005).

The subunit composition of the receptor varies depending on the brain
region. In adult hippocampal pyramidal cells, AMPARs are mainly made of
GluA1/GluA2 subunits or GluA2/GluA3 subunits (Wenthold et al., 1996). GluA2

is a necessary subunit for the assembly and the export of the heterotetrameric

receptor to the synapse (Sans et al., 2003). AMPAR properties are diversified as a

result of post-transcriptional and post-translational modifications.

Each subunit can be alternatively spliced at the beginning of its fourth TM

segment, giving rise to the flip and flop isoforms (Sommer et al., 1990), which

results in differences in the pharmacological properties of the receptor and the
kinetics of the channel. The ratio of each isoform is age-, brain region-, and cell
type-dependent. In addition, GluA2 and GluA4 can be alternatively spliced at
their intracellular C-terminal tail, giving rise to the short and long isoforms

(Gallo et al., 1992) (Kohler et al., 1994). This modification determines the set of

interacting proteins, as only short isoforms are able to bind the PDZ motif-

containing proteins (Dev et al., 1999). For example, GluA2 is mainly expressed as

a short isoform (~90%), whereas GluA4 is mainly found as a long isoform.

Moreover, to further diversify the properties of the receptor, RNA editing
takes place. One such change is the replacement of a glycine (G) with an arginine
(R) upstream of the flip/flop domain. This change affects the desensitization and
resensitization properties of the receptor, and occurs mainly in the adult brain

on GluA2, GluA3, and GluA4 subunits (Lomeli et al., 1994). A second RNA editing
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site converts a glutamine (Q) into an arginine (Q/R), but this change is limited to

the GluA2 subunit (Sommer et al., 1991) (Higuchi et al., 1993). 99% of GluAZ2 in

the adult brain exhibits this modification. This change in GluAZ mRNA coding
affects the ion channel pore region and renders GluA2-containing AMPA
receptors permeable only to monovalent cations (observing a linear

current/voltage curve) (Verdoorn et al., 1991), whereas GluA2-lacking receptors

are capable of conducting calcium ions as well.

Finally, in addition to these putative amino acid modifications, AMPARs
contain multiple phosphorylation sites, with each subunit having its own
phosphorylation pattern. These patterns determine the biophysical properties of
the receptors as well as its interacting partners and its cellular trafficking (Wang

et al., 2005). For example, the GluA1 cytosolic tail hosts phosphorylation sites for

CaMKII (Calcium/Calmodulin Kinase II) at serine 831 and another one for PKA

(Protein Kinase A) at serine 845 (Roche et al, 1996) (Barria et al, 1997)

(Mammen et al., 1997). During basal synaptic transmission, the PKA site is

phosphorylated, whereas the CaMKII site is not. Moreover, it was shown that
serine 845 phosphorylation by PKA increases the channel opening probability
(Banke et al., 2000), and phosphorylation of serine 831 by CaMKII enhances the

channel conductance (Derkach et al., 1999). Therefore, during synaptic plasticity,

the GluA1l biophysical properties are modified by a combination of specific

phosphorylation patterns according to the synapse history.

I.C.2.b. AMPAR biosynthesis and trafficking

Before the modification of AMPAR function at the synapse, how do the
receptors reach this specialized compartment?
First of all, it is known that AMPAR are synthesized, maturated (folding, N-
glycosylation, disulfide bond) and assembled in the endoplasmic reticulum (ER)

in the soma. Only properly folded and assembled receptors are then exported to

the Golgi apparatus (Greger et al., 2002). The non-conventional receptors are
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kept in the reticulum and degraded through the proteasomal pathway

(Vandenberghe and Bredt, 2004). Properly folded receptors are transported to

dendrites through motor proteins such as myosin, dynein or kinesins (Hirokawa

and Takemura, 2005) (Bridgman, 2004), which bind to microtubules or actin

filaments. This trafficking process involves adaptor proteins as well as
scaffolding proteins to create a link between the receptor and the motor proteins

(Setou et al., 2002) (Wu et al.,, 2002) (Braithwaite et al., 2000) (Bredt and Nicoll,

2003). In this way, receptors can travel long distances in neurites when
associated with microtubules, or shorter distances (like in the spine) when
bound to actin. Moreover, trans-golgi apparatuses are also present in dendrites

(Pierce et al., 2001) (Horton and Ehlers, 2003), where local synthesis can take

place in response to synaptic activity (Ju et al., 2004) (Sutton et al., 2006).

A very specific characteristic of AMPARs is their ability to be

constitutively recycled at the membrane (Carroll et al, 1999) within a 10-30

minute time frame (Ehlers, 2000) (Passafaro et al., 2001). Different studies show

that the endo and exocytosis sites are localized in the spine itself, next to the post
synaptic density (Blanpied et al., 2002) (Petralia et al., 2003) or in the dendritic
shaft (Passafaro et al., 2001) (Park et al., 2006) (Yudowski et al., 2007) (Lin et al.,

2009). How do AMPARs travel between these two sites (synaptic and

extrasynaptic)? This leads to the next feature of AMPARs: they are capable of

freely diffusing along the cell membrane (Figure 5) (Borgdorff and Choquet,
2002) (Tardin et al., 2003) (Groc et al., 2004) (Adesnik et al., 2005) (Ashby et al.,

2006) (Isaac et al., 2007) (Bats et al., 2007). In addition, it has been shown that

GluA2 is constitutively inserted at the synapse, while GluA1l is inserted in an

activity dependant manner (Shi et al., 2001) (Passafaro et al., 2001); (Lin et al.,

2009). Thus, the GluAl subunit dictates the AMPAR insertion mode. The
different trafficking rules for GluA1 and GluA2 correspond to the differences in
the structure of their cytosplasmic tails. Altogther, this suggests a sensitive fine-
tuning process, and raises the question of what is regulating AMPAR trafficking

to the synapse?
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Figure 5. AMPARs are exchanged between synaptic, extra-synaptic and
intracellular compartments.
AMPARSs can diffuse along the neuronal membrane, but can be trapped and stabilized at

synapses through scaffolding protein interactions at the postsynaptic site. (From (Triller

and Choquet, 2005).

I.C.2.c. AMPAR modulating proteins

During the last decade, a concept emerged, suggesting that AMPARs are

the center of a multiprotein complex (Jackson and Nicoll, 2011). These

interactions regulate numerous aspects of AMPAR properties. Thus, AMPAR
biophysical properties are based not only on the molecular identity of the
receptor (subunit composition, splice variation, RNA editing, and post-
translational modifications) but also on the proteins interacting with AMPARs, to

build an AMPAR complex that is important for moment-to-moment neuronal
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communication.

I.C.2.c.i. TARPS

The first group of proteins identified as AMPAR auxiliary subunits, as they are
able to regulate AMPAR biophysical properties, are called TARPs,
Transmembrane AMPAR Regulatory Proteins (Kato et al., 2010b).

The prototypical and first discovered TARP was stargazin. It was revealed
by the analysis of a spontaneous mutation that causes absence epilepsy, head

tossing, and ataxia (Noebels et al., 1990). The mutant mouse keeps looking at the

sky, hence the protein responsible for the phenotype was named as stargazin
and the mouse as “stargazer”. Due to its 25% homology with the skeletal muscle

calcium channel subunit, y-1 (Jay et al., 1990), the peptide was first named as y-

2. In fact, its gene symbol, Cacng2, is also derived from Cacngl skeletal muscle
gene nomination, which encodes for y-1. However, nowadays, stargazin is its
more common name.

The stargazin locus encodes a 38 kDa protein which is a four-pass
transmembrane protein with both N and C-termini in the cytosolic region.
Absence of stargazin is associated with selective and complete loss of AMPAR

function in cerebellar granule cells (Chen et al., 2000) (Hashimoto et al., 1999).

At the cellular level, different sets of experiments showed that stargazin

promotes synaptic targeting of the AMPAR (Chen et al., 2000) (Tomita et al.,

2003) (Vandenberghe et al., 2005) in a two-step model. First, by bringing

AMPARs to the neuronal plasma membrane, stargazin ensures their proper
maturation through the secretory pathway. Second, through its C-terminal
interaction with PDZ-containing proteins, stargazin retains AMPARs at the PSD.
In addition, stargazin also modulates receptor pharmacology and controls
channel gating and the permeability of the receptor. Specifically, stargazin

enhances AMPAR glutamate affinity, and therefore delays deactivation and
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desensitization of the receptor. Moreover, stargazin attenuates intracellular
polyamine block of calcium-permeable AMPARs (which is dictated by the Q
residue in GluA2-lacking subunits), thus increasing the current at depolarized

potentials (Soto et al., 2007). Finally, by means of increasing the rate of channel

opening, and thus single-channel conductance (Tomita et al., 2005a) (Tomita et

al., 2005b) (Soto et al., 2007), stargazin participates in modulating AMPAR

transmission with its ability to dissociate from AMPARs after they bind

glutamate (Tomita et al, 2004). This interaction provides a mechanism to

prevent excitotoxicity.

Phylogenic analysis revealed that TARPs could be divided into subgroups
based on their sequence homology. Therefore, stargazin belongs to the type |
group of TARP isoforms along with three other members: y-3, y-4, and y-8. Type
Il consists of y-5 and y-7 (Tomita et al., 2003). All TARPs are differentially

expressed throughout development and display distinct regional specificity as
well as expression patterns according to neuronal and glial cell populations (Cho
et al, 2007) (Fukaya et al., 2006) (Kato et al., 2007) (Milstein et al., 2007); (Moss
et al., 2003) (Soto et al, 2009) (Tomita et al, 2003). For example, y-8 is

predominant in the telencephalon, with the highest level in hippocampus. But, y-

2/stg, y-3, and y-4 are still co-expressed (though at a lower level).

TARPs bring a specific regulation onto the AMPAR properties which is a
highly versatile and complex process and thus is currently under intensive
investigation. To summarize, type I TARPs associate with all four GluA subunits
and regulate AMPAR trafficking, gating, and pharmacology in a TARP subtype-
specific manner (Nicoll et al., 2006) (Osten and Stern-Bach, 2006) (Ziff, 2007).

Moreover, different expression levels of the different TARP isoforms change the

TARP/AMPAR stoichiometry (Kim et al., 2010) (Shi et al., 2009), which

diversifies AMPAR functional properties further.

I.C.2.c.ii. CNIH
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As social networking seems to be a key behavior of our generation,
AMPARSs too appear to interact with a growing number of candidate proteins. In

this notion, Schwenk and colleagues’ (Schwenk et al., 2009) remarkable study

revealed that, in addition to interacting with TARPs, AMPARs also associate with
CNIH-2 and CNIH-3 which are vertebrate homologs of Drosophila cornichon
(French for “pickled gherkin”). This topic is under active research and is thus
subject to competing theories, such as whether AMPAR interacting partners are
mutually exclusive (Schwenk theory) or form a tripartite complex composed of

AMPAR/TARPs/CNIH (Kato et al., 2010a). However, there is consensus that

CNIH acts as a bonafide auxiliary subunit and regulates AMPAR (GluAl)
trafficking, channel properties and pharmacology. Cornichons increase surface

expression of AMPARs and slow down deactivation and desensitization kinetics.

I.C.2.c.lii. CKAMP44

More recently, another AMPAR interacting partner has been identified by

Von Engelhardt (von Engelhardt et al., 2010): the protein CKAMP44 (cysteine-

knot AMPA receptor modulating protein of 44 kDa). It has been shown that
CKAMP44 has an effect opposite to TARPs in terms of surface trafficking and
desensitization (CKAMP44 accelerates desensitization). They showed that
slowing down the recovery from desensitization attenuates facilitation of the
postsynaptic response at lateral and medial perforant path granule cell synapses.
Interestingly, CKAMP44 appears to be poorly expressed in CAlneurons but has a
robust expression level in dentate gyrus granular cells. Due to this observation, it
has been suggested that CKAMP44 modulates short-term plasticity at different

synapses.

In summary, various mechanisms regulating AMPAR Kkinetics have already been

unraveled, and certainly many more are going to be revealed in the future. All
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with the same aim, understanding the synapse-specific communication and the
fidelity of synaptic transmission. The next step consisted to understand what is

holding AMPARs at the synapse.

I.D. DLG-MAGUK

AMPARs are maintained at the synapse via their interaction with
scaffolding proteins anchored at the PSD (Wyszynski et al., 1999) (Braithwaite et
al., 2000). These scaffolding proteins possess PDZ (PSD-95/Discs large

homolog/Zona occludens-1) domains, as do ~400 other proteins expressed in

the rodent species (Kim and Sheng, 2004). The PDZ domain is a ~90-residue-
long module that typically binds short peptide motifs (~4-6 residues) at the
extreme C-terminal end of its interacting partners but also have the possibility to

heterodimerize (Sheng and Sala, 2001). PDZ domains tend to fall into three

categories based on their interaction affinity with different ligands (Marfatia et

al., 1997, Marfatia et al., 2000) (Hsueh et al., 2000) (Jo et al., 1999). PDZ domains

are usually found in tandem, which creates the possibility for a high protein
concentration at a specific spot, helping to build macromolecular complexes. At
the PSD, numerous PDZ domain-containing proteins are involved in the

structural organization of the synapse (Kim and Sheng, 2004). The most

abundant PDZ domain proteins at the post synaptic density are the MAGUKSs
(Membrane Associated GUanylate Kinases), more specifically the subtype DLG-
MAGUKs (Kim and Sheng, 2004) (Funke et al., 2005) (Elias and Nicoll, 2007).

The DLG-MAGUK family is the rodent and human homolog of the
Drosophila discs large tumor suppressor protein (DLG-MAGUKSs).
The members of this family include:
0 PSD-95 (Cho etal., 1992) (Kistner et al., 1993),
0 PSD-93 (Brenman et al., 1996) (Kim et al., 1996),
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0 SAP97 (Lue etal., 1994) (Miiller et al., 1995) and
0 SAP102 (Miiller et al., 1996).

I.D.1. Structural organization of the DLG-MAGUKs

The hallmark of all DLG-MAGUKs is the presence of the same domain
topology, composed of five modular protein interaction domains, starting from
the N-terminus with three PDZ domains, followed by an SH3 (src-homology 3)
domain next to a catalytically inactive GK (guanylate kinase) domain (Figure 6)

(Garner and Kindler, 1996, Montgomery et al., 2004) (Montgomery et al., 2004)
(Olsen and Bredt, 2003).

PDZ1  PDZ2 PDZ3 = SH3 GK

Figure 6. Schematic diagram of PSD-95 domains showing the modular protein
interaction motifs including three PDZ domains in tandem, an SH3 domain and a

GK domain.

The GK domain is catalytically inactive as a result of mutations to key residues
involved in the nucleotide binding and transition state stabilization (Kuhlendahl
et al., 1998). In its typical form, SH3 domain is characterized by its ability to bind
to proline rich stretches. However, in the DLG-MAGUKs SH3 domain, the
Hinge/Hook region (between SH3 and GK domain) occupies the binding pocket
of the SH3 domain. The SH3 and GK domains interact in an intra-molecular
manner (Figure 7A), but the functional significance of this interaction is unclear

(McGee and Bredt, 1999, Tavares et al., 2001), (Shin et al., 2000), (Newman and

Prehoda, 2009). Moreover, it has been proposed that DLG-MAGUKSs can interact

among each other in an inter-molecular fashion whereby the SH3 domain of one

DLG-MAGUK could interact with the GK domain of another DLG-MAGUK and vice

20



versa (McGee et al., 2001). (Figure 7)
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Figure 7. Illustration of an SH3-GK intra- and inter-molecular interactions.

A) Intra-molecular interaction between the SH3 domain and GK domain of the same
DLG-MAGUK. B) Inter-molecular interaction between differents DLG-MAGUKSs using the
SH3-GK module. (From (McGee et al., 2001))

Despite the high homology among the four members, the DLG-MAGUKs
display differences in their N-terminal part due to alternative splicing. On the
protein level, these sequence variations result in either a palmitoylation

sequence (Topinka and Bredt, 1998) or a L27 domain found upstream the first

PDZ domain (Lee et al., 2002) (Nakagawa et al., 2004), named alpha and beta
isoforms, respectively.

e The L27 domain got its name by virtue of the same motif found in Lin-2
and Lin-7 C.elegans proteins, which allows the protein to dimerize
(Chetkovich et al.,, 2002) (Lee et al., 2002). This splice variant has been
reported for PSD-93, PSD-95 and SAP97. In the case of the last two, the
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beta isoform influences AMPA receptor-mediated synaptic strength in an

activity-dependant manner (Schliiter et al., 2006).

e On the other hand, the alpha-isoform contains characteristic cysteine
residues, which can be modified by the addition of the fatty acid,
palmitate, by palmitoyl transferases. In the case of PSD-95, palmitoylation
of the cysteines in position 3 and 5 have been shown to be necessary for

synaptic targeting and synaptic clustering (Craven et al., 1999) (El-

Husseini et al, 2000a) (Topinka and Bredt, 1998). Moreover,

palmitoylation allows PSD-95 to multimerize with itself (Hsueh and

Sheng, 1999) or with other palmitoylated proteins such as PSD-93 (Hsueh

et al., 1997). Finally, in contrast to the beta-isoform, this splice variant has

been shown to be activity-independent (Schliiter et al., 2006).

SAP102 has a unique N-terminal region that forms a zinc finger (El-Husseini et

al., 2000c), and PSD-93, in addition to its alpha and beta isoforms, possesses four

others splice variants (Parker et al., 2004) (Brenman et al., 1996).

The alpha-isoform is the major isoform of PSD-95 (Chetkovich et al., 2002), while

SAP97 is mainly expressed in its beta-isoform (Schliiter et al., 2006)

I.D.2. Distributions of the DLG-MAGUKs

The four members of the DLG-MAGUK family are subjected to distinct
spatiotemporal expression patterns during brain development (Sans et al.,
2000). In the rodent brain, SAP102 is the first DLG-MAGUK expressed at the late
embryonic stage and reaches its expression plateau around post-natal day 10
(P10), whereas the three other members are gradually increased during

postnatal development (Sans et al., 2000, Sans et al., 2001). The DLG-MAGUK

constituents are present at different sub-cellular localizations. While PSD-95 and
PSD-93 are enriched in the PSD (Chen et al., 2005) (Cheng et al., 2006) (Petersen
et al., 2003) (Valtschanoff and Weinberg, 2001), SAP97 and SAP102 were at first

suggested not to be (El-Husseini et al., 2000c) (Waites et al., 2009). SAP97 was at

first suggested to exist in a more diffused somato-dendritic localization (Miiller
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et al, 1995). However, the synaptic enrichment of SAP97 is debated by some

groups observing it (Chetkovich et al., 2002) (Rumbaugh et al., 2003, Nakagawa

et al., 2004). The discrepancies observed between the studies might result from

different expression levels, as the studies by Chetkovich, Rumbaugh and
Nakagawa used transfection, which results in much higher expression than the
lentiviral-mediated transduction used in the Waites’ study. SAP102 is suggested
to have an intermediate distribution--present along the spine (PSD and

cytoplasm) and dendrite. Using immunogold double staining (PSD-95 and

SAP102), Zheng and colleagues (Zheng et al., 2010) showed that in hippocampal
dissociated neuron cultures (E18) transfected on the 18th day in vitro (DIV) with
PSD-95 and SAP102 and fixed at DIV21-22, show a PSD-95 enrichment at the
upper part of the PSD (close to the membrane), while SAP102 is present mainly
in the lower part of the PSD (further away from the membrane) with a co-
localization of both proteins in the middle section of the PSD. Moreover, the
authors showed that the majority of SAP102 is highly mobile in spines, whereas

the majority of PSD-95 is immobile.

I1.D.3. Functions of PSD-95

I.D.3.a. Role of PSD-95 in synaptic maturation

During development, PSD-95 is suggested to influence synaptic
maturation. PSD-95 overexpression in hippocampal dissociated cultures
accelerates development, promotes spine enlargement and increases the number

of spines (El-Husseini et al., 2000b). Moreover, in this study, a selective

enhancement of GluAl, but not NR1, clustering was observed. This correlates
with previous studies showing that the number of NMDARs remains relatively
constant, whereas the number of synaptic GluAs increases during development.
However, very interestingly, PSD-95 has been shown to interact directly with

NMDARs (Kornau et al, 1995) (Niethammer et al., 1996) (through its PDZ

domains with the C-terminal part of NMDAR), while it does not interact directly

23



with AMPARs. This discrepancy in the results was explained by the discovery of a
common protein binding both AMPAR and PSD-95, stargazin (Chen et al., 2000).

AMPAR C-terminals bind stargazin. In turn, the stargazin C-terminal PDZ-binding
site associates with the PDZ 1 and 2 domains of PSD-95 (Dakoji et al., 2003).

1.D.3.b. Role of PSD-95 in synaptic plasticity

Additionally, PSD-95 interacts with a wide range of scaffold proteins,
actin cytoskeleton components and cytoplasmic signaling molecules (Sheng and

Kim, 2002) (Husi et al., 2000) (Husi and Grant, 2001) (Kim and Sheng, 2004)

(Montgomery et al., 2004) (Scannevin and Huganir, 2000). Consequently, PSD-95

has the capacity to bring signal-transducing enzymes in proximity with surface
receptors, facilitating signal transduction within the PSD to the downstream
pathway. For these reasons, PSD-95 earned the title of signaling scaffold protein.
As befits an important signaling scaffold protein of the PSD, PSD-95 has a large
influence on synaptic plasticity (Migaud et al., 1998) (Yao et al., 2004) (Béique et

al., 2006). PSD-95 has been suggested to regulate NMDAR-dependent synaptic

plasticity by acting as a “slot” protein to anchor AMPARSs at the synapse (Schnell

et al., 2002). Indeed, levels of PSD-95 have been correlated with the strength of

synaptic transmission. In addition, immunocytochemistry experiments
suggested that the enhancement in AMPAR transmission is related to an increase
in the numbers of AMPARs present at the PSD, rather than a change in
biophysical properties of the AMPARs (El-Husseini et al., 2000b).

I.D.3.c. Role of PSD-95 in synaptic AMPAR function

I.D.3.c.i. Overexpression of PSD-95

The fact that overexpression of PSD-95 drives a selective and robust
increase in AMPAR transmission (but not in NMDAR transmission) (Schnell et al.,

2002) (Ehrlich, 2004) (Schliiter et al., 2006) suggests another potential role of
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PSD-95 in addition to the signaling scaffold associated with NMDARs. It was
proposed that PSD-95 has the capacity to regulate the number / function of
AMPARs at the synapse, acting as a “slot” protein to anchor AMPARs at the

synapse, and thus regulating basal synaptic transmission (Schnell et al., 2002).

I.D.3.c.ii. PSD-95 knockouts

One way to establish the necessity of a protein in a biological function is
to delete the protein of interest and assay a specific function in its absence. For
such purpose, germline truncations/deletions of MAGUKs were produced, giving
rise to single or double knockout (KO) mice.

The first gene targeted truncation of PSD-95 was produced by Migaud et
al (Migaud et al., 1998), and, very surprisingly, showed normal AMPAR and

NMDAR-mediated transmission. It should be noted that, in this study, a mouse
carrying a stop codon after PDZ1 and PDZ2 domains was generated. Hence, the
targeted mutation in the PSD-95 gene led to the expression of a truncated
protein containing PDZ1 and PDZ2 domains in frame with an IRES (internal
ribosome entry site) b-galactosidase gene reporter (mouse line named PSD-95
PDZ12). Nevertheless, an important feature of this mouse line is the absence of
PSD-95 PDZ12 protein in the PSD fraction, in synaptosomes and in synaptic
plasma membranes of homozygote mice. This is in contrast to the full length
PSD-95, which can be detected in any of these compartments in wild type mice.
In an attempt to rule out the possibility that the truncated PSD-95 (PSD-
95 PDZ12) could still participate in basal synaptic transmission in this PSD-95
PDZ12 KO animal, Yao et al (Yao et al, 2004) generated another PSD-95 KO

mouse line. This mouse line was named as PSD-95-GK as it targets a deletion of
the GK domain in the PSD-95 gene. Mice carrying the this truncated form of PSD-
95 gene do not produce any detectable PSD-95 proteins (Yao et al., 2004) (Elias

et al., 2006) yet displaying an unaltered AMPAR and NMDAR transmission (Elias

et al.,, 2006) (Elias et al., 2008).

Interestingly, in another line of PSD-95 KO mice carrying a complete PSD-
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95 gene deletion, a defect in AMPAR transmission was observed when
recordings were performed between P14 and P24 (but not in younger animals)

(Béique etal., 2006).

This discrepancy concerning an altered basal synaptic transmission in the
different KO lines could be related to the mouse line itself or to reflecting a
different maturation state of the synapses under investigations. Moreover, the
normalcy of synaptic transmission observed in certain KO lines could be related
to a functional compensation mediated by the other DLG-MAGUKs due to their
molecular redundancy. In an attempt to limit possible compensatory
mechanisms, the shRNA technology was used. shRNA methods have an
advantage in the fact that it functions on an acute timescale, does not completely
abolish the protein in the neuron and its expression can be temporally limited to

an already mature neuron and thus a mature synapse.

I.D.3.c.ili. shRNA against PSD-95

Knockdown of PSD-95 by means of RNA interference technology showed
a 50% decrease in AMPAR EPSC with no effect on NMDAR EPSC in most studies
(Elias et al., 2006) (Schliiter et al., 2006, Elias et al., 2008). However, it should be

noted that the Ehrlich et al paper (Ehrlich et al., 2007) also observed a small but

yet significant decrease in NMDA transmission. As already mentioned above, the
opposite manipulation (pure over-expression of PSD-95) mainly leads toa ~ 2 to
3 fold increase in the amplitude of AMPAR mediated EPSCs with no effect on the
NMDA component (El-Husseini et al., 2000b, Schnell et al., 2002) (Ehrlich, 2004)

(Schliiter et al., 2006). However, it should be noted that in other studies, some

upgrade of NMDAR transmission was also observed (Kim et al., 2007) (Futai et
al., 2007).

These observations point to a critical role for PSD-95 in terms of regulating basal
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synaptic transmission.

1.D.3.d. Roles of PSD-95 domains in basal synaptic

transmission

After establishing the importance of PSD-95 in the regulation of basal
synaptic transmission, the next interesting step focuses on determining the role
of different domains in this process.

With this aim, Craven et al. (Craven et al., 1999) underscored the requirement of

the N-terminal part of the protein for synaptic targeting and enrichment. They
revealed that the N-terminus of PSD-95 allows a head-to-head interaction to

prompt multimerization (Hsueh and Sheng, 1999). Moreover, the N-terminal

palmitoylation appears to be a prerequisite for its synaptic targeting (Craven et

al., 1999). In addition, electrophysiology studies based on overexpression of

specific truncated forms of the protein highlighted the necessity of the PDZ1 and

PDZ2 domains of PSD-95 to enhance AMPAR transmission (Schnell et al., 2002).
These data were corroborated by confocal microscopy imaging, showing a
typical punctate distribution, corresponding to the PSD enrichment of the

protein (Craven et al., 1999).

It should be noted that the study by Migaud et al (Migaud et al., 1998) and by

Schnell et al (Schnell et al., 2002) are in clear contrast. Althought, both used the
truncated PSD-95 PDZ12 protein, the former sees no change in AMPAR-
transmission, accompanied by an absence of the mutant protein from the
synapse. The latter sees an increase in AMPAR-transmission concomitant with a
typical punctuate pattern of a fully functional PSD-95.

The difference in the results is explained by the absence of the endogenous PSD-

95. Indeed, in the experimental set-ups, Schnell et al. (Schnell et al., 2002)

overexpressed PSD-95 PDZ12 in neurons already expressing full-length PSD-95,
while Migaud et al. (Migaud et al., 1998) expressed PSD-95 PDZ12 in KO neurons.

As stated above, PSD-95 has the capacity to multimerize with itself. Therefore
the endogenous PSD-95 can team up with the PSD-95 PDZ12 and mediate the
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function of AMPAR transmission in duo.
Due to the importance of the background environment in the neuron, (i.e.,
expressing or not expressing endogenous PSD-95) to distinguish the results, a

new tool was generated by Schliiter et al. (Schliiter et al., 2006), the molecular

replacement method. It consists of knocking-down the endogenous protein and
replacing it with a mutant under investigation (see section IV.A.2 for more
details).

Consequently, the minimal requirement of PSD-95 to influence basal synaptic

transmission was revisited using the so-called molecular replacement method.

In addition to the N-terminal part and the two first PDZ domains,
previously defined as the minimal domains necessary for PSD-95 to influence

basal synaptic transmission, Xu and colleagues (Xu et al., 2008) showed that the

SH3-GK module is an additional requirement. Removing the C-terminal part of
PSD-95 (SH3 and GK domains, named PSD-95ASH3-GK) and overexpressing it in
wild-type neurons, produced an enhanced AMPAR transmission. However, such
an enhancement was not observed when using the molecular replacement
technique. Indeed, knocking-down endogenous PSD-95 via shRNA and replacing
it by PSD-95ASH3-GK led to a ~ 50% decrease in AMPAR-currents amplitude.
This shows that, as already pointed-out before, the background environment in a
neuron is important in terms of the presence of the endogenous proteins.
Moreover, this demonstrates that PSD-95 lacking the SH3-GK module is not
functional, additional requirement of these domains for proper PSD-95 function.

In addition, these electrophysiological findings were supported by confocal
microscopy data, showing a more diffused somato-dendritic pattern of the PSD-
95ASH3-GK instead of the typical punctate pattern observed with full length
PSD-95 (Xu et al, 2008). This experimental background generated the

motivation for my current Ph.D. project, and provided a starting point.
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ILE. Scope of the thesis

For my thesis I set out to determine which of the SH3 and/or GK domains are
needed to mediate, in partnership with the N-terminal amino acids and the two
first PDZ domains, the regulation that PSD-95 exerts on basal synaptic
transmission.

To this end, I choose the hippocampal organotypic slice preparation as a model
system and wused a combination of molecular replacement and
electrophysiological techniques. This involved molecular cloning of the mutant
forms of PSD-95 lacking different sets of domain(s) in a lentiviral vector,
generation of the lentivirus, injection of the lentiviral particles into CA1l
pyramidal cell layers and then performing dual whole-cell patch-clamp
experiments. The electrophysiological properties between a neighboring control
neuron and an infected neuron expressing mutant PSD-95 were compared. By
deleting a single domain (or multiple domains) of PSD-95, I could assess if the
mutant protein was able to rescue the deficit in basal synaptic transmission
mediated by shRNA against the endogenous PSD-95. This allowed me to evaluate
the participation of certain domains of PSD-95 for their ability to functionally

influence synaptic strength.
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[I. Materials and Methods

I1.A. Materials

The mentioned companies in the below sections are referred as such:

AGCT DNA Core Facility, Max Planck Institute of Experimental Medicine,
Gottingen, Germany.

A.M.P.L., Jerusalem, Israel.

Axon instrument, Sunnyvale, CA, USA.

Ascent Scientific, Bristol, UK.

Beckman Instruments GmbH, Munich, Germany.

Biochrom, Berlin, Germany.

Bioline, Luckenwalde,Germany.

BioLog, Bremen, Germany.

Chemicon, Temecula, CA, USA.

DAGE-MTI, Michigan City, IN, USA.

Drummond Scientific, Broomall, PA, USA.

Eppendorf AG, Hamburg, Germany.

Fermentas, St. Leon-Rot, Germany.

Finnzymes, via Biozym Scientific GmbH, Oldendorf, Germany.
Greiner Bio-One, Frickenhausen, Germany.

Hamamatsu, Herrsching, Germany.

Harnischmacher, Frondenberg, Germany.

HyClone/Thermo Fisher Scientific, Waltham, MA, USA.
Intas, Gottingen, Germany.

InstruTECH/HEKA, Lambrecht, Germany.

Invitrogen / Molecular Probes / Gibco, Karlsruhe, Germany.
Invitrogen/Life Technologies, Darmstadt, Germany.

King Precision Glass, Inc., Claremont, CA, USA.

Labotech, Cape Town, South Africa.

Li-COR Biosciences, Bad Homburg, Germany.
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Merck/VWR, Darmstadt, Germany.

Millipore, Schwalbach/Ts., Germany.

Mirus Bio, Madison, WI, USA.

Molecular Devices, Sunnyvale, CA, USA.

New England Biolabs (NEB), Frankfurt, Germany.
Npi, Tamm, Germany.

New Brunswick scientific / Eppendorf AG, Hamburg, Germany.
PAA, Germany.

5-Prime, Hamburg, Germany.

Qiagen, Hilden, Germany.

Roche, Mannheim, Germany.

Roth, Karlsruhe, Germany.

Sartorius, Goettingen, Germany.

Sigma, Munich, Germany.

Sigma-Aldrich, Miinchen, Germany.
Sigma-Genosys, Steinheim, Germany.

Stratagene, Santa Clara, CA, USA.

Sutter Instrument, Novato, CA, USA.

Uptima interchim via VWR international, St Augustin, Buisdorf, Germany.
Whatman/GE Healthcare, Maidstone, UK.
WaveMetrics Inc., Lake Oswego, OR, USA.
Wescor ,Logan, Utah, USA

World Precision Instruments, Sarasota, FL, USA.

Worthinghton
Chemical /commercial reagents and Kits Supplier
Adenosine 51'- triphosphate (ATP) Sigma
Agarose Sigma
AM.B.A Roth
Ampiciline Roth
A.P.S (10%) Roth
1-Ascorbic acid Sigma
Aspartate (amino-acids) Roth
d-APV Ascent Scientific
Bacteria Escherichia coli (E. coli),
XL1-Blue Stratagene
TOP10 Invitrogen
B27 Invitrogen
BME (basal medium + Earle‘s) Biochrom

31



Bicucculine
Bromophenolblue
BSA

CaCl2
CaCl2*2H20
2-chloroadenosine
Chloroform
L-Cysteine
DMEM/HamsF12
DNasel

dNTPs
DiThioThreitol
EDTA

Enzymes

Ethidium bromide
FUDR

d-Glucose
d-Glucose*H20
Glutamate (amino acids)
Glutamax

Glycerol

HEPES

Horse serum

HBSS (Hanks balanced salt solution 10x) + MgCl2, + CaCl2
Insulin

[sopropanol

KCl

LB-agar

LB-medium

MEM vitamins 100x

MEM amino acids 50x
MgCl2*6H20

MgS04*7H20

NaCl

NaEDTA

NaHCO3

NaH2P04

NaH2P04*H20

NaOH

Page Ruler Prestained proteins (ladder)
Papaine

PBS (+/- Calcium Magnesium)
Phase lock gel heavy tube
phenol:chloroform:isoamyl

Ascent scientific
Roth

PAA

Roth

Roth

BioLog
Applichem
Flucka
Biochrom
Sigma

Bioline

Roth

Roth

Bioline
Fermentas
NEB

Roth
Sigma-aldrich
Merck

Merck

Roth
Biochrom
Roth
Biochrom
Biochrom
HyClone
Gibco

Sigma

Roth

Sigma

Roth

Roth

Gibco

Gibco

Merck or Sigma
Fluka or Merck
Sigma

Roth

Sigma
Sigma-Aldrich
Sigma

Roth
Fermentas
Worthinghton
Biochrom
5-Prime
AppliChem
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Phusion Polymerase Finnzymes
Picrotoxin Ascent Scientific
Polymerase T4 / Mango Taq Bioline
PonceauS Sigma-Aldrich
Porous membrane discs (0.4um) Millipore

PVDF membrane Millipore
2-propanol Roth

Proteinase K Roth

QIAquick gel extraction kit Qiagen
QIAquick PCR purification kit Qiagen

Sodium Dodecyl Sulfate (SDS) Roth

Sucrose Roth

TEMED (N,N,N',N'-Tetramethylethylenediamine) Uptima interchim
TRIS/HCI Roth

Trypsin Biochrom
Tween- 20 Roth
Equipment

Instruments Supplier

Borosilicate glass patch pipette
Camera & its controller C2741-62
Double-barrel glass TST150-6
DNA electrophoresis chambers
Electroporator 2510
Heating device (electrophysiology set-up)
Incubator 37°

Incubator 34°

ITC-18 data acquisition board
Odyssey scanmachine
Biosciences

Micromanipulator MP-225
MultiClamp700B amplifier
Nanoject Il device

Osmometer Vapro 5520

pH meter PP-15

Puller P-97

Refrigerated Centrifuge 5417R
Table Centrifuge 5424R
Ultracentrifuge Beckman J2-MC
UV-photograph apparatus
Water system Arium 611VF

King Precision Glass
Hamamatsu
World Precision Instr.
Harnischmacher
Eppendorf
npi
New Brunswick sc.
Labotech
InstruTECH/HEKA
Li-COR

Sutter Instrument
Axon instrument
Drummond Scientific
Wescor

Sartorius

Sutter Instrument
Eppendorf
Eppendorf

Beckman Instruments
Intas

Sartorius
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Software
IGOR Pro WaveMetrics Inc.

I1.B. Methods

Deionized water, from a Sartorius filter system was used to prepare all solutions.

II.LB.1. Molecular biology and biochemistry

For the cloning of DNA constructs, standard methods for preparative and

analytical digestion, ligation, and electroporation of Escherichia coli (E. coli)

were used (Sambrook, 2001). Deviations from standard protocols are indicated
in the following sections.
All protocols were done according to the manufacturers’ instruction unless

stated.

IL.LB.1.a. Electroporation of bacteria

To 50ul of electrocompetent XL1-Blue or TOP10 bacteria (thawed on ice), 1l of
DNA ligation mixture was added and transferred in pre-cooled cuvette
(Invitrogen). After electroporation of the plasmid using the electroporator 2510
device (1800V), 300ul of LB medium without antibiotics was added to the
bacteria and then plated on a LB plate containing the appropriate antibiotics (in
this study, ampiciline). Plates were incubated at 37°C overnight in order for

single bacteria colonies to grow separately.

II.LB.1.b. Plasmid preparation

Single bacteria colony was picked up, inoculated in 5ml LB containing ampiciline

and incubated overnight in a shaker at 37°C. After a 7000 x g centrifugation for 7
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minutes, DNA plasmid inside E.Coli was extracted using the P1, P2, P3 buffers
from Qiagen, an alkaline lysis method (Doly, 1979). In order to remove the RNA,
the samples were incubated 5min at 55°C. A test digest was performed in order
to identify positives clones. When successful test digest pattern was observed on
a agarose gel, a phenol/chloroform extraction was performed, by mixing the
DNA containing solution with phenol:chloroform:isoamyl alcohol (25:24:1) in a
1:1 ratio. The phases were separated by using heavy phase lock tube
(Eppendorf), and centrifuged 1min at 14000rpm (rounds per minute). The
supernatant was transferred and mixed with an equal volume of chloroform.
After 1-minute centrifugation, the upper phase was collected and precipitated
with 0.7 volume of isopropanol by 15min centrifugation at 14000rmp. The pellet

was resuspended in 30pl Elution Buffer (Qiagen).

II.B.1.c.PCR screen

Another way to identify positive clones (prior of the plasmid preparation) was to
perform a PCR screen on numerous single colonies followed by plasmid isolation
as described above.

The PCR screen was performed as followed:

Day 1:

Pick and spread single colony onto another LB plate with clear separation in
between them. The plate was incubated overnight at 37°C.

Day 2:

Single colony were picked and dipped in 0.2ml PCR tubes (8-tube strips)
containing 10ul of water. 10pul of 2x master mix was then added, and samples
proceeded into the PCR machine. For the PCR program selection, see section

[I.B.1.e example 1.

For a single reaction, the master mix was made of

- 6.4 ul ddH20
- 0.2 pl Mango Taq Polymerase
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- 0.2 pl forward primer (50pM)
- 0.2 pl Reverse primer (50pM)
-1 ul dNTPs (2.5mM each)

-2 ul 10x TNK

I1.B.1.d. Ligation of DNA fragments

Ligation of DNA fragments was performed by incubating the backbone of a
plasmid with an appropriate amount of insert DNA with a ratio 1:3
(vector:insert) (Sambrook, 1989). A typical reaction consisted of 3ul 10x
fermentas buffer, 1ul T4 DNA ligase and DNA fragments in a total volume of 30pl.
The reaction was incubated at 16°C overnight in case of sticky ends ligation or 2h
at room temperature in case of blunt ends ligation. The mixture was then used

directly for transformation.

IL.LB.1.e. Polymerase Chain Reaction (PCR)

The amplification of DNA fragments for cloning the different constructs used in
this study was done with the high fidelity PFU polymerase or the Phusion
polymerase in a 50l final volume (R. K. Saiki, 1988) (K. S. Lundberg and Mathur.,

1991). The compounds of the reaction were added as followed:

- 10ul 5x reaction buffer

- 1ul template DNA (e.g. 20ng plasmid DNA)
- 0.5pl Forward primer (50 pmol)

- 0.5ul Reverse primer (50 pmol)

- 4pl ANTPs (2.5mM each)

- 1ul Taq/Pfu polymerase
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Using a PCR cycler, the following program was adjusted according to the
melting/annealing temperature of the primers (a) and the size of the amplicon
().

The melting temperature (Tm) of the primer was calculated according to the
nearest neighbor thermodynamic theory using the following website:
http://www.basic.northwestern.edu/biotools/oligocalc.html.

The annealing temperature of the primer was calculated by subtracting ~5°C to
the melting temperature.

Two types of programs were used depending on whether the PCR was aiming to
only amplify a fragment of DNA (see example 1) or amplify and as well introduce
a restriction site (see example 2). In the last case, a slightly different program
was used where (a) was referring to the melting temperature of the short
primers (not counting the additional restriction site) and (b) to the melting
temperature of the long primers (full-length primer).

In every case, the polymerase was assumed to amplify 1000 base pairs per

minute.

Example 1 (DNA amplification only):

e 98°C; 2,30x(98°% 30”,a% 45”,72° ¢’) 72°,10’4°

Example 2 (amplification and introduction of restriction site):

e 098°C; 2’, 15x (98° 307, a% 45", 72°% ¢’) 25x (98° 30”, b°; 45", 72° )
72°,10’ 4°

I1.B.1.f. DNA gel electrophoresis

DNA fragments were separated by horizontal electrophoresis in DNA
electrophoresis chamber using agarose gels. Agarose gels were prepared by

boiling 1% agarose (w/v) in 1xTAE buffer till all the agarose was dissolved. The
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solution was kept in 55°C water bath and supplemented with ethidium bromide.
After pouring onto DNA gel trays and polymerized at room temperature, the gel
was inserted in the running chamber and covered with 1xTAE buffer.

DNA samples were mixed with 6x loading sample buffer and pipetted into the gel
pockets. The gel was run at constant voltage. Afterwards, the gel was

documented using the Intas UV-light camera system.

50x TAE buffer:

242 Tris g/1

57.1 Acetic acid ml/1

100ml 0.5M EDTA (pH 8.0) g/1

I1.B.1.g. Extraction of DNA fragments from

agarose gels

Short illumination of ethidium bromide stained gels with UV-light renders
possible to excise the appropriate DNA fragments from agarose gels.

The fragment was purified using the QIAquick gel extraction kit.

IL.LB.1.h. Purification of DNA fragments after PCR

Purification of DNA fragments directly after PCR was performed with the PCR

Purification kit from Qiagen.

II.B.1.i. Sequencing

DNA sequencings were performed by the AGCT DNA Core Facility. For
preparation, 1pg of DNA was diluted in 16pul double distilled water along with

the appropriate sequencing primers (50 pM).
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II.B.1.j. Generation of the mutants

The corresponding cDNA of the gene was cloned in frame into the vector

pBluescriptll SK(-) (Stratagene) or FHUGW (Schliiter et al., 2006). The PSD-95

cDNA sequence used in this study can be found under the accession number:

NM_019621.1

IL.B.1.k. Pure knock down of endogenous PSD-95

This construct was generated by Schliiter and colleagues (Schliiter et al., 2006).

The endogenous PSD-95 is knocked-down by the use of RNA interference
technology. The short hairpin RNA (shRNA) against PSD-95 (sh95) targets the
following sequence: GGA CAT CCA GGC ACA CAA G. It was cloned under the H1
promoter in the lentiviral transfer vector, FHUGW. GFP (Green Fluorescent
Protein) is expressed under the Ubiquitin promoter and serves as a reporter thus

allowing to visually identity cells of interest (expressing a mutant protein).

II.LB.1.1. Molecular replacement of endogenous

PSD-95 by its mutant:

II.LB.1.1.i. The Molecular replacement technique

The molecular replacement was generated by Schliiter et al (Schliiter et

al., 2006). It finds its origin in the use of lentiviral vector systems to (over)-

express a protein of interest, and was implemented with the incorporation of a
second promoter leading to the expression of a short hairpin RNA, conducting an
efficient knockdown of the protein of interest. This approach also allows a
temporally and spatially controlled manipulation, hence reducing any
developmental compensation. Accordingly, it is thought to have minimal
disturbance on the protein network, restricting the molecular manipulation to a

particular set of cells under investigation. Moreover, in comparison to a ‘classica’
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overexpression, molecular replacement does not rely on a dominant effect by the
mutant, but rather on the restoration of a loss of function. Furthermore, the
molecular replacement method can be combined with electrophysiological
recordings, more specifically dual neighbor neuron whole-cell patch-clamping
(one unmodified control cell and one GFP-fused recombinant protein-expressing
infected cell). This allows for the stimulation of both neurons through a common
pathway and comparisons between the electrophysiological properties of the

two neurons.

The constructs used in this study were generated, where shRNA against
PSD-95 is expressed under the H1 promoter and the mutant protein of interest
under the Ubiquitin promoter. It should be noted that in order to not knocked-
down the replacing (mutant) protein, a silent mutation was introduced into the
recognition site of the shRNA thus rendering the shRNA able to only interfere

with the endogenous protein.

Molecular replacement by full-length PSD-95 (sh95 + PSD-95).
This construct was kindly provided by Dr. Dr. Schliiter and is used as a

control /reference.

In order to create molecular replacement vector expressing PSD-95
lacking certain domain(s) of interest, deletion of it/them was carried out basing
on the same method:

Using the PSD-95 sequence contained in FHsh95pUPSD-95GW as a template,
with different set of primers, different fragments of PSD-95 were amplified
(according to the interest) while introducing restriction site at the N-terminal
part of the forward primer and the same at the C-terminal of the reverse primer,
for example enzyme X.

The introduction of a restriction site was performed in order to facilitate the
ligation.

After PCR, the DNA product was column purified and digested with enzymes of
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interest. Like X & Y enzymes for the amplified N-terminal part and Y enzyme & Z
for the amplified C-terminal part. In the same time, the backbone FHsh95pUPSD-
95GW was also digested with X and Z.

The three different products were run of an agarose gel (the percentage of the
gel depending on the size of the band to isolate), then DNA band of interest was
excised and purified.

The three fragments were then ligated in a 1:3:3 ratio.

Next the final construct was electroporated in electrocompetent cells and spread
on agar plates.

Positives clones were finally isolated by mini plasmid preparation and sent for

sequencing.

A summary of the different replacement constructs.

Name Deleted Primers used
of the | Domain(s) In small is the introduced sequence.
construct In small bold is the introduced restriction site.

In brackets, name of the enzyme recognizing

the restriction site.

Sh95 + | SH3 domain | PSD-95 5’ fwd OS (EcoRI)
ASH3 ggaattcGGCAGCCCTGAAGAACACATATGACG

PSD-95 5’SH3 rev (1/2 EcoRV)
atcGGGTTGCTTCGCAAGGATGCAGTC

PSD-95 3’SH3 fwd (1/2 EcoRV)
atcGTGGTCAAGGTTAAAGGCCAAGGAC
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PSD-95 3’ rev 0S (EcoRI)
ggaattcAGATCTCTTCAAAGCTGTCGCCCTCTAC

Sh9o5 + | GK domain Gift from Dr.Dr. Schliiter

AGK

Sho5 + | PDZ3 rP95 (Xbal) fwd_16682

APDZ3 domain TCGTCTAGACCACCATGGACTGTCTCTGTATAGT
G
P95 P2 rev (HinDIII)
tgcaagcttgctagcCCGGGGAARGTCTTCCTCC
rP95 SH3 fwd (HinDIII)
tgcaagcttGGCTTCTACATTAGGGCCC
WRE2 rev_10324
CATAGTTAAGAATACCAGTCAATC

Sho5 + | PDZ3, SH3, | Gift from Dr.Dr. Schliter

PDZ12 GK domains

Sh9o5 + | PDZ3, SH3 | p95fwd_16682 (Xbal)

PDZ12-GK | domains TCGTCTAGACCACCATGGACTGTCTCTGTATAGT

G

3 rev PDZ2 (BstBI)
gcttcgaaCGAGGTTGTGATGTCTGGGGG

5 fwd GK (BstBI)
octtcgaaTGGTCAAGGTTAAAGGCCAAGGACTG

EGFP rev_14952 (BsrGI)
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cgtctcagatct TTACTTGTACAGCTCGTCCATGa

II.B.1.1.ii. Overexpression vectors

The over-expression vector is dimilar as the one used for the molecular

replacement, apart from a missing sh95p sequence under the H1 promoter. For

example, FHUPSD-95dGKGW, in short, OE AGK and FHUPSD-95-PDZ12-GKGW

(OE PDZ12-GK).

Another set of replacement constructs did not knockdown PSD-95, but

knockdown SAP102 and express PSD-95 mutants presented above. In this case,

the shRNA against SAP102 was expressed under the U6 promoter. The

FU6sh102UGW vector was kindly provided by Dr. Y.Liu in our lab, and was used

as a backbone to clone between Xbal and BsrGl the mutant of interest.

FU6sh102UPSD-95AGKGW, in short sh102 + PSD-95AGK or Sh102 + PDZ12-GK

or Sh102 + PSD-95ASH3.

ILB.1.m. List of primers

Name of the primer Sequence Long Short From
primer | primer
Tm Tm

PSD-95 5’ fwd OS ggaattcGGCAGCCCTGA | 66°C 61°C Sigma

AGAACACATATGACG

(EcoRI introduced)

PSD-95 5’'SH3 rev atcGGGTTGCTTCGCAA | 64°C 61°C Sigma

(1/2 EcoRV introduced) | GGATGCAGTC

PSD-95 3’SH3 fwd atcGTGGTCAAGGTTAA | 61°C 57°C Sigma
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(1/2 EcoRV introduced) | AGGCCAAGGAC

PSD-95 3’ rev OS ggaattcAGATCTCTTCA | 66°C 63°C Sigma
AAGCTGTCGCCCTCTAC

(EcoRI introduced)

rP95 Xbal fwd_16682 TCGTCTAGACCACCATG | 65°C MPI-em
GACTGTCTCTGTATAGT
G

P95 P2 rev tgcaagcttgctagcCCGGG | 69°C 51°C Sigma

(HinDIII introduced) GAARGTCTTCCTCC

rP95 SH3 fwd tgcaagcttGGCTTCTACA | 64°C 51°C Sigma

(HinDIII introduced) TTAGGGCCC

WRE2 rev_10324 CATAGTTAAGAATACC | 49°C MPI-em
AGTCAATC

p95fwd_16682 (Xbal) TCGTCTAGACCACCATG | 65 56 Sigma
GACTGTCTCTGTATAGT
G

3 rev PDZ2 BstBI gcttcgaaCGAGGTTGTG | 65 62 Sigma

(BstBI introduced) ATGTCTGGGGG

5 fwd GK BstBI gcttcgaaTGGTCAAGGT | 65 59 Sigma
TAAAGGCCAAGGACTG

(BstBI introduced)

EGFP rev_14952 (BsrGI) cgtctcagatct TTACTTGT | 66 54 MPI-em

ACAGCTCGTCCATGa
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I1.B.1.n. SDS-PAGE & Western Blot

Protein samples were separated according to their molecular weight by SDS-
Polyacrylamid gel electrophoresis (SDS-PAGE, introduced by (A. L. Shapiro,
1967) in a 4-20% precast NuPage 4-12% BisTris gel (Invitrogen) for up to 5
hours at 120V, dependent on the desired resolution and molecular weight of the
protein of interest.

After assembly of the chamber, samples were loaded (10pul in case of samples
harvested from dissociated culture) as well as the ladder 6pl.

The assembly was filled with 1X SDS running buffer and the gel was run at a
constant voltage of 50V for approximately 15 minutes and then at 150V till the
end of the run. The run was stopped when the bromophenol blue had reached
the end of the gel. Gels were then subjected to Western blotting (Towbin et al.
1979).

Proteins were transferred after SDS-PAGE onto a protran nitrocellulose
membrane using a Harnischmacher TRANSBLOT-apparatus.

A blotting sandwich was assembled in cold transfer buffer according the
manufacturer's protocol. Proteins were transferred at 4°C in transfer buffer at
constant voltage (200mA for 1h30). The pre-stained protein ladder marker, in
addition to showing the molecular weight, was also a first indicator of a
successful protein transfer. To visualize transferred samples the PonceauS

staining was performed.

20x SDS running buffer:
1M MOPS, 1M Tris, 20mM EDTA, 2% SDS.

Transfer buffer:

3g/1 Tris, 14.4g/1 Glycin, 20% Methanol.
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I1.B.1.0. Immunodetection

After successful electrophoretic transfer, membranes were removed from the
sandwiches and blocked in 5% milk-TBS-T for 30 minutes at room temperature,
under gentle shaking. Incubation with an appropriate primary antibody diluted
in 2.5% milk-TBST, was performed either for 90 minutes at room temperature or
overnight at 4°C. The antibody solution was removed and membranes were
washed 3x5 minutes with TBS-T under vigorous shaking. The appropriate
secondary antibody was applied, in a 1:10000 dilution into TBS-T for 90 minutes
at room temperature under gentle shaking (light protected). The membrane was
washed 3 times for 10 min with TBS-T under vigorous shaking. A final washing
step was done in TBS (5 min). Immunofluorescent bands were visualized with
the Odyssey Infrared Imaging System. The quantification was performed with

the Odyssey analysis software.

TBS:
20mM Tris/HCL (pH 7.5), 140mM NacCl.

TBS-T:
TBS, 0.1% Tween20.

I1.B.1.p. Antibodies

Antibody Dilution Supplier

Primary antibodies

a-Mortalin (mouse) 1:10000 NeuroMab
a-PSD-93 (mouse ) 1:10000 NeuroMab
a-PSD-95 (mouse) 1:10000 NeuroMab
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a-SAP-97 (mouse) 1:2000 NeuroMab

a-SAP-102 (mouse) 1:2000 NeuroMab
Secondary antibodies

a -mouse Alexa Fluor 680 (goat) 1:15000 Invitrogen

a -rabbit Alexa Fluor 680 (goat) 1:15000 Invitrogen

a -mouse IR800 (goat) 1:15000 Li-COR Biosciences
a -rabbit IR800 (goat) 1:15000 Li-COR Biosciences

I1.B.1.q. Genotyping

The PSD-95 KO mouse line used in this study was generated by Yao et al (Yao et

al., 2004). The mice are housed in the institute's animal facility with a 12h day

light cycle. Each animal genotype was determined by PCR based on the protocol
developed by the Jackson laboratory (Bar Harbor, ME, USA). At P2/P3 a 2Zmm
mouse tail-piece was digested overnight in 200ul lysis buffer at 55°C. Proteinase
K was inactivated by boiling samples for 10 minutes. 2ul of lysate was used for
genotyping PCR in a 20pul reaction using the oligonucleotides GKoptFor2 and
GKoptrev2, and the Taq polymerase (see typical PCR reaction below) (Mullis K,
Faloona F, Scharf S, Saiki R, Horn G, Erlich H. 1986. Cold Spring Harb Symp Quant
Biol 51 Pt 1: 263-73). The following PCR program was used for both genotypes:
94°C 5min, repeat 35 times (94°C for 45 sec, 55°C for 45 sec, 72°C for 1min),
followed by 72°C for 10 min then holding at 4°C. PCR products were analyzed on
1% sodium tetraborate gels containing ethidium bromide, visualized by
exposure to ultraviolet light (Southern E. 1979. Methods Enzymol 68: 152-76). A
band at 255bp shows the presence of the wild type allele while a band at 355bp
stands for the KO allele.

Typical PCR reaction:

- 2ul sample
- 2ul TNK buffer (10x)
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- 0.2pl Primer (50pmol/ul)

- 0.2pl Primer (50pmol/pl)

- 2ul ANTPS (2.5mM each)

- 0.2pl Mango Taq Polymerase
- 13.4plddH20

Lysis buffer:
PBND freshly complemented with 1.2mg/ml proteinase K

PBND:
10mM Tris/HCI (pH 8.3), 50mM KCl, 2.5mM MgCI2-6H20, 10% gelatin, 0.45%
Nonident P-40, 0.45% Tween20.

TNK 10x:
100mM Tris, 15mM MgCl2, 500mM KCl, 50mM NH4Cl, pH 8.5

Sodium tetraborate 20x:

0.1M sodium tetraborate 6H20

GKoptFor2
CAGGTGCTGCTGGAAGAAGG

GKoptrev2
CTACCCTGTGATCCAGAGCTG

I1.C.Cell culture techniques

All cell culture plates were obtained from Greiner Bio-One.
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I1.C.1.a.Large scale lentivirus preparation

In this purpose HEK293T cells were used (Graham et al. 1977). They were
maintained in 10cm cell culture dishes containing HEK medium (see below) and
kept in a 37°C humidified incubator with 5% COZ2. The cells were passaged 1:5-
1:20 every two to three days using standard procedures of trypsin-mediated

dissociation of confluent monolayer cultures (Masters and Stacey 2007).

HEK medium:
High-glucose Dulbecco's Modified Eagle's Medium (Biochrom), 2ZmM Glutamax

(Invitrogen), 10% fetal calf serum (Biochrom).

For the production of lentivirus particles, the following components were
cotransfected together into a 70-80% confluent HEK293T cells in T-75 culture
flasks (for transfection, see section 77?)

- 10pg of transfer vector

- 7.5pug HIV-1 packaging vector delta8.9

- 2.5pugvsvg envelope glycoprotein vector
24 hours after the transfection, 10mM Hepes was added to the HEK293T culture
dish and afterwards transferred to the same type of incubator but at 32°C
temperature. Then the medium was collected 48 hours after the transfection and
centrifuged for 5min at 2000g. The supernatant was filtered through a 0.45um
PVDF membrane, and then viral particles were concentrated by a 90min 36500g
centrifugation. The pellet was dissolved in 100pl virus storage buffer (VSB) at

4°C overnight. Finally, the virus was aliquoted and stored in -80°C freezer.

VSB:
20mM Tris-HCI (pH 8.0), 250mM NacCl, 5% Sorbitol.

I1.C.1.b. Transfection
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Translt 293 (Mirus Bio) transfection reagents were used.

I1.C.1.c. Hippocampal dissociated culture

Dissociated hippocampal neuronal cultures were prepared from (P0-P1) Wistar

rats of either sex based on (Baughman, 1986). After decapitation, the

hippocampi were extracted in ice-cold dissection solution and transferred to the
enzymatic solution (containing papain and DNasel) for 30min digestion at 37°C
on a rotating platform, according to the method of Huettner and Baughman
(1986). Following the digestion, hippocampi were allowed to settle down in the
tube, the enzymatic solution was replaced by the inactivation solution, which
contains serum medium, DNasel and BSA to dilute out the effect of any
remaining papain. The inactivation solution was replaced with one hub of serum
media and triturated with a flame-polished glass pipette with 15-20 strokes and
centrifuged at 700g for 5 minutes. The pellet of triturates cells was dissolved in 1
ml of 5% serum medium. Around 100 000 cells were plated per well of a poly-D-
lysine-coated 24 well plate into 1 ml of culture medium and kept at 37°C
incubator with 5% CO2 concentration. After 4 days in vitro (DIV 4), astrocyte
growth was inhibited with FUDR (Sigma-Aldrich). On DIV7, half of the medium
was exchanged with fresh culture media lacking Glutamate and Aspartate amino

acids. The feeding was repeated every 4/5 days.

Dissection solution (mGBSS) :

1.5mM CaClI2*2H20, 49mM KCl, 0.2mM NaH2P04*H20, 11mM MgCl2*6H20,
0.3mM MgS04*7H20, 130mM NaCl, 2.7mM NaHCO3, 0.8mM NaZ2HPO4, 22mM
HEPES, 5mM Glucose*H20

Enzymatic solution:

10 ml dissection solution, 11.39 mM L-cysteine, 50mM NaEDTA (pH=8), 100mM
CaCl2, 1N NaOH, 80 pl Papaine, 100ul DNasel.
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Inactivation Solution:

25 mg BSA, 10 ml 5% serum medium, 100 pl 10 mg / ml DNAsel.

Culture medium:
DMEM/HamsF12 supplemented with 2% B27, 1% Glutamax, Glutamate and

Aspartate amino acids

I1.C.1.d. Infection of dissociated culture

On DIV7, after 50% of the media was exchanged, neurons were infected with 2pl

of large-scale lentivirus preparation.

II.C.1.e.Harvesting dissociated culture for western

blotting

During the harvesting procedure, the 24 wells plate was kept on ice packet. First,
dissociated culture was washed once with PBS containing Calcium/Magnesium
and then covered with 30ul of 2X SDS-sample buffer containing DTT
(27mg/1ml). Cells were scratched from the bottom of each well, transferred to

eppendorf and boiled for 5 minutes.

4X SDS sample buffer:
0.8M Tris/HCl (pH 8.4), 40% (w/v) glycerol, 8% SDS, 2mM EDTA, 0.075%

bromphenolblue. 13mM dithiothreitol was added before use.

I1.C.1.f. Hippocampal organotypic slices

Organotypic hippocampal slices were prepared from postnatal day 7-8 Wistar
rat or PSD-95 KO mice of both sexes according to the Stoppini method (Stoppini

et al., 1991) with some modifications stated here. Animals were anesthetized
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with isoflurane and then decapitated. The skull was washed with sucrose cutting
buffer. The procedure was repeated after exposing the brain. Once extracted the
whole brain was immerged in frozen/liquid interface sucrose cutting buffer.
Hippocampi of both hemispheres were dissected out and meninge partially
removed. Transversal 300um thickness slices were cut using a home made
guillotine, then placed back into liquid sucrose cutting buffer in order to separate
them. Next, they were transferred into oxygenated recovery ACSF for 30minutes
at room temperature. Once this step was done, they were washed into cold BME
supplemented with magnesium chloride (in order to limit firing of the slice and
thus excitotoxicity) and then plated onto a square membrane placed on the
insert (porous membrane discs) making the interface with the feeding media
contained in a 2cm dish. The slices were kept at 37°C during the first day of

culture and transferred to 34°C incubator for the remaining time.

Sucrose cutting buffer:
204mM Sucrose, 26mM NaHCO3, 10mM d-Glucose, 2.5mM KCl, 1mM
NaH2P04*H20, 4mM MgS04*7H20, 1mM CaCl2*2H20, 4mM 1- Ascorbic acid;

sterile filtered.

Recovery ACSF (artificial cerebrospinal fluid):

119mM NaCl, 26mM NaHCO3, 20mM d-Glucose, 2.5mM KCl, 1mM NaH2PO04,
4mM MgS04*7H20, 4mM CaCl2*2H20. Sterile filtered and oxygenated for 30min
with 95% 02/5% COZ2 before use.

I1.C.1.8.Virus injection into CA1 hippocampal

organotypic slice

At DIV1 or DIVZ2, large scale produced viral particles were injected into one or
two sites in the organotypic slice at the CA1 pyramidal cell layer, useing the
Nanoject II device with the supplied capillary tips, and a custom-built

micromanipulator. The amount of injected virus depended on the virus titer,
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thus the procedure was optimized to obtain a transduction of single cells in CA1.

I1.C.1.h. Feeding schedule for organotypic slice

During the plating (day 0), slices were fed with HK20 medium, the next day the
medium was renewed (HK20). Following injection (DIV1 or DIV2) the medium
was again changed (HK20). Three days later it was substituted with HK5. At
DIV4, electrophysiological recording could take place. Every other day, HK5 was

renewed.

HK20:

49% BME, 25% EBSS, 25mM HEPES, 20% Horse Serum (heat-inactivated for
30min at 55°C, HyClone or Biochrom), 28mM d-Glucose, 1mM Glutamax,
88ug/ml 1-Ascorbic acid, 1pg/ml Insulin, 0.25% 100X MEM-Vitamins, 0.49% 50X

MEM-amino acids.

HKS5:

63.3% BME, 25% EBSS, 25mM HEPES, 5% Horse Serum (heat-inactivated for
30min at 55°C, HyClone or Biochrom), 28mM d-Glucose, 2mM Glutamax,
88ug/ml 1-Ascorbic acid, 1pg/ml Insulin, 0.32% 100X MEM-Vitamins, 0.63% 50X

MEM-amino acids.

EBSS:
1.8mM CaCl2*2H20, 1mM NaH2P04*H20, 0.8mM MgS04*7H20, 116mM NacCl,
26.2mM NaHCO3, 5.4mM KCl, 5mM d-Glucose*H20.

I1.D. Electrophysiology
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II.D.1. Data Acquisition

The slice cultures used in the experiments were maintained 5 to 10 days in vitro
after the preparation at 34°C, and used during this time interval for
electrophysiological recordings.

For the experiments, organotypic slices were transferred into a heated
submerged recording chamber (~30°C), where they were continuously perfused
(2-3ml/min) with carbogenated (95 % 02, 5 % CO2) ACSF. Schaeffer collaterals
were stimulated extracellularly by brief (0.2 ms) current pulses (once every 5
seconds) from a bipolar electrode filled with recording ACSF. Stimulus strength
ranged between Y and X pA. Somatic whole-cell voltage-clamp recordings were
made from visually identified CA1 pyramidal cells (under infrared differential
interference contrast microscope) using a 2-4 MOhm glass electrode filled with
internal recording solution. Moreover, dual patch of an infected green cell and its
neighboring control cell was performed in order to to compare their
electrophysiological properties. For each pair of cells a minimum of 40 sweeps
was collected using a patch clamp amplifier, an A/D converter and custom-
programmed acquisition software (Igor pro). Series and input resistance was
monitored by a 5mV hyperpolarizing step. Cells in which series resistance varied
by 25% or was higher than 20M() during a recording session were discarded.
AMPA and NMDA excitatory postsynaptic currents (EPSCs) were obtained by
evoking dual component responses while voltage-clamping neurons at -60mV
and +40 mV respectively. The different components of the EPSC were
differentiated based on the difference in AMPA and NMDA receptors’ decay
kinetics. AMPARs decay within few milliseconds, whereas NMDARs decay over
more than 100 of milliseconds. Therefore the NMDAR contribution was
determined by measuring the EPSC peak amplitude 60 ms after the onset of the
EPSC, a time point where the AMPAR component has essentially decayed to zero.
The AMPAR component of EPSCs was measured as the peak amplitude obtained

at a holding potential of -60mV (Figure 8).
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Figure 8. Simultaneous dual whole-cell patch-clamp recordings of hippocampal
organotypic slice cultures.
Lentivirus was used to infect single cells in the CA1 hippocampal region (indicated in

green) which could be visualized with fluorescent light sources (B). Recordings were
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performed by voltage-clamping an infected and a neighboring control cell while

stimulating the Schaeffer collateral pathway (Figure 8C adapted from (Neves et al.

2008). . The cells were voltage-clamped at -60mV to record AMPAR EPSCs. NMDAR
EPSCs were approximated by recording at +40mV, 60msec after the peak, when AMPAR-

mediated currents have largely decayed (C).

Recording ACSF (artificial cerebrospinal fluid):

119mM NacCl, 26mM NaHCO03, 20mM d-Glucose, 4mM MgS04*7H20, 2.5mM KCl,
1mM NaH2PO04, 4mM CaCl2*2H20. The ACSF was oxygenated for 30min with
95%02/5%C02 before use. 1-5uM 2-chloroadenosine was added to reduce
polysynaptic activity, and 50uM picrotoxin to block inhibitory transmission and

isolate excitatory EPSCs.

Intracellular solution for patch pipettes:

117.5mM MeSO3H, 10mM HEPES, 17.75mM CsCl, 10mM TEA-CI, 0.25mM EGTA,
10mM d-Glucose, 2ZmM MgCl2*6H20, 4mM NaZ2ATP, 0.3mM NaGTP. CsOH 50%
(w/v) was used to adjust pH to 7.3, and the solution was cooled to 4°C before
adding NaZATP and NaGTP. The osmolarity was adjusted to 290mOsm with CsCI.
The solution was filtered with a 0.2um syringe filter, aliquoted and stored at -

80°C for up to 3 months.

II.D.2. Offline Analysis

All physiology data were analyzed with in-house Igor Pro software.

The different components of the EPSC were decomposed based on the difference
in AMPA and NMDA receptors’ decay kinetics. Hence, AMPARs decay within few
milliseconds, whereas NMDARs decay over 100’s of milliseconds. Therefore the
NMDAR contribution was determined by measuring the EPSC peak amplitude 60
ms after the onset of the EPSC, a time point where the AMPAR component has

essentially decayed to zero.
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All data are expressed as mean +/- standard error of the mean (SEM) that is
shown as error bars in the presented graphs. Statistical significance of log
transformed data was determined using two-tail paired student t tests for
between control and infected cell’s comparisons and two-tail unpaired t tests for
between-group comparisons. A p value equal to, or smaller than 0.05 was
considered statistically significant. Sample size n refers to the number of cells

that were analyzed.

[II. Results

The aim of this study was to understand how changes in synaptic strength
correlate with changes in the molecular composition of synapses. PSD-95, one of
the four members of the DLG-MAGUK family, has been shown to play a central
role in regulating basal synaptic transmission (El-Husseini et al., 2000b) (Schnell

et al., 2002) (Ehrlich, 2004) (Schliiter et al., 2006) (Elias et al., 2006) (Carlisle et

al., 2008). PSD-95 is a modular protein composed of distinct domains. Starting
from the N-terminus, PSD-95 contains three PDZ domains, followed by an SH3

domain, and a catalytically inactive GK domain (Kim and Sheng, 2004).

To determine which properties of PSD-95 are important for AMPAR delivery to

synapse, | generated mutant and truncated forms of PSD-95. I analyzed them in
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the molecular replacement context, which consists of knocking-down the
endogenous protein and simultaneously replacing it with one mutant of interest

(Schliiter et al., 2006). The molecular replacement technique is advantageous

because it can be used within specific time and space restrictions, and it is based
on restoring of a loss of function. In addition, the endogenous level of PSD-95
was shown to be a critical parameter influencing the outcome of the results and

thus their interpretations (Xu et al., 2008). That’s why, for the purpose of this

study, I used the molecular replacement method to manipulate a limited number
of single mature neurons among an intact network of cells, in combination with
electrophysiological recordings. I took advantage of organotypic hippocampal
slice cultures in conjunction with lentiviral gene transfer to express GFP-tagged
(mutant) proteins in CA1 hippocampal pyramidal cells. All electrophysiological
experiments involved simultaneous dual whole-cell patch-clamp recordings
from a lentiviral-infected cell and a neighboring uninfected cell. The amplitude of
synaptic AMPAR currents was recorded at -60mV and NMDAR EPSCs were
recorded at +40mV, and were measured at a latency where AMPAR EPSCs had
already decayed to baseline. The relative amplitudes of EPSC responses evoked
by activating the same presynaptic afferents (Schaeffer collaterals) were directly
compared, allowing the effects of the recombinant protein in the postsynaptic

neuron on synaptic currents to be assessed.

The strategy adopted here to test the requirements for specific domains of PSD-
95 with respect to synaptic transmission was to delete them from the protein
and assess the effect of the mutant protein on AMPAR and NMDAR transmissions
when endogenous PSD-95 was knocked-down or absent (PSD-95 KO).

The aim of the study was to more precisely define which domain(s) of the C-
terminal part of PSD-95 is/are required in conjunction with the N-terminus and
the two first PDZ domains for regulating basal synaptic transmission at the

hippocampal CA3-CA1 connection.
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III.LA.  Molecular replacement studies in rat
hippocampal organotypic slice cultures

III.A.1. shRNA mediated knock-down of PSD-95 in
hippocampal dissociated culture

Before starting electrophysiological recordings, the first step was to test
the efficacy of the shRNA that knocked down endogenous PSD-95 (named sh95)
in rat hippocampal dissociated cultures. This experiment was done in such a way
as to allow for a high percentage of neurons to be transduced by lentiviral
particles, which would thus express the shRNA against PSD-95. This permits a
good assessment of the knockdown effect.

This experiment was performed on PO in dissociated rat hippocampal neuronal
cultures infected at DIV7 with the lentivirus expressing the shRNA against PSD-
95.This was followed by a western-blot probe of the harvested samples. Neurons
were examined 7days after virus infection (DIV 14). The blot showed that overall
PSD-95 expression was reduced by in average 90% compared to controls (Figure

9).
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Figure 9. Acute knockdown, using short hairpin RNA against PSD-95 (sh95) delivered by
lentivirus.

sh95 resulted in an almost complete loss of endogenous PSD-95 in dissociated rat hippocampal
neuronal cultures, probed by western-blot. For all western-blot figures, mortalin is used to

normalize the signal to the amount of protein per lane.

III.LA.2. Effect of PSD-95 knock-down on basal
synaptic transmission

Next, the absence of PSD-95 was evaluated at the electrophysiological
level, using rat organotypic slice cultures. Recordings from a number of pairs are
presented in a scatter plot where the X-axis represents the EPSC amplitude of
control cells, and the Y-axis represents the EPSC amplitude of infected neurons
(Figure 10). The graph is separated in the middle by a diagonal line, indicating
equal responses between control and infected cell. In the case of the PSD-95
knockdown, the majority of the dots representing pair recordings of AMPAR-
EPSC amplitude, including the mean (red square), are below the diagonal line
(Figure 10). This indicates a reduction in the amplitude of AMPAR-EPSCs.
Indeed, the lack of PSD-95 resulted in an approximately 50% decrease in
AMPAR-EPSC amplitude, while NMDAR-EPSC amplitude remained the same, as
previously shown (Elias et al., 2006) (Schliiter et al., 2006).
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Figure 10. Effects of PSD-95 knockdown in basal synaptic transmission.

A) Illustration depicting shRNA mediated knockdown of PSD-95. B) Evoked EPSCs recorded
simultaneously from an untransfected control neuron and a neuron expressing shRNA against
PSD-95. For all EPSC scatter plots in this and subsequent figures, black and red squares represent
amplitudes for individual pairs and mean * SEM, respectively. Distributions show a significant

decrease in AMPAR-EPSC amplitudes (left) but not in NMDAR-EPSC amplitudes (right).

Our experiments required us to reduce background endogenous PSD-95 to
prevent any confounding influence observed by the presence of endogenous
protein, which could occur as the result of multimerization between mutant and
endogenous protein. To this end, the molecular replacement technique was used
to knockdown endogenous PSD-95 and simultaneously express one of its mutant

forms.

III.A.3. Molecular replacement by full-length
PSD-95

In order to evaluate whether the knockdown effect could be rescued by
the expression of wild-type PSD-95, the molecular replacement technique was
used to replace endogenous knocked-down PSD-95, with full-length PSD-95.

Indeed, not only did it rescue the knockdown effect to the control cell level, the
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full-length PSD-95 replacement yielded a 2.3 fold increase in AMPAR-evoked

currents (consistent with the previous study from (Schliiter et al., 2006)) along

with a small, but significant, increase in NMDAR-evoked currents (Figure 11).
Western blot data showed an efficient knockdown of endogenous PSD-95
concomitant to a high expression level of PSD-95 (an average of three times
more intense than the endogenous PSD-95 band) (Figure 12).These results
indicated that the molecular replacement technique used in this experiment is
working properly which allowed me to use it as a trustable tool to investigate

further the special requirements of PSD-95 domains in basal synaptic

transmission.
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Figure 11. Effects of PSD-95 molecular replacement in basal synaptic transmission.

A) Illustration depicting the full-length PSD-95molecular replacement vector. B) Dual-whole cell
evoked-EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown
simultaneously replaced with wild-type PSD-95 overexpressing neighbor. Distributions show a
significant increase in AMPAR- EPSC amplitudes (left) concomitant with an increase in NMDAR-

EPSC amplitudes (right).
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Figure 12. Molecular replacement by wild type PSD-95 in rat hippocampal dissociated

cultures assessed by western-blot.

A decrease in the endogenous level of PSD-95 and a robust expression of GFP-fused PSD-95 can

be observed.

III.A.4. Molecular replacement by PSD-95
expressing PDZ12 domains

The molecular replacement of a truncated form of PSD-95 expressing
PDZ12 domains was performed to assess if the expression of these two domains

of PSD-95 are sufficient to rescue the previously seen effect of the knockdown.
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This experiment led to a ~45% decrease in AMPAR-evoked currents with no
change concerning the NMDAR component (Figure 13). This demonstrates that
PSD-95 PDZ12 is not able to rescue the knockdown effect mediated by the
shRNA against PSD-95, and that this truncated form of PSD-95 is non-functional
(in the absence of endogenous PSD-95). Moreover, western blot data showed an
efficient knockdown of endogenous PSD-95 concomitant to a high expression
level of PSD-95 PDZ12 (Figure 14). This indicates that the observed decrease in

synaptic transmission is not related to poor expression levels of the mutant

form. By this, I could confirm already published results (Schliiter et al., 2006).
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Figure 13. Effects of PSD-95 PDZ12 molecular replacement on basal synaptic transmission.
A) Mllustration depicting the PSD-95 PDZ12 molecular replacement vector. B) Dual-whole cell
evoked EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown
simultaneously replaced with overexpressing wild-type PSD-95 PDZ12 neighbor. Distributions
show a significant decrease in AMPAR-EPSC amplitudes (left) with no significant change in

NMDAR-EPSC amplitudes (right).
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Figure 14. Molecular replacement by PSD-95 PDZ12 in rat hippocampal dissociated

cultures assessed by western-blot.

A decrease in the endogenous level of PSD-95 and a robust expression of GFP-fused PSD-95

PDZ12 can be observed.
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III.A.5. Molecular replacement by PSD-95 lacking
its PDZ3 domain

It is already known that the molecular replacement by PSD-95 expressing
its N-terminal part in combination with its two first PDZ domains (PDZ12) or in
conjugation with its three PDZ domains (ASH3-GK) is not able to rescue the
knockdown effect mediated by shRNA against endogenous PSD-95 and
consequently leads to a 35 to 45% decrease in AMPAR-transmission strength

(Schliiter et al., 2006). This implies that PDZ3 domain by itself is not required for

PSD-95 to be functional. To show the non-requirement of the PDZ3 domain for
rescuing basal synaptic transmission, the most straightforward approach was to
record electrophysiological properties of neurons expressing PSD-95 missing its
PDZ3 domain in a PSD-95 knocked-down background. The results showed a 2.2-
fold increase in AMPAR-EPSC amplitude with no change in NMDAR-EPSC (Figure
15). Western blot data showed an efficient knockdown of endogenous PSD-95
concomitant to a high expression level of PSD-95APDZ3 (Figure 16).This
indicates that the molecular replacement used in this experiment is operational,
and thus supports the above-mentioned electrophysiological results.

Altogether, this illustrates that the PDZ3 domain of PSD-95 is not a requisite for
the protein to regulate basal synaptic transmission in CA1 region hippocampal

pyramidal cells.
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Figure 15. Effects of PSD-95APDZ3 molecular replacement on basal synaptic transmission.

A) Illustration depicting the PSD-95APDZ3molecular replacement vector. B) Dual-whole cell

evoked EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown

simultaneously replaced with overexpressing PSD-95APDZ3 neighbor. Distributions show a

significant increase in AMPAR-EPSC amplitudes (left) with no significant change in NMDAR-EPSC

amplitudes (right).
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Figure 16. Molecular replacement by PSD-95APDZ3 in rat hippocampal dissociated
cultures assessed by western-blot.
A decrease in the endogenous level of PSD-95 and a robust expression of GFP-fused PSD-

95APDZ3 can be observed.

III.A.6. Molecular replacement by PSD-95 lacking
its SH3 domain

The next step was to determine to what extent PSD-95 relies on its C-
terminal motif to localize AMPARs at synapses. In order to examine this, |
expressed a mutant PSD-95 construct lacking its SH3 domain and recorded its
electrophyiological properties on a PSD-95 knockdown background. As a result, I
observed an enhancement of AMPAR synaptic strength by 1.9-fold, while
NMDAR transmission was increased by 1.3-fold. (Figure 17) These results are
similar to the ones obtained from molecular replacement with full-length PSD-
95, thus suggesting this is a fully functional PSD-95. Western blot data showed an
efficient knockdown of endogenous PSD-95 concomitant to a high expression
level of PSD-95ASH3 (Figure 18). This indicates that the molecular replacement
used in this experiment is operational, and thus supports the above mentioned
electrophysiological results.

Altogether, this data demonstrates that the SH3 domain of PSD-95 is not

necessary for influencing basal synaptic transmission.
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Figure 17. Effects of PSD-95ASH3 molecular replacement in basal synaptic transmission.

A) Ilustration depicting the PSD-95ASH3 molecular replacement vector by. B) Dual-whole cell

evoked EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown

simultaneously replaced with PSD-95ASH3 overexpressing neighbor. Distributions show a

significant increase in AMPAR-EPSC amplitudes (left) concomitant with an increase in NMDAR-

EPSC amplitudes (right).
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Figure 18. Molecular replacement by PSD-95ASH3 in rat hippocampal dissociated cultures
assessed by western-blot.
A decrease in the endogenous level of PSD-95 and a robust expression of GFP-fused PSD-95ASH3

can be observed.

III.A.7. Molecular replacement by PSD-95 lacking
its GK domain

To test the involvement of the GK domain in order to determine the role
of the C-terminal region more narrowly, I next selectively deleted the GK domain
from PSD-95. This led to a partial rescue of AMPAR and NMDAR synaptic
strength where each component was brought to the control cell level (Figure 19).
From the western-blot, one can observe that the expression level of this
construct is not as high and that the endogenous PSD-95 is not as clearly
knocked-down (Figure 20). Direct comparison among the different constructs
shows that PSD-95AGK expression level is not as strong as the PSD-95ASH3 or
full-length PSD-95 constructs (Figure 21). Moreover, the endogenous PSD-95 is
not as strongly knocked-down compared to the other previous constructs

(Figure 21).
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Figure 19. Effects of PSD-95AGK molecular replacement on basal synaptic transmission.

A) Ilustration depicting the PSD-95AGK molecular replacement vector. B) Dual-whole cell

evoked EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown

simultaneously replaced with PSD-95AGK overexpressing neighbor. Distributions show no
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significant change in AMPAR-EPSC amplitudes (left) or in NMDAR-EPSC amplitudes (right).
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Figure 20. Molecular replacement by PSD-95AGK in rat hippocampal dissociated cultures
assessed by western-blot.
The endogenous level of PSD-95 is not as strongly decreased, and the PSD-95AGK is not as

strongly expressed.
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Figure 21.Comparison of the different knockdown effects and expression levels of each
truncated form of PSD-95 molecular replacement vector.
The knockdown effect mediated by the PSD-95AGK molecular replacement vector is not as strong

as the PSD-95ASH3 molecular replacement vector. The expression level of PSD-95AGK is also
lower than PSD-95ASH3 or PSD-95.

Altogether, these results support the participation of the GK domain of PSD-95 in

influencing basal synaptic transmission.
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This intermediate result motivated the next three experiments.

Firstly, based on the electrophysiological data of the molecular
replacement by PSD-95AGK (partial rescue in basal synaptic
transmission), I tried another approach. Briefly, the idea was to test the
role of PSD-95 by expressing PDZ12-GK in basal synaptic transmission, in
the molecular replacement context. The rational behind this experiment

is explained in paragraph I11.A.8).

Secondly, based on the western-blot data showing that the PSD-95AGK
protein is not so strongly expressed, I questioned the functionality of the
recombinant and tested this possibility by overexpressing PSD-95AGK in

a wild-type neuron (explanations more detailed in the paragraph II11.A.9)

Lastly, based on the western blot data showing a definite, but not as
strong, knockdown effect of the endogenous PSD-95, I questioned the role
played by the remaining endogenous PSD-95. I tested this hypothesis by
taking advantage of the PSD-95 KO mouse (see paragraph III.B).
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III.A.8. Molecular replacement using a mutant form
of PSD-95 expressing PDZ12 and GK domains

Since the replacement of endogenous PSD-95 by its mutant lacking the GK
domain gave a partial rescue (Figure 20), the interpretation of the results is
more difficult in terms of concluding whether the GK domain is crucial for basal
synaptic transmission or not. In order to better assess this question, I tried
another approach.

[ already showed that PSD-95 PDZ12 is not functional in the absence of PSD-95
(50% decrease in AMPAR-evoked current) (Figure 14). So, what if GK domain is
appended to this part of the protein? Could it then rescue the AMPAR function?

With this aim, [ analyzed the properties of a mutant PSD-95 expressing

the N-terminal and the two first PDZ domains, followed by the GK domain
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(PDZ12-GK). The PDZ12-GK was able to rescue AMPAR transmission to the
control cells level, similar to PSD-95AGK, but not more (Figure 22). The western
blot result shows that the PDZ12-GK construct had a strong expression level,
however the knockdown effect could not be evaluated as this truncated form of
PSD-95 runs at the same size as the endogenous one (Figure 23). This suggests
that the observed effects at the electrophysiological level are related to the
function of the truncated protein rather than to its poor expression levels.
Altogether, these data show that appending the GK domain to a non-
functional PSD-95 (PDZ12) resulted in a partial rescue of basal synaptic
transmission when endogenous PSD-95 is reduced. This supports a potential

role for GK domain with respect to synaptic strength regulation mediated by

PSD-95.
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Figure 22. Effects of PSD-95 PDZ12-GK molecular replacement on basal synaptic

transmission.

A) Illustration depicting the PSD-95 PDZ12-GK molecular replacement vector . B) Dual-whole cell
evoked EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown replaced
with PSD-95 PDZ12-GK overexpressing neighbor. Distributions show no significant change in

AMPAR-EPSC amplitudes (left) or in NMDAR-EPSC amplitudes (right).
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Figure 23. Molecular replacement by PSD-95 PDZ12-GK in rat hippocampal dissociated

cultures assessed by western-blot.
The endogenous level of PSD-95 cannot be assessed as the mutant protein runs at the same size

as the endogenous PSD-95. Though, a robust expression of GFP-fused PSD-95 PDZ12-GK can be

observed.

III.LA.9. Overexpression of PSD-95 lacking its GK
domain or containing only PDZ12-GK domains
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Although, the expression level doesn’t seem to be the limiting parameter
for the construct to exert its effect on basal synaptic transmission, one can
question the appropriate folding and stability of the recombinant proteins., for
example for the PSD-95 lacking its GK domain or only containing PDZ12-GK
domains.

The functionality and stability of a mutant can be tested by overexpressing it in a
wild type neuron and observing its ability to regulate AMPAR- and NMDAR-
mediated transmission.

Overexpressing PSD-95AGK or PDZ12-GK show that AMPAR-evoked currents
were increased by 2.4-fold and 2-fold, respectively, with no significant alteration
in the NMDAR component in both cases (Figure 24, Figure 26). These results are
similar to the one obtained with molecular replacement by full-length PSD-95. In
addition, western blot results show a robust overexpression of the respective
constructs (Figure 25, Figure 27), corroborating the electrophysiological data.
Altogether, these results demonstrate the functionality of the PSD-95AGK and
PDZ12-GK mutants, making it unlikely that the molecular replacement of these
constructs rescued AMPAR-transmission to the control cells level (with no
further enhancement) uniquely because the mutant was only partially functional

or stable.
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Figure 24. Effects of PSD-95AGK overexpression on basal synaptic transmission.

A) lllustration depicting the PSD-95AGK overexpression vector. B) Dual-whole cell evoked EPSCs
recorded from an untransfected control neuron and a PSD-95 knockdown replaced with PSD-
95AGK overexpressing neighbor. Distributions show an increase in AMPAR-EPSC amplitudes

(left) and no significant change in NMDAR-EPSC amplitudes (right).
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Figure 25. Overexpression of PSD-95AGK in rat hippocampal dissociated cultures assessed
by western-blot.
The endogenous level of PSD-95 is similar to the one observed in control cell. In addition, a

robust expression of GFP-fused PSD-95AGK can be observed.
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Figure 26. Effects of PSD-95 PDZ12-GK overexpression on basal synaptic transmission.

A) llustration depicting the PSD-95 PDZ12-GK overexpression vector. B) Dual-whole cell evoked
EPSCs recorded from an untransfected control neuron and a PSD-95 knockdown replaced with
PSD-95 PDZ12-GK overexpressing neighbor. Distributions show an increase in AMPAR-EPSC
amplitudes (left) and no significant change in NMDAR-EPSC amplitudes (right).
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Figure 27. Overexpression of PSD-95 PDZ12 in rat hippocampal dissociated cultures

o

assessed by western-blot.

The endogenous level of PSD-95 cannot be assessed as the mutant protein runs at the same size

as the endogenous PSD-95. In addition, a robust expression of GFP-fused PSD-95 PDZ12-GK can

be observed.

80



From this point on, I reiterated the molecular replacement with the
recombinant PSD-95 lacking its GK domain. Very surprisingly, some experiments
showed a significant enhancement in AMPAR-EPSC (Figure 28 panel B), which is
comparable to the full-length and functional PSD-95. To my surprise, when the
experiment was again performed, it showed a partial rescue of AMPAR
transmission to control cell level (Figure 28 panel C) as previously seen in the
first batch of recordings (Figure 19). However, when pulled altogether, one can
observe a significant 1.4 fold increase in AMPAR-evoked currents and 1.3-fold
enhancement in NMDAR-EPSCs (Figure 28 panel D). This variability in the
results was correlated with separate batches of animals. Indeed, each set of
recordings was performed by using a different animal. Although, the animals
were used at the age of P8 for each experiment, one cannot exclude a slightly
faster or slower maturation process related to each animal condition that could

influence the outcome of the results.
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Figure 28. Variability of the results observed with PSD-95AGK molecular replacement.

A) llustration depicting molecular replacement by PSD-95AGK. B) Dual-whole cell evoked EPSCs

recorded from an untransfected control neuron and a PSD-95 knockdown simultaneously

replaced with PSD-95 PDZ12-GK overexpressing neighbor, in one batch of recordings.

Distributions show an increase in AMPAR-EPSC amplitudes (left) and NMDAR-EPSC amplitudes

(right). C) Molecular replacement by PSD-95AGK , in another batch of recordings. AMPAR- and

NMDAR-transmission are unchanged while replacing endogenous PSD-95 by its mutant form

lacking GK domain. D) Combined experiments of molecular replacement by PSD-95AGK

expressing neurons. A 1.4 fold increase is observed AMPAR-evoked currents accompanied with

a 1.3 fold increase in NMDAR-EPSCs.
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II1.A.10. Molecular replacement by PSD-95AGK and
activity manipulation

In order to test whether the variability of the results is caused by
differences in the activity of the slices, dual whole cell recordings using
molecular replacement by PSD-95AGK were performed as before, but with a
variation concerning the feeding media of the slice. In this experiment, directly
after injection of the lentivirus, the slice culture medium was supplemented with
Bicucculline (20uM) or APV (25uM). Bicucculine is a GABAa channel antagonist,
and thus was used to increase the spontaneous excitatory synaptic activity in the
slice cultures. On the other hand, APV is a NMDAR antagonist, and was used to
reduce the overall excitatory activity of the slice. None of these pharmalogical
activity manipulations led to a significant change when compared to non-treated
slices. Control and infected cells had similar responses overall to these activity
manipulations in the slices (Figure 29). This suggests that the observed

variability in the PSD-95AGK results were likely not linked to different activity

levels within the different slice cultures.
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Figure 29. Effects of activity manipulations on PSD-95AGK molecular replacement on basal

synatptic transmission.

A) Illustration depicting the PSD-95AGK molecular replacement vector. B) Effects of activity

manipulation (Bicucculine - 20 pM) onto PSD-95AGK molecular replacement on basal synaptic

transmission. Distributions show no change in AMPAR-EPSC amplitudes (left) or in NMDAR-EPSC

amplitudes (right). C) Effects of activity manipulation (APV - 25uM) onto PSD-95AGK molecular

replacement on basal synaptic transmission. Distributions show no change in AMPAR-EPSC
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amplitudes (left) or in NMDAR-EPSC amplitudes (right).

According to this set of experiments, a puzzling question remained. Why
did constructs including C-terminal domains, but not constructs with only the
PDZ domains, rescue AMPAR function to control cell levels.
One concern was the efficiency of the shRNA against PSD-95. As it is already
known that PSD-95 has the ability to multimerize with itself at its very N-
terminal site in a head to head manner, one can speculate that if endogenous
PSD-95 is not properly knocked-down, the protein will still have the opportunity
to multimerize between the truncated protein (PSD-95AGK for example) and the
full length PSD-95. Due to this binding, the shortened version would still be
brought to the synapse, and the combination of both types may still influence

basal synaptic transmission.

To definitively rule out any contribution of endogenous PSD-95, I decided

to take advantage of the PSD-95 knockout mouse line we possess (Yao et al.
2004). Therefore, I repeated the following electrophysiological recordings using

the knockout mouse organotypic slice model.

III.B.  Overexpression studies in PSD-95 KO
mouse hippocampal organotypic slice cultures

III.B.1. Expression of PSD-95 PDZ12 in PSD-95 KO
neurons

First, it was important to confirm that PSD-95 PDZ12 was not able to

rescue basal synaptic transmission in the PSD-95 KO mouse, similar to when
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PSD-95 is knocked-down by shRNA technology in the rat model (Figure 13). The
results show that expression of PDZ12 alone neither changed AMPAR function
nor NMDAR function in comparison to control PSD-95 KO neurons (Figure 30).

These results indicate that PSD-95 PDZ12 alone is not functional, similar to what

was observed in the rat system.
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Figure 30. Effects of PSD-95 PDZ12 overexpression on basal synaptic transmission
in PSD-95 KO mice.

A) Illustration depicting the PSD-95 PDZ12overexpressing vector. B) Dual-whole cell
evoked EPSCs recorded from an untransfected control neuron and a PSD-95 PDZ12
overexpressing neighbor. Distributions show no significant change in AMPAR-EPSC

amplitudes (left) nor in NMDAR-EPSC amplitudes (right).
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III.B.2. Expression of full-length PSD-95 in PSD-95
KO neurons

The next step was to assess if basal synaptic transmission can be rescued
in PSD-95 KO neurons by expressing full-length PSD-95. The results show that
expression of wild-type PSD-95 enhances the AMPAR-evoked current by 2.5-fold,
with no alteration in NMDAR-EPSCs (Figure 31). This demonstrates that AMPAR
function can be rescued and enhanced by overexpression of full-length PSD-95 in

PSD-95 KO mice; therefore showing that expression of full-length PSD-95 is

functional in this experimental setting.
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Figure 31. Effects of PSD-95 overexpression on basal synaptic transmission in PSD-95 KO
mice.

A) Illustration depicting the overexpressing vector of full-length PSD-95. B) Dual-whole cell
evoked EPSCs recorded from an untransfected control neuron and a wild-type PSD-95
overexpressing neighbor. Distributions show an increase in AMPAR-EPSC amplitudes (left) and

no significant change in NMDAR-EPSC amplitudes (right).

II1.B.3. Expression of PSD-95 lacking its SH3
domain in PSD-95 KO neurons

To test the requirement of the SH3 domain for PSD-95 for influencing
basal synaptic transmission in the PSD-95 KO mouse, I performed dual whole cell
recordings between a PSD-95 KO neuron (uninfected cell) and a neighboring-
infected cell expressing PSD-95ASH3. The results show that PSD-95 lacking its
SH3 domain enhances AMPAR amplitudes by ~2.2 fold with no significant
change on the NMDAR component (Figure 32). This result shows that PSD-95ASH3
can enhance basal synaptic transmission as effectively as full-length PSD-95. This

suggests that the SH3 domain of PSD-95 is not required for the protein to

regulate synaptic strength.
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Figure 32. Effects of PSD-95ASH3 overexpression on basal synaptic transmission in PSD-95 KO mice.
A) Illustration depicting the overexpressing vector, PSD-95ASH3. B) Dual-whole cell evoked EPSCs recorded
from an untransfected control neuron and a PSD-95ASH3 overexpressing neighbor. Distributions show an

increase in AMPAR-EPSC amplitudes (left) and no significant change in NMDAR-EPSC amplitudes (right).

II1.B.4. Expression of PSD-95 lacking its GK domain
in PSD-95 KO neurons

A similar approach was adopted to test the requirement of the GK domain
for PSD-95 to mediate its effects in basal synaptic transmission. Interestingly,
expression of PSD-95 AGK in PSD-95 KO neurons enhanced AMPAR function,
similar to full-length PSD-95, without a significant change in NMDAR

transmission (Figure 33). This experiment suggests that, in the absence of PSD-

95, the GK domain is dispensable for PSD-95 to regulate synaptic strength.

PDZ1  PDZ2

90



AMPAR EPSC NMDAR EPSC

-300 ’ 300+
] a
-250 250 -
— . 4
j(e -200 <1:& 200 . .
O = = (& 4
@ -150- @ 150 =]
& = ] L L 3 -I/
+ -100 # ‘£ 100 i
£ = ; B
50 ’m Xavg=-519£78 50 a mXavg=945+118
) "a Y avg=-120.5+225 7 Yavg=121.7+21.9
0- p<0.05 n=12 0@ _ _p=0_,20, _n=12
0 -50 -100 -150 -200 -250 -300 0 50 100 150 200 250 300
uninf. EPSC (pA) uninf. EPSC (pA)

Figure 33. Effects of PSD-95AGK overexpression on basal synaptic transmission in PSD-95
KO mice.

A) Illustration depicting the overexpression vector, PSD-95AGK. B) Dual-whole cell evoked
EPSCs recorded from an untransfected control neuron and a PSD-95AGK overexpressing
neighbor. Distributions show an increase in AMPAR-EPSC amplitudes (left) and no significant

change in NMDAR-EPSC amplitudes (right).

III.B.5. Expression of PSD-95 PDZ12-GK in PSD-95
KO neurons

To further test the requirement of the GK domain in the process of basal
synaptic transmission regulation mediated by PSD-95, I took yet another
approach. It consisted in evaluating if adding the GK domain to the mutant
expressing only PDZ12 (PDZ12 mutant which I showed to be non-functional in
the absence of PSD-95 (Figure 30) could rescue and enhance synaptic
transmission in the PSD-95 KO mouse. The results show that expressing PDZ12-
GK in PSD-95 KO neurons enhanced AMPAR-mediated transmission (~1.8-fold),
with no difference in NMDAR transmission (Figure 34). As PDZ12-GK is able to
enhance AMPAR function in a similar way as full-length PSD-95, this result
suggests a specific role of GK domain for PSD-95 to influence synaptic

transmission.
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Figure 34. Effects of PSD-95 PDZ12-GK overexpression on basal synaptic transmission in
PSD-95 KO mice.
A) Illustration depicting the overexpression vector, PSD-95 PDZ12-GK. B) Dual-whole cell

evoked EPSCs recorded from an untransfected control neuron and a PSD-95 PDZ12-GK

overexpressing neighbor. Distributions show an increase in AMPAR-EPSC amplitudes (left) and

no significant change in NMDAR-EPSC amplitudes (right).

So far, these results obtained using PSD-95 KO mouse demonstrate that the effect
of the PSD-95 mutants with C-terminal domains on rescuing and enhancing
AMPAR function in the molecular replacement model is regardless of the
residual endogenous PSD-95.

Moreover, they show that when one of the C-terminal domains is absent (PSD-
95ASH3 or PSD-95AGK experiments (Figure 32; Figure 33), the truncated protein is
still functional. When both domains SH3 and GK are absent as well as PDZ3 (PSD-
95 PDZ12 experiment), this prevents the protein from rescuing and enhancing
basal synaptic transmission (Figure 30). Furthermore, appending the GK domain

to a non-functional PSD-95 (PDZ12) renders the mutant protein functional, as it
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is capable of enhancing synaptic strength as effectively as wild-type PSD-
95(Figure 34).

Altogether, these results obtained in the PSD-95 KO, suggest the requirement of
one of the C-terminal domain, SH3 or GK, in combination with the N-terminal
part including PDZ12 for PSD-95 to mediate its effect in regulating synaptic
strength. In addition, they suggest a certain role mediated by the GK domain with

respect to basal synaptic transmission.

These observations raised the question, why does a SH3 or GK domain seem to
be necessary for the function, and why does either domain work?
This might be explained by two factors:

e The increased levels of SAP102 and SAP97 at the post-synaptic density of
the PSD-95 KO mouse (non-published data observed by T.Samaddar in
our lab)

e And the ability of the MAGUK SH3 and GK domains to interact inter-
molecularly (Nix et al., 2000, McGee et al., 2001). Indeed, it was proposed

that the SH3 domain of one DLG-MAGUK could interact with the GK
domain of another DLG-MAGUK.

Based on these two factors, one can speculate that in the absence of PSD-95 (KO),
the elevated level of SAP102 or SAP97 proteins enable an inter-molecular
interaction with the overexpressed mutant of PSD-95. This inter-molecular
interaction would rely on the SH3 or GK of SAP102 (or SAP97) interacting with
the SH3 or GK domains of the truncated PSD-95. Therefore, the effect of the
truncated PSD-95 constructs on synaptic transmission would be influenced by

the elevation of SAP102 and/or SAP97 levels.
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III.C.  Molecular replacement studies in PSD-95
KO mouse hippocampal organotypic slice
cultures

III.C.1. SAP102 knockdown combined with PSD-
95ASH3 expression in PSD-95 KO neurons

To test if SAP102 is participating in the rescue and enhancement effect
mediated by the truncated forms of PSD-95, I used PSD-95 KO mouse
organotypic slices combined with the molecular replacement approach, where
SAP102 was knocked-down and PSD-95 mutant was expressed.

It is important to mention here that shRNA against SAP102 (sh102) has been
shown to have no effect on basal synaptic transmission when recordings were

done on late developmental stage (P15-P17) (Elias et al., 2008). That’s why when

[ applied my experimental manipulations (sh102 combined to PSD-95 mutant
expression and electrophysiological recording between P15 and P19), only an
effect coming specifically from the interaction between SAP102 and the PSD-95
mutant should be observed (rather than an effect related to the SAP102

knockdown).

As a preliminary requisite, the SAP102 knockdown efficiency was tested
in mouse dissociated cultures. Western blot results show a 80-90% decrease in
the endogenous level of SAP102 (Figure 35). This validates the use of the shRNA

against SAP102 to efficiently decrease the protein level.

o 5“\01
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Figure 35. Acute knockdown, using short hairpin RNA against SAP102 (sh102)

delivered by lentivirus.
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Sh102 resulted in an almost complete loss of endogenous SAP102 in dissociated mouse
hippocampal neuronal cultures, probed by western-blot. GAPDH is used to normalize

the signal to the amount of protein per lane.

In the first batch of recordings, I tested the role mediated by the SH3
domain of PSD-95 and SAP102 in the process of synaptic strength regulation, in
the PSD-95 KO mouse. Knocking down SAP102 and expressing PSD-95ASH3 in
the PSD-95 KO mouse led to a 2.3 fold enhancement in AMPAR-evoked

transmission with no alteration of the NMDAR-EPSC amplitude (Figure 36). This

suggests that SAP102 is not involved in the AMPAR transmission enhancement

mediated by PSD-95ASH3 in the PSD-95 KO mouse.
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Figure 36. Effects of SAP102 knockdown combined with PSD-95ASH3 overexpression on

basal synaptic transmission in PSD-95 KO mice.

A) Illustration depicting the shRNA against SAP102 and replacement by PSD-95ASH3 vector. B)

Dual-whole cell evoked EPSCs recorded from an untransfected control neuron and a SAP102

knocking down expressing PSD-95ASH3 neighbor in PSD-95 KO mice. Distributions show an

increase in AMPAR-EPSC amplitudes (left) and no significant change in NMDAR-EPSC amplitudes

(right).

I11.C.2.

SAP102 knockdown combined with PSD-

95AGK expression in PSD-95 KO neurons.

In another set of recordings, I tested the role mediated by the GK domain

of PSD-95, in combination with SAP102 to regulate synaptic strength in PSD-95

KO mice. SAP102 knockdown and expression of PSD-95AGK in the PSD-95 KO

failed to increase AMPAR-EPSCs, as both infected and control cells presented
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similar amplitudes of the AMPAR-component (Figure 37). This was accompanied
by an increase in the NMDAR-component in the infected cell. This result suggests

that the GK domain of PSD-95 is required in combination with SAP102 to

mediate proper AMPAR-transmission in the PSD-95 KO mouse.
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Figure 37. Effects of SAP102 knockdown combined with PSD-95AGK overexpression on
basal synaptic transmission in PSD-95 KO mouse.

A) Illustration depicting the vector expressing shRNA against SAP102 and replacement with PSD-
95AGK. B) Dual-whole cell evoked EPSCs recorded from an untransfected control neuron and a
neighboring SAP102 knockdown neuron simultaneously expressing PSD-95AGK. Distributions
show no significant change in AMPAR-EPSC amplitudes (left) and a small but significant increase

in NMDAR-EPSC amplitudes (right).

III.C.3. SAP102 knockdown combined with PSD-95
PDZ12-GK expression in PSD-95 KO neurons
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Another way of testing the requirement of the GK domain in combination
with SAP102 was to knockdown endogenous SAP102 and express PSD-95
PDZ12-GK in PSD-95 KO mice. PDZ12-GK serves as a basis to check if the GK
domain can restore the loss of function observed when PSD-95 PDZ12 is
expressed. Electrophysiological recordings showed a 2.9 fold increase in
AMPAR-evoked transmission with no alteration in the NMDAR-EPSC amplitude
(Figure 38). This suggests that SAP102 is not crucial for PDZ12-GK to influence

and enhance AMPAR transmission.
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Figure 38. Effects of SAP102 knockdown combined with PSD-95 PDZ12-GK overexpression
on basal synaptic transmission in PSD-95 KO mice.

A) Illustration depicting the vector expressing shRNA against SAP102 and replacement with PSD-
95 PDZ12-GK. B) Dual-whole cell evoked EPSCs recorded from an untransfected control neuron
and a neighboring SAP102 knockdown neuron simultaneously expressing PSD-95 PDZ12-GK.
Distributions show an increase in AMPAR-EPSC amplitudes (left) and no significant change in

NMDAR-EPSC amplitudes (right).
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IV. Discussion

In this study, I focused on elucidating the detailed molecular mechanism
mediated by PSD-95, which influences AMPAR content at synapses. More
precisely, I focused on understanding which domain(s) of PSD-95 are required
for the protein to mediate its effect on basal synaptic transmission.

To assess the necessity of a specific domain of PSD-95, I created different PSD-95
mutants, which had various domain(s) of interest deleted, and then analyzed the
functional properties of the mutants with respect to basal synaptic transmission.
To this end, I used a combination of experimental approaches. On one hand, the
molecular replacement technique in rat organotypic slice cultures and, on the

other hand, the organotypic PSD-95 KO mouse slices cultures.

IV.A. Validation of the approaches

IV.A.1. Domain deletion

Deletion of specific domains of PSD-95, without affecting significantly the
rest of the protein, is possible due to the modular structure of the protein (Feng
and Zhang, 2009). This has been shown to work by different studies using this
approach (Craven and Bredt, 2000) (Schnell et al., 2002) (Xu et al., 2008)

(Shipman et al.,, 2011), including this study. I was able to show that deletion of

some domains leads to a loss-of-function, while deletion of others did not affect
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the function of the protein’s affect on synaptic strength regulation (for example,

Figure 13; Figure 15).

IV.A.2. Molecular replacement

In this study I first took advantage of the molecular replacement method.
The molecular replacement manipulation relies on acute knockdown of the
endogenous protein concomitant with the overexpression of the mutant protein
under investigation. Therefore this technique relies on a restoration of a loss-of-
function and, additionally, allows a restricted spatiotemporal manipulation. This
has an advantage to limit developmental compensation, as the protein of interest
is acutely knocked-down for a short period of time after the organism has
already gone through critical developmental stages. Moreover, such an approach
only targets a few cells, leaving the rest of the network intact, especially the

neurons projecting on the analyzed one.

The molecular replacement approach used in this study could be
validated since I could observe similar outcomes using molecular replacement
and PSD-95 KO mouse.

Indeed, in both cases, expression of PSD-95 PDZ12 is not able to rescue basal
synaptic transmission in the absence of PSD-95 (Figure 13, Figure 30
respeectively). Moreover, expression of wild-type PSD-95 in the molecular
replacement model or in the total absence of PSD-95 (KO), leads to a rescue and
increase of synaptic strength (Figure 11; Figure 31 respectively). In line with
this, my results from the pure knockdown of PSD-95 (Figure 10) and from
molecular replacement by wild-type PSD-95 (Figure 11) are in consistency with

published data (Schliiter et al., 2006) (Elias et al., 2006).
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IV.A.3. Vvalidation of the mutants

To differentiate between a loss-of-function of the mutant linked to the
removal of specific domain or linked to the degradation of the mutant due to
improper folding, the following experiment was performed. The mutant of
interest was overexpressed in a wild-type neuron, and the effects were observed
at the electrophysiological level. This experiment relies on the fact that PSD-95

has the capacity to multimerize with itself (Hsueh and Sheng, 1999) (Craven et

al., 1999). Thus, a functional mutant expressed in a wild-type neuron, will be able
to enhance basal synaptic transmission. I performed this experiment with some
PSD-95 mutants that were shown to partially rescue basal synaptic transmission,
PSD-95AGK and PSD-95 PDZ12-GK (Figure 24, Figure 26 respectively). I could
show that these ambiguous mutants were able to elevate basal synaptic
transmission, as effectively as full-length PSD-95, when expressed in the
presence of endogenous PSD-95 (Figure 24, Figure 26 Figure 11 respectively).
This experiment indicates that the functionality of these mutants was unaltered,

thus validating their experimental use.

IV.B. Domain requirement:

IV.B.1. PDZ3 or SH3 domains are not required for
PSD-95 to mediate basal synaptic transmission

From different experimental approaches (molecular replacement and/or
PSD-95 KO), I found that PSD-95 lacking its PDZ3 domain or lacking its SH3
domain was still able to enhance AMPAR-evoked transmission in the absence of
endogenous PSD-95 (Figure 15, Figure 17, Figure 32). These results suggest that

each individual domain is dispensable from the protein to influence synaptic
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strength. In agreement with my results, Jo et al showed that in a molecular

replacement context, PSD-95ASH3 is able to rescue and enhance basal synaptic

strength (Jo et al., 2010). This group utilized a similar approach as mine
(molecular replacement and electrophysiology) with some minor differences.
Namely, rat organotypic slice cultured at P6/7 combined with biolistic gene gun
expression of mutant PSD-95 at 10-12 DIV, and electrophysiological dual whole

cell patch-clamp recordings performed 3 to 4 days after transfection.

The fact that the SH3 domain can be removed from the protein without
affecting its function on basal synaptic transmission suggests that some
molecular pathways related to the SH3 binding partners might be negligible for

regulating basal synaptic strength.

For example, hippocalcin is a protein that binds specifically to the SH3
domain of PSD-95 (Jo et al., 2010). Hippocalcin has been shown to play a role in
long term depression of NMDAR EPSCs induced by muscarinic receptors (Jo et

al., 2010). Based on my result, hippocalcalcin does not seem to be involved in the

regulation of synaptic strength mediated by PSD-95.

The tyrosine kinase Pyk2, has also been shown to interact with the SH3

domain of PSD-95 (Seabold, 2003). Its binding to the domain seems to be

required for clustering and activating Pyk2 during long term potentiation

mediated by NMDARs at CA3-CA1 synapses (Bartos et al., 2010). Hence, Pyk2

does not seem to participate in the regulation mediated by PSD-95 to influence

basal synaptic transmission.

The involvement of hippocalcin and Pyk2 seems to be related to plasticity
pathways, which is why they might not be involved in the regulation of basal
synaptic transmission. This is in agreement with the fact that PSD-95’s role in
regulating synaptic strength can be molecularly dissociated from its role in

plasticity (Xu et al., 2008).
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The SH3 domain of PSD-95 has also been shown to interact with EB3

(Sweet et al, 2011). EB3 is a protein involved in dendrite branching. The

observation that disrupting the PSD-95-EB3 binding does not affect synaptic
strength correlates with the fact that dendrite branching is prominent during
neuron development. Therefore, at the time point where I introduce PSD-95
lacking the SH3 domain to the neurons, normal dendritic arborization had
already taken place, and normal synaptic transmission can be conducted.
Moreover, as synaptic strength is not negatively influenced by the block of
PSD-95/EB3 pathway, this suggests that the PSD-95 SH3-EB3 interaction might
be important for dendritic development, associated with synaptic strengthening,
but not for the maintenance of dendritic branches.
One mechanism to strengthen synaptic transmission is to convert silent synapse
to a functional synapses (silent synapses are synapses that exhibit NMDAR -
mediated response, but no AMPAR-mediated response). Interestingly, PSD-95

has been shown to play a role in unsilencing AMPAR silent synapses (Stein et al.

2003). Therefore, the fact that blocking the PSD-95 EB3 pathway in late
development is not affecting basal synaptic transmission is consistent with the
fact that, at this time, further synapses number (synaptic strengthening) and/or
dendritic branches are not as much needed as during synaptogenesis for wiring

the network.

Concerning the PDZ3 signaling pathway, some functional interactions do
not appear to contribute to PSD-95’s influence on synaptic transmission.

DHCCS5 is a newly identified palmitoyltransferase protein enriched in the
post synaptic part of a neuron which has been shown to interact with the PDZ3

domain of PSD-95 (Li et al., 2010). Its role is unclear, but DHCC5 was suggested

to play a role in hippocampal learning due to the impairment of contextual fear
conditioning. It is suggested that by binding to PSD-95, DHCC5 could localize
next to important signaling molecules, such as nNOS (neuronal Nitric Oxide

Synthase), and thus influence learning processes. However, as basal synaptic
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transmission is maintained when PSD-95 lacks its PDZ3 domain, DHCC5 does not
seem to take part in the molecular pathway mediated by PSD-95 to influence

basal synaptic strength.

Murata et al showed that PRR7, a brain enriched proline-rich membrane

protein, also binds the PDZ3 domain of PSD-95 (Murata et al, 2005).

Unfortunately, the function of PRR7 is yet unclear. But according to my results,
PRR7 does not seem to be involved in molecular pathways related to synaptic

strength regulation mediated by PSD-95.

Neuroligins are another ligands type that binds the PDZ3 domain of PSD-

95 (Irie et al., 1997). Due to the absence of effect in basal synaptic transmission

while removing the PDZ3 domain of PSD-95, this suggests that the
neuroligin/PDZ3 PSD-95 pathway is not involved in the regulation of basal

synaptic strength.

IV.B.2. GK domain is required for PSD-95 to
mediate basal synaptic transmission, when SAP102
does not compensate

The first approach taken to evaluate the role of the GK domain on PSD-95
to influence synaptic strength was to delete the GK domain and assess the
consequences at the electrophysiological level. Deleting the GK domain from
over-expressed PSD-95 in molecular replacement experiments only partially
rescued basal synaptic strength to the control the cell level (Figure 19).

The second approach taken to evaluate the role of the GK domain with respect to
basal synaptic transmission was to use a mutant protein known to be non-
functional (PSD-95 PDZ12) and to attach the GK domain to it. The aim was to

evaluate if the GK domain could rescue the loss-of-function caused by PSD-95
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PDZ12. In this scenario, a partial rescue to the control cell level was also

observed (Figure 22).

As already discussed (paragraph IV.A.3), this partial rescue does not seem
linked to a non-functional mutant proteins, as overexpression of each mutant
(PSD-95AGK and PSD-95 PDZ12-GK) significantly enhanced AMPAR
transmission (Figure 24, Figure 26), and thus behaves similar to a full-length and

fully functional PSD-95 with respect to basal synaptic transmission.

The expression level of PSD-95AGK was also questioned as possible origin
mediating the partial rescue (Figure 21). However, differences in the expression
levels are highly unlikely because another mutant (PSD-95 PDZ12-GK), which

also led to a partial rescue, was strongly expressed (Figure 22).

While repeating this experiment (molecular replacement by PSD-95AGK),
[ could observe differences in the results, ranging from partial rescue (as seen at
first (Figure 19) to an enhanced basal synaptic transmission (Figure 28). These
differences were neither related to the differences between the overall activities
of each slices culture (Figure 29), nor dependent on the time when recordings
were performed (e.g., soon after virus injection or late after virus injection) (data

not shown).

This first approach (molecular replacement) points out the necessity of the GK
domain to some extent. When removed, the protein mediates only a partial
effect. Also, when added to a non-functional protein, this new mutant mediates

only a partial recovery of synaptic strength compared to control cells.

The last question concerning the partial rescue was related to the

endogenous levels of PSD-95. As already mentioned, this is a crucial point, as it

can influence the outcomes (Xu et al., 2008). To rule out any involvement of the

endogenous PSD-95 in the molecular replacement using PSD-95AGK or PSD-95
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PDZ12, I took advantage of another approach: overexpressing a mutant protein
in PSD-95 KO mouse background. In this case, both PSD-95AGK and PSD-95
PDZ12-GK showed an increase in AMPAR-EPSC amplitude (Figure 33, Figure 34,
respectively) similar to the full-length PSD-95 (Figure 31). These results show
that the previous results observed in the molecular replacement (PSD-95AGK
and PSD-95 PDZ12-GK) were not biased by endogenous PSD-95. Moreover, these
experiments performed in the PSD-95 KO mouse, on one hand, point to the non-
requirement of the GK domain (PSD-95AGK experiment; Figure 33). But on the
other hand, point to the involvement of the GK domain (PSD-95 PDZ12-GK

experiment; Figure 34,) on PSD-95 in influencing basal synaptic strength.

The non-requirement of the GK domain is supported by a recent study

from Sturgill et al. 09 (Sturgill et al., 2009) where 2-photon laser photo-

activation imaging was combined with a molecular replacement approach. It is
shown that when PSD-95 is knocked-down and replaced by PSD-95ASH3-GK, the
mutant is less stable at the synapse (~50% of GFP-tagged PSD-95ASH3-GK
remaining at the synapse 30 minutes after the photo-bleaching pulse). But, when
the PSD-95 knockdown is combined with PSD-95AGK expression, the mutant
protein appears to be as stable as the full length PSD-95 (90% of GFP-tagged
PSD-95AGK remaining at the synapse 30 minutes after the photo-bleaching
pulse). While this study focused only on the localization of the mutants, my
approach is additionally investigating the function of each mutant. Nonetheless,
combined together, the results support the non-requirement of the GK domain
for PSD-95 for maintaining its stability at the synapse when only PSD-95 is

decreased.

Moreover, Jo and co-workers, by using a similar design to the current
study, showed that molecular replacement by PSD-95AGK in rat organotypic
slices led to an increase in basal synaptic transmission, similar to the increase

observed with full-length PSD-95 (Jo et al., 2010). These results, in combination
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with mine, support the non-requirement of the GK domain when only PSD-95 is

absent.

Although the results concerning the role mediated by GK domain are
sometimes similar between the two approaches (molecular replacement and use
of PSD-95 KO), in showing an increase in AMPAR transmission, sometimes only a
partial rescue in basal synaptic transmission was observed using the molecular
approach (Figure 28). This might be explained by functional compensation by
others DLG-MAGUK family members, such as SAP97 or SAP102. This hypothesis
is supported by an elevated level of SAP102 and SAP97 at the postsynaptic
density of PSD-95 KO mice (non-published data observed by T.Samaddar in our
lab).

The functional compensation hypothesis might reconcile the different
results obtained when GK domain is either deleted from PSD-95 (PSD-95AGK) or
appended to a non-functional mutant of PSD-95 (PSD-95 PDZ12-GK). As both
experiments suggest opposite result (non requirement for the former,
requirement for the later). A functional compensation, associated to the fact that
different DLG-MAGUK interact among each other using their SH3 GK domains,
might explain these opposite results. Taking into consideration that SH3 and GK

domains have been suggested to interact inter-molecularly, between one DLG-

MAGUK and another (Nix et al., 2000) (McGee et al., 2001), this would explain
why deleting the GK domain from PSD-95 still allows PSD-95 to enhance basal
synaptic transmission as efficiently as full-length PSD-95. In this scenario (PSD-
95AGK), PSD-95 could use its SH3 domain to bind to the GK domain of SAP102 or
SAP97 and thus still maintain normal synaptic strength. Vice versa, the presence
of the GK domain of PSD-95 (PSD-95 PDZ12-GK scenario) would allow it to

interact with the SH3 domain of SAP102, and thus still elevate synaptic strength.

The functional interaction between SAP102 and the GK domain of PSD-95

was indeed involved in the rescue of basal synaptic transmission, as knocking
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down SAP102 and overexpressing PSD-95AGK failed to rescue and enhance
synaptic strength in the PSD-95 KO (Figure 37). In addition, this was not
observed with the PSD-95ASH3 mutant (Figure 36). Importantly, knocking
down SAP102 in slice cultures from P7 animals did not influence basal synaptic

transmission (Elias et al., 2008). Firstly, this experiment shows the importance of

the GK domain for PSD-95 to regulate basal synaptic transmission.

Secondly, in the PSD-95 KO, the comparison of the results
1. overexpressing PSD-95AGK (increase in basal synaptic strength)
and
2. overexpressing PSD-95AGK while knocking SAP102 (no increase in basal
synaptic strength),
shows that SAP102 can mask the effect mediated by PSD-95AGK, and thus

compensate to mediate proper basal synaptic transmission.

Finally, knocking down SAP102 and overexpressing PSD-95 PDZ12-GK
was still able to rescue and enhance synaptic strength in the PSD-95 KO (fig).
This experiment emphasizes the important role mediated by GK domain for PSD-

95 to influence basal synaptic transmission.

In accordance with the importance of the GK domain, The GK domain
links PSD-95 to GKAP/SAPAP (Takeuchi et al, 1997) (Kim et al, 1997)
(Kawashima and Sobue, 1997), and Shanks (Naisbitt et al., 1999), building the

core structure of the PSD (Hayashi et al., 2009). Not only binding to
GKAP/SAPAP, GK domain of PSD-95 has also been shown to interact with MAP1
(Reese et al., 2007), S-CAM (Hirao et al., 2000), SPAR (Pak et al., 2001).

The most tempting speculation concerns the involvement of GKAP/SAPAP
proteins as it might link PSD-95 to the actin cytoskeleton and promote

morphological and functional changes at the synapses.
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IV.C. Differences in the maturational state of
synapses between acutely knocked-down PSD-
95 and germline removal of PSD-95

When PSD-95 PDZ12-GK was analyzed in the context of molecular
replacement, this mutant protein was only able to rescue basal synaptic
transmission to the control cell level (Figure 22). But when analyzed in PSD-95
KO neurons, it was able to rescue and enhance synaptic strength (Figure 34) as
efficiently as the full-length PSD-95. The difference between the two approaches
resides in the time that PSD-95 is absent.

According which approaches was taken, molecular replacement versus
PSD-95 KO mouse slices culture, a more mature synapse was under
investigation.

In the molecular replacement approach, normal maturation processes have
had time to take place, as PSD-95, which is known to be also involved in the

synaptic maturation of excitatory synapses (El-Husseini et al., 2000b), was only

knocked-down beginning on 2DIV after P8, and was done so among an intact
network of neurons. In contrary, in the PSD-95 KO mouse, PSD-95 was never
present. As such, a synapse investigated with the molecular replacement
approach can be considered as more mature than a synapse in the PSD-95 KO
mouse.

In immature synapses, PSD-95 PDZ12-GK seems to be enough to anchor
itself into the postsynaptic density and enhance synaptic transmission, while
PSD95AGK might do so by interaction with SAP102.

In mature synapses, where PSD-95 is the most abundant DLG-MAGUK, PSD-95
PDZ12-GK might not be sufficient and either SH3 or PDZ3 domains are
additionally required. The lack of GK also diminishes the function (partial

rescue).
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Therefore, the effect of the mutant seems related to the maturational stage of the
synapse. Some aspects of an immature synapse seems providing the ground for

the mutants to perform their function in basal synaptic transmission.

One of the potential features of a more immature synapse in the PSD-95 KO
mouse is its ability to trigger compensational mechanisms. These compensatory
mechanisms might be restricted in the molecular replacement experiments due
to time limitations. That is likely why, in the PSD-95 KO, PSD-95AGK was able to
enhance basal synaptic transmission (Figure 33), while it became more difficult
in the molecular replacement context (Figure 19) as compensation might not had

time to occur.

IV.D. The NMDAR component

In this study, I could observe a moderate increase in NMDA-EPSC
amplitude (Figure 12, Figure 17, Figure 28) while in some cases, which is in
contrast to previous work showing specific regulation of AMPAR-mediated
EPSCs by PSD-95 (Schnell et al., 2002) (Ehrlich, 2004) (Schliiter et al., 2006) (Xu
et al, 2008) (Elias et al., 2008). However, such NMDAR-EPSC amplitude

increases have also been seen by other groups (Kim et al., 2007) (Futai et al.,
2007). Such differences might derive from factors such as the age of the animals,
beginning, duration, and efficacy of altering PSD-95 levels, or the number of

manipulated neurons in the network.

The variable effect of different PSD-95 mutants on the NMDAR-
component does not seem to be related to an increase in AMPAR-transmission.
Molecular replacement by PSD-95ASH3 led to a 1.9-fold augmentation of
AMPAR-EPSC amplitude, accompanied by a 1.3-fold increase in NMDAR-EPSC
amplitude, while molecular replacement by PSD-95APDZ3 led to a 2.2-fold
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enhancement in AMPAR with no change in NMDAR transmission. Interestingly, a
trans-synaptic signaling and enhancement of presynaptic function has been

shown to involve PSD-95 at excitatory synapses (Futai et al, 2007). Such a

scenario could explain the increase in both AMPAR and NMDAR transmission.

IV.E. Conclusion and outlook

Taking a combined approach, utilizing molecular replacement and PSD-95 KO
mice, | was able to show that PSD-95 does not require its PDZ3 domain or SH3
domain but rather rely on its GK domain (in combination with the PDZ12
domains) to regulate basal synaptic transmission. Moreover, this function of the
GK domain can be masked by SAP102. Therefore, when SAP102 can compensate
(by an elevated level for example), GK domain seems dispensable for PSD-95 to
regulate basal synaptic strength. Therefore, specific interacting partners of the
GK domain might be involved in the molecular pathway leading to the tight
regulation of basal synaptic transmission mediated by PSD-95. The most
tempting speculation involves the SPAR or GKAP/SAPAP molecular pathways, as
these proteins have been shown to belong to the structural core of the
postsynaptic density.

In the future, it will be interesting to decipher more precisely which interacting
partners of the GK domain are involved in the process of synaptic strength
regulation. Is it exclusively the interaction with SPAR that is required, or is it the
one with GKAP/SAPAP? Or, are other GK domain interacting partners also
involved? Single point mutations can be used to specially interrupt some protein-
protein interactions and answer to the above listed questions. Understanding the
basis of basal synaptic transmission seems a critical step as PSD-95 has been

shown to be involved in some neurological disorders (Kristiansen et al., 2006).
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